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ABSTRACT

For safety-critical systems such as autonomous vehicles, power systems, and robotics, it is im-
portant to guarantee the systems operate under given safety constraints. Numerous safety control
methods have been proposed for this purpose, but many of them are developed for a wide range
of systems and do not take full advantage of the structures inherent in dynamics, controllers, and
disturbances. This dissertation focuses on enhancing scalability and reducing conservativeness in
safety control by leveraging these structures.

The first part of the dissertation focuses on developing scalable safety controller synthesis al-
gorithms. We begin with analyzing the convergence properties of the inside-out algorithm, a well-
established method for computing inner approximations of the maximal robust controlled invariant
set (RCIS). Under mild conditions, we show that the inside-out algorithm converges exponen-
tially to the maximal RCIS for linear systems, filling an important gap in the literature. Follow-
ing the analysis of the inside-out algorithm, we develop efficient methods for computing implicit
RCISs for discrete-time controllable systems. By augmenting the original system with a periodic
structure, our implicit RCISs are constructed in closed form, making the proposed methods more
scalable than competing approaches. Leveraging the convergence analysis for the inside-out algo-
rithm, we further prove that the proposed implicit RCIS converges exponentially to a well-defined
maximal set with a tuning parameter. Finally, we investigate the safety control problem for input-
delayed systems, which are very common in the real world and possess a special structure in the
system dynamics. By exploiting this structure, we show that the maximal RCIS for systems with
input delay is embedded in the maximal RCIS of an auxiliary system, whose dimension is inde-
pendent of the delay time. Leveraging this property, we propose an efficient method for computing
the maximal RCIS for input-delayed systems, which scales well with the delay time.

In the second part of the dissertation, we focus on reducing the conservativeness in safety con-
trol, by leveraging structure in disturbance. One such structure is preview on disturbance. To assess
the value of preview information in safety control, we introduce a metric called safety regret that
quantifies the variation of the maximal RCIS as the preview horizon changes. For discrete-time
linear systems, we prove the exponential convergence of the safety regret with the preview hori-
zon and offer numerical algorithms that estimate the convergence rate. Our analysis can provide

valuable insights when it comes to selecting sensors or perception algorithms with different pre-

X1v



diction horizons. It is worth noting that synthesizing safety controllers for systems with preview is
in general a challenging task. In this dissertation, we present efficient methods for computing the
maximal RCIS for three classes of systems with preview, for which we can again exploit special
structures in system dynamics to improve scalability. Finally, we introduce a novel safety control
framework called opportunistic safety control, enabling safe operation beyond the maximal RCIS.
This framework identifies worst-case disturbance models for each state and constructs control in-
puts robust to these models. Such disturbance model and control inputs can be computed from the
maximal RCIS of an auxiliary system. We show in both simulation and drone experiments that our
approach outperforms the existing safety control framework, especially when the system operates
beyond the maximal RCIS with unexpected disturbance.
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CHAPTER 1

Introduction

As more and more autonomous functionality is introduced in human-cyber-physical systems,
such as passenger vehicles and aircraft, guaranteeing their safe and correct operation becomes
a major concern. From a control perspective, given a set of unsafe states of the system, we
need to synthesize controllers such that the system’s closed-loop trajectory is guaranteed to avoid
unsafe states indefinitely, referred to as the safety control problem in this dissertation. The core
mathematical tool to deal with safety control problems is the so-called robust controlled invariant set
(RCIS) [20, 56, 103], characterizing sets of states where a controller can maintain their invariance.
In the literature, some other tools to tackle safety control problems include reference governors [41],
control barrier functions (CBF) [5, 4], safety filters [117, 110, 45], Hamilton-Jacobi reachability
(HJR) [19, 47, 115], and viability theory [16], but these are essentially alternative representations
or alias of RCISs. Because of the crucial role RCIS fulfills in safety control, it is the focus of this
dissertation. In particular, we focus on two roadblocks that prevent many safety control approaches
from being applied to real-world systems, namely scalability and conservativeness.

In terms of scalability, it is well known that the computation of RCIS suffers from the curse of
dimensionality [119, 47, 25, 45]. The state-of-the-art safety control methods for continuous-time
systems, such as HJIR-based methods, can handle systems with up to only ten states at their limit
[47, 115]. The situation is even worse for discrete-time systems, where the state-of-the art methods
can barely handle systems with more than five states [73, 91]. To tackle the scalability bottleneck,
multiple works have explored the idea of computing implicit RCIS, a set in a higher-dimensional
space whose projection yields an RCIS. By avoiding expensive operations such as projection,
implicit RCIS based methods have been shown to successfully scale to systems of dimension
13 in continuous time [45], and systems of dimension 19 in discrete time [119]. The main idea
of constructing implicit RCIS is to implicitly compute the backward reachable sets (BRS) of a
given RCIS (which should be easy to compute but commonly conservative). In theory, there is
no guarantee that the BRSs of a conservative RCIS would converge to the maximal RCIS. Thus,
compared with methods based on explicit RCIS [20, 19], the main concern of using implicit RCIS
is that the resulting controller may behave overly conservatively. In this dissertation, we resolve this

1



concern by providing a novel convergence analysis of BRSs of RCISs (Chapter 3). We rigorously
prove that under mild conditions, the BRSs of an RCIS converge to the maximal RCIS exponentially
fast for discrete-time linear systems, thus providing a theoretical foundation for implicit RCIS based
methods, and explaining why implicit RCIS works well in practice.

Another drawback of implicit RCIS based methods is the need of a pre-computed RCIS [119, 45],
which adds one extra layer of complexity to these methods. In this dissertation, we propose a novel
approach of constructing implicit RCIS (Chapter 4) for controllable systems, which does not require
a pre-computed RCIS. Compared with the existing methods, our approach constructs implicit RCIS
in closed form, and provides weak completeness and performance guarantees, thanks to our BRS
convergence analysis in Chapter 3. In particular, for a nominal system, our approach is guaranteed
to converge to the maximal controlled invariant set (CIS) exponentially fast with a tuning parameter.
Similar results also hold for systems with disturbance. The key idea behind our approach is to close
the loop of a controllable system with a parameterized controller that generates eventually periodic
control inputs. This structure in controller along with a integrator-like structure inherent in any
controllable system allows us to compute the set of all the initial states and controller parameters that
satisfy the safety constraints in closed form. This set of safe initial states and controller parameters
forms the implicit RCIS, whose projection onto the coordinates of the initial states yields an RCIS
of the original system. The closed-form construction of implicit RCIS makes our approach more
scalable to high-dimensional systems. For instance, our approach can construct CIS for nominal
systems of dimension 200 within 3 seconds, and construct RCIS for uncertain systems of dimension
20 within 5 seconds (see Section 4.6.3 for details). We further generalize this approach by enabling
disturbance feedback in controller parameterization (Chapter 5), which significantly reduces the
conservativeness of the original approach.

At a high level, the enhancement of scalability in our methods for constructing implicit RCIS
is a result of leveraging the structure in controllable systems and the structure imposed on the
parameterized controller. In concept, the more structures a dynamical system possesses, the higher
the likelihood of improving the scalability of safety control synthesis. This intuition is proven to be
true in the next part of this dissertation, where we consider discrete-time systems with input delays.

Input delay is ubiquitous in real-world systems. For instance, in vehicle control systems, input
delay occurs due to actuator dynamics, communication delays in CAN bus, or delays in the upstream
perception module. The dimension of systems with input delay grows linearly with the delay time,
making the computation of its maximal RCIS rapidly intractable as the delay time increases. In
Chapter 6, by exploiting the structure in input-delayed systems, we show that the maximal RCIS of
an input-delayed system is embedded in the maximal RCIS of an auxiliary dynamics without delay.
This observation enables a method of computing the maximal RCISs for input-delayed systems that

scale well with the delay time. In particular, as the delay time increases, safety constraints become
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Figure 1.1: A transition system with four discrete states {so,s1,52,53}, three controlled actions
{u1,up,u3} (control inputs), and two uncontrolled actions {d;,d, } (disturbance). The state transition
is determined by both controlled and uncontrolled actions. Let the safe set be S = {sg,s;}. The
goal is to design a safe control policy such that the system state stays within S indefinitely robust
to any uncontrolled actions. Suppose that at run time a control policy needs to determine the next
controlled action without any knowledge of the next uncontrolled action. Then this goal can be
achieved only if the system is initialized at s;.

more challenging to satisfy, but the computational cost of the maximal RCIS remains relatively
stable due to its connection to the auxiliary system without delay.

In addition to finding a scalable method of computing RCIS, Chapter 6 also provides an inter-
esting observation: As the delay time grows, the maximal RCIS of a input-delayed system would
continue to shrink until becoming empty. However, this negative impact of input delay can be
compensated by adding preview on future disturbances. This motivates our study in the second part
of this dissertation, namely how to systemically reduce conservativeness in safety control. Later we
will show that preview on disturbance can not only compensate input delay, but also play a crucial
role in improving the safety for generic systems. Prior to this, we need to explain the origins of the
conservativeness in safety control.

Roughly speaking, the conservativeness of a safety controller can be evaluated by the size of
the underlying RCIS it yields, since RCIS determines the subset of the state space where the safety
controller is valid. Therefore, in principle, the most permissive safety controller is the one that
yields the maximal RCIS. In the literature, most efforts (if not all) are put in how to find a tighter
approximation of the maximal RCIS. The first part of this dissertation falls into this category,
proposing approaches with a balance of conservativeness and scalability. However, in the second
half of this dissertation, we want to answer a different question, namely how to enlarge the maximal
RCIS of a given system. In other words, we are interested in reducing the conservativeness inherent
in the system itself, instead of the conservativeness introduced by a specific safety control approach.

The key to reduce conservativeness is to exploit structure in disturbance. The main ideas behind



this can be explained via the toy example in Fig. 1.1: Given the safe set S = {s0, s }, the maximal
RCIS of this transition system is {s; }, and thus existing safety control frameworks are only valid if
the system starts at s;. However, suppose that the system always starts at so. How can we ensure
the safety of the system in this case? Apparently this is not possible unless we have additional
knowledge of the disturbance. A simple solution is to assume that the control policy knows the
next uncontrolled action in advance. Then, at sg, a control policy can enforce the invariance of S by
choosing u; for dy, and u; for d>. In this dissertation, we call this knowledge of future disturbance
the preview information.

The idea of incorporating preview information into controller design has been explored exten-
sively in the past [21], with many successful applications to real-world systems, such as autonomous
vehicles [77, 120, 78], power systems [111] and humanoid robots [54]. Compared with purely
state or output feedback control mechanisms, preview-based control allows feedforward control
on available information of the incoming uncertainties to the system, and thus can substantially
improve the control performance [21]. In the literature, there are several types of uncertainty
considered “previewable”. The first type is disturbances or uncontrolled inputs to the dynamical
systems [78, 122]. Examples include road curvature for vehicles [120], or wind velocity for wind
turbines [111], which can be previewed by dedicated perception systems [107, 71]. The second type
of uncertainty is the reference signal in a reference tracking task [114, 28]. Unlike disturbances, its
future values can be naturally obtained by the tracking controller at run time since the reference
signal is commonly generated by other algorithmic components, such as a path planner. The third
type of previewable uncertainty, recently studied in the context of online optimal control, is the
unknown parameters in the optimization problem solved by the controller at run time [70, 109]. In
many cases, one type of uncertainty (with the corresponding preview) can be converted easily to
other types. For instance, unknown reference signals are modeled as disturbances in [122] and as
unknown parameters in the cost function in [70]. In this dissertation, preview information always
refers to the knowledge of future disturbance to the dynamics, that is, the first type above.

While prior research has explored preview information in control, fewer studies have investigated
its application in safety control. In Chapter 7 of this dissertation, we study the safety control
problem for continuous-state systems with preview, which, as explained in Chapter 2, is the dual
of the problem for input-delayed systems. This duality relation makes the role of the preview
horizon (with which the system dimension grows linearly) the opposite of the role of delay time.
Intuitively, as we increase the preview horizon, the safety constraints become easier to satisfy,
which explains why preview can compensate for the negative impact of input delay as discussed
in Chapter 6. However, unlike the input-delayed case, the maximal RCIS computation still suffers
from the curse of dimensionality. Choosing the preview horizon therefore becomes crucial since it

determines the balance between safety and the computational cost. Conceptually, one can compute



the maximal RCIS at different preview horizons. The change in the size of the maximal RCIS
reflects how much safety the system gains by using more preview information. However, this idea
is computationally intractable. Instead, in Chapter 7, we introduce safety regret as a measure of the
incremental value obtained from preview information in safety control. This metric is defined by the
Hausdorff distance from a well-defined maximal safe set of the system with a finite preview horizon
to that of a system with infinite preview. For discrete-time linear systems, under mild conditions,
we prove that this safety regret converges to zero exponentially with the preview horizon. We also
offer numerical algorithms for estimating the convergence rate of safety regret, enabling efficient
evaluation of system safety at various preview horizons. In addition, although finding the maximal
RCIS for systems with preview is generally challenging, there are specific classes of systems for
which we can develop scalable approaches to efficiently compute their maximal RCIS. Three such
classes of systems are presented in Chapter 8, where we leverage structure in the dynamics and/or
preview for efficient computation.

While preview information can mitigate conservativeness in safety control and enable safe
operation beyond the maximal RCIS, it is important to note that not all real-world systems have
access to such preview information. In the final part of this dissertation, we explore strategies for
ensuring safe operation beyond the maximal RCIS without relying on preview information. Let us
gain some inspiration from the toy example in Fig. 1.1: Without preview on disturbance, there is no
safe control policy that can ensure the system to stay within the safe set S when the system starts at
so. However, note that if we apply either u; or u; at state s, depending on the uncontrolled action,
there is still a chance that the system would transit to s; and be safe. However, if we apply u3 at sy,
the system definitely leaves the safe set S in one step. Therefore, u; and u; are safer actions than u3
at state so. Then, it is natural to come up with the idea that when it is impossible to be robust to all
disturbance, one should synthesize a controller that always picks the most safe input at run time. In
Chapter 9, we formalize this idea and propose a novel safety control framework called opportunistic
safety. Unlike existing safety control frameworks, opportunistic safety controller can work both
inside and outside the maximal RCIS, by identifying the worst-case disturbance model that can
be handled at each state and constructing the control inputs robust to that worst-case disturbance
model. We show that such disturbance models and control inputs can be jointly computed from
the maximal RCIS for an auxiliary system, which can be approximated using existing tools. In
simulation and in a drone experiment, this novel safety control framework shows great resilience
to unexpected disturbances, and outperforms existing safety control approaches when operating

outside the maximal RCIS.
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Figure 1.2: Dissertation Overview (Chapters 6 and 8 are highlighted since they are at the intersection
of Parts I and I1.)

1.1 Dissertation Overview and Summary of Contributions

This dissertation is structured in two parts. In the first part, we introduce safety control methods that
can be applied to high-dimensional systems by exploiting structure in dynamics. In the second part,
we investigate methods for reducing the conservativeness of safety control by leveraging structure

in disturbance. Following is a brief summary of the main contributions from each chapter.

Part I: Scalable Safety Controller Synthesis: Design and Analysis

* In Chapter 3, we investigate the convergence properties of the k-step BRS for an RCIS. For
linear systems with both control and disturbance inputs, we identify a condition for the
exponential convergence of the k-step backward reachable set to the maximal RCIS. This
condition is readily verifiable through linear programming when all sets are represented as
polytopes. To our knowledge, this is the first such result in the literature for systems with

additive disturbances. Results in this chapter are published in [80].

* In Chapter 4, we propose a method that computes implicit RCISs for linear systems with
polytopic constraints in closed form, by lifting the original system to a higher-dimensional
system with an eventually periodic structure. Due to the closed-form expression of the implicit
RCISs, the proposed method is guaranteed to terminate in finite time, and is more scalable
to the system dimension. Several case studies are provided to show the efficiency of our
method and usages of the implicit RCIS. Furthermore, we present an extended version of this
method in Chapter 5, which mitigates the conservativeness inherent in the original approach
by allowing for disturbance feedback within the parameterized controllers. Results in these

two chapters are reported in [7, 75].



* In Chapter 6, we address the safety control problem for input-delayed systems. We prove
that the maximal RCIS of input-delayed systems is embedded in the maximal RCIS of a
low-dimensional system without input delay. Leveraging this structural property, we propose
an efficient method for computing the maximal RCIS of linear systems with input delays. We
further extend this method to incorporate additional preview information on disturbance while
preserving computational efficiency. Compared with the baseline approach of constructing a
higher dimensional system by appending the state space with the delayed inputs and previewed
disturbances, our method demonstrates superior scalability as the delay time increases. Results

in this chapter are published in [83].

Part II: Safety Control Beyond the Maximal RCIS

* In Chapter 7, we explore the utility of preview information in safety control. We uncover
novel structural properties of the maximal RCIS for systems with preview, enabling the
approximation of the maximal RCIS from both inside and outside. To assess the value of
preview information, we introduce the concept of safety regret as the Hausdorff distance
between a properly defined maximal safe set of a system with finite preview and that of a
system with infinite preview. We prove that this metric converges to zero exponentially with
the preview horizon. Additionally, we develop algorithms to numerically evaluate the safety
regret for various preview horizons. The theory and algorithms are illustrated using real-world
examples. We also extend our analysis of safety regret to demonstrate how the preview
horizon impacts the feasible domain of preview-based model predictive control (MPC) under

different recursive feasibility constraints. Results in this chapter are reported in [81].

* In Chapter 8, we introduce efficient methods for computing the maximal RCIS for three
specific classes of systems with preview. The first class comprises systems in Brunovsky
canonical form with hyperbox safe sets. We show that the maximal RCIS can be obtained in
closed form for systems in this class with preview. The second class encompasses switched
linear systems with a preview on the switching signal. We introduce a novel modeling
mechanism called preview automaton to model constraints on preview horizon, and then
present an efficient algorithm for computing the maximal RCIS for linear switched systems
equipped with preview automata. The last class involves systems with uncertain preview,
posing a special output-feedback safety control problem. While the general solution to output-
feedback safety control problem involves the maximal RCIS of a set dynamics, by exploiting
a nilpotent structure inherent in systems with preview, we show that this set dynamics can
be reduced to a finite-dimensional system, enabling efficient controller synthesis. Part of the

results in this chapter is published in [78, 77].



* In Chapter 9, we propose a novel safety control framework that can work both inside and
outside the maximal RCIS, by identifying the worst-case disturbance that can be handled at
each state and constructing the control inputs robust to that worst-case disturbance model. We
show that such disturbance models and control inputs can be jointly computed by considering
an invariance problem for an auxiliary system. Finally, we demonstrate the efficacy of our
method both in simulation and in a drone experiment. Results in this chapter are reported in
[76].
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University of Michigan and Prof. Yulong Gao at Imperial College London.
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which are not included within the scope of this dissertation:

* We propose an approach that computes inner-approximated BRSs for discrete-time nonlinear

systems based on their Koopman approximations learned from data [18].

* We prove that continuous-time systems with multiple @-limit sets cannot be immersed in a
linear system, which sheds lights on the applicability of Koopman operator theory in learning

linear representations for nonlinear systems [82].

* We provide a sample complexity analysis of ordinary least squares method for identifying
over-parameterized ARX models, and show that the identified over-parameterized model
converges to the minimal ground-truth model without any regularization, which we refer to as

the self regularization property [33].

* Given a collection of normal and abnormal agents, we propose a inverse reinforcement
learning based framework that can detect the abnormal agents from the normal ones by
comparing reward functions learned for each individual agent with a common reward function
[68].

* We propose a novel safety supervisor that smoothly overrides user inputs by blending the
user inputs with some optimal safe inputs based on the value of an RCIS induced CBF.
Our approach can effectively prevent systems from the chattering behaviors observed in
conventional minimally invasive safety supervisor when operating near the boundary of the
RCIS [14].



* In the context of driving scenarios, we propose a guardian architecture consisting of an driver
intention estimator and a safety supervisor. The safety supervisor is designed to adjust its
response based on real-time intention estimation, effectively reducing unnecessary caution

while maintaining safety guarantees [105].

1.2 Related Works

RCIS and its backward reachable sets. Robust controlled invariant set (RCIS) has a wide range
of applications in control and verification for safety-critical systems, such as autonomous vehicles
[57, 35, 91, 29], robotic systems [110, 4], and power systems [51]. In many lines of work regarding
RCIS, the backward reachable sets of RCISs need to be computed implicitly or explicitly. For
instance, the computation of the maximal RCIS is known to be a difficult problem [20, 32, 103]. A
common means to efficiently inner-approximate the maximal RCIS is by computing the backward
reachable sets of a small but easy-to-compute RCIS [32, 103, 36, 119, 8], which is referred to as the
inside-out algorithm in this dissertation. In the context of the constrained MPC, the terminal set of
the MPC is typically chosen as an RCIS to guarantee constraint satisfaction and recursive feasibility
[23, 74, 50]. The domain of attraction (DoA) of the MPC is then exactly equal to the T-step
backward reachable set of the terminal set, where T is the prediction horizon [74]. More recently,
inspired by MPC, a control framework referred to as safety filter is proposed for discrete-time
systems [117] and continuous-time systems [110, 45] to equip a given nominal controller with
safety guarantees in a minimally invasive way. In discrete time, the connection between the DoA of
a safety filter and the backward reachable sets of RCISs is similar to that in MPC. In continuous
time, a finite-step backward reachable set of some given RCIS is constructed implicitly, to improve

the scalability and reduce the conservatism of the safety filter [110, 45].

Implicit RCISs. In Chapter 4, we propose a method that computes implicit RCISs in closed
form. The concept of implicit RCISs is initially explored in [36] for nominal systems and in
[100, 98, 119] for systems with disturbances, where sufficient conditions on set recurrence are
checked by linear programs. Since no iterative set operation is involved, these methods scale well
with the system dimension compared with the standard method in [20] for computing the maximal
RCISs for discrete-time systems. Ideas similar to the implicit RCISs in Chapter 4, in the sense that
finite input sequences are used, have also been explored in the context of MPC [88]. The goal there
is to establish the asymptotic stability of a linear system, whereas in our case we exploit finite input
sequences that describe an eventually periodic input signal, which leads to a closed-form expression
for an implicit representation of controlled invariant sets. Other popular approaches first close the

loop with a linear state-feedback control law, and then compute an invariant set of the closed-loop



system. Under this umbrella, an idea close to ours is reference governor, where the control loop is
closed by a constant controller and the maximal admissible output set of the closed loop forms an
implicit RCIS [59]. Another idea close to ours is found in [65], where recurrent sets are computed
in the context of MPC without disturbances. These two approaches can be understood as special

cases of our method in Chapter 4.

Safety control for systems with input delays. There are several results in the literature related
to the invariance problem for time-delay systems. Lyapunov-based methods have been recently
explored by [95, 52]. In particular, safety barrier functionals are proposed in [95] for general
continuous-time nonlinear autonomous time-delay systems, and the “Artstein” model reduction
method [12] is used in [52] for computing control barrier functions for continuous-time linear
systems with input delay. For methods based on discrete-time linear systems, the work in [94]
tackles time-varying input delay using polytope approximations, and then computes the maximal
output admissible set of the closed-loop system stabilized by a linear feedback law. The work
in [86, 85], on the other hand, compute invariant sets for discrete-time autonomous time-delay
systems with different levels of conservativeness. In this dissertation, we are interested in finding
the maximal RCISs for discrete-time systems with input delays. This problem cannot be handled by
the above methods, since they are mainly designed for systems without disturbance and lack any

guarantees on the maximality of the resulting controlled invariant set.

Safety control for systems with preview. Preview-based control has a rich literature [21], but
the majority of the literature focuses on incorporating preview information into optimal control
formulation [108, 114, 55, 120]. A prime example is MPC [40, 63, 122], where preview information
is naturally incorporated into the state propagation constraints. In this case, the improvement due
to the preview is measured by the amount of cost reduction after increasing the preview horizon.
A recent work [122] proves in theory that the cost reduction in both the linear quadratic control
and MPC formulations decays exponentially as the preview horizon increases. Similar results on
the cost reduction with respect to the preview horizon can also be found in [114, 70, 109] under
different optimal control setups. However, these results are not applicable to safety control problems,
since the class of cost functions considered by [122, 114, 70, 109] cannot characterize state-input
constraints. Notably, the impact of preview horizon is a relatively well-studied problem in linear
temporal logic (LTL) synthesis [62, 49, 58], where preview is called lookahead. The work in [62]
provides some extreme case analysis by checking the universal satisfiability of the LTL formula,
which is similar to what we do in Chapter 7. The work in [58] provides upper and lower bounds
on the preview horizon necessary for the existence of a controller that realizes a LTL specification,

which sheds light on the impact of different preview horizons. Unfortunately, these analyses are for
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finite-state transition systems only, which cannot be easily generalized for systems with real-valued
states like those studied in Chapters 7 and 8.

Safety control beyond the maximal RCIS. The opportunistic safety control framework intro-
duced in Chapter 9 draws inspiration from the line of work on best-effort synthesis in the field of
reactive synthesis, as exemplified by [6, 37]. In these works, the goal is to synthesize controllers for
finite-transition systems with respect to LTL specifications. The central idea is that if there is no
winning strategy robust to all disturbances, one should select a strategy that is at least as good as the
other strategies in terms of the disturbances it can robustly handle. Similar concepts are explored
in abstraction-based control [106] and finite-horizon constrained optimal control [39]. To the best
of our knowledge, the framework presented in Chapter 9 is the first to apply this idea to the safety
control problem for continuous-state systems.

In the literature, there are other approaches aimed at extending safety controllers beyond the
maximal RCIS. For instance, Li et al. in [69] propose a method to potentially expand the domain
of a safety supervisor beyond the maximal RCIS by addressing a time-optimal control problem
when the safety supervisor is undefined. As shown by the numerical examples in Section 9.3,
our method demonstrates a significant performance improvement over the method in [69] when
the system is outside the maximal RCIS and the disturbance is not entirely adversarial. Another
line of work, such as [96, 116, 66] explores the possibility of relaxing the state-input constraints
to find a larger maximal RCIS. These works typically assume that part of the constraints is not
safety-critical and thus can be relaxed as needed [96], or a priority among different constraints
is offered by the user [116, 66]. It is important to note that our approach does not rely on these
assumptions, making direct comparison with these methods less relevant. In cases where the system
of interest is stochastic, controllers based on the maximal probabilistic RCIS, as in [38, 2], can
minimize the risk of constraint violation in the infinite horizon, even if the system is outside the
maximal RCIS. This might be appropriate when the statistics of the disturbances are known. On the
other hand, our method operates without requiring knowledge of the disturbance statistics and is

more computationally tractable because RCISs are easier to compute than probabilistic RCISs.
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CHAPTER 2

Preliminaries

To establish a precise definition for a control synthesis method, we typically specify three essential
components: the system model, the specification (or control target), and the synthesis algorithm, as
shown in Figure 2.1. In this chapter, we introduce the mathematical preliminaries of safety control
from those three aspects.

Chapter Overview. We first define the dynamical systems considered in this dissertation in
Section 2.2, and then introduce the safety specification in Section 2.3 and the definition of controlled

invariance in Section 2.4. Finally, we present two basic algorithms of computing the maximal RCIS
in Section 2.5.

System Model Specification

N/

Synthesis Algorithm

Y

Controller

Figure 2.1: General diagram of controller synthesis methods

2.1 Mathematical Notations

Following is a list of mathematical notations used throughout the entire dissertation:

 The symbols R, N, and Z* denote the set of real numbers, the set of non-negative integers,
and the set of positive integers respectively.
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For a function f : X — Y and a subset Xy C X, the image of Xy under f is denoted by f(Xp).
For a matrix A € R**" and a set X C R”", the set {Ax | x € X} is denoted by AX.
For a scalar o and a set X C R”, the set {ax | x € X} is denoted by aX.

The projection of a set X C Rt onto the first n coordinates is denoted by

717[17,1]()() = {x1 e R" | (xl,)Cz) GX}.

The convex hull of a subset X of R” is denoted by conv(X).

The Minkowski sum of two sets X and Y is denoted by X +Y = {x+y|x € X,y € Y}. When
Y = {y} is a singleton, the Minkowski sum X +Y is written as X + y for short. Also, for a set
X and apointy, X —y =X+ (—y).

The Minkowski difference of two sets X and Y is denoted by X — Y = {x e R"|x+Y € X }.

For a collection of sets {S;}"_,, the cartesian product of S; for i from 1 to n is denoted by
S1 x 82 x...xS8,. Forthecase S| =S, =... =S5, =S5, §1 X ... xS, is denoted by S" for short.

For vectors x; € R" and x; € R™, (x,x;) € R"™ denotes the concatenation of the vectors.
For a sequence (x(t));>0, we denote its finite segment (x(¢))2_, for some a,b € N by x(a : b).

For a set of indexed variables uy, ..., u; in R™, their concatenation (uy,---,uy) € R™k js

denoted by u .

2.2 System Descriptions

We consider discrete-time dynamical systems in form of

x(t4+1) = f(x(2),u(t),d(r)), 2.1

with states x € X, inputs u € U and disturbance d € D. The state space X and the input set U can

be continuous (such as convex sets in R"), discrete (such as subsets of N), or hybrid (that is, some

coordinates are continuous and some are discrete). The disturbance set D contains all the possible

disturbance inputs and is assumed to be bounded when the state space X is continuous.

We restrict the scope of this dissertation to state-feedback controller synthesis. A static state-

feedback controller for a system in (2.1) is a function u : R” — U that maps each x to a control
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input u(x) in the input set U. In contrast, a dynamic state-feedback controller is a discrete-time

system in the form of

xe(t+1) = gxe(t),x(t)) (2.2)
u(t) = h(x.(t)), (2.3)

where x. € X, x € X, and u € U are the internal states, input, and output of the controller. The
usages of dynamic controllers in safety control are explored in Chapters 4 and 5. In the rest of this
dissertation, a controller refers to a static state-feedback controller if no further clarification is made.

The following are several classes of discrete-time systems considered in this dissertation.

Linear systems. A system in (2.1) is linear if there exist matrices A € R™", B € R™" and
E € R such that

f(x,u,d) =Ax+Bu+Ed, (2.4)
withx e R", ue R" andd € D C R..

Systems with input delay. A discrete-time system X4, with 7-step input delay is in the form of

z"delaty : X(Z+1) :f(x(t)vu(t_r>7d(t))7 (25)

with x(r) € X, u(t) € U and d(t) € D. A system in (2.5) can be written in the form of (2.1) by
appending the past 7-step inputs to the state space. The resulting (n + m7)-dimensional augmented
system X takes the form:

[ xe+1) | [F)m(0),d(2)]
u(t+1) up(t)
Yo : = : (2.6)
ur—1(t+1) ur(t)
I ug(t+1) | I u(t) |

with x(r) € X, u(t) € U and d(r) € D.

Systems with preview. A system X in the form of (2.1) is said to have p-step preview if at each

time step ¢, we have the measurements of

o the current state x(¢), and
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Figure 2.2: Block diagrams of input-delay systems (left) and systems with preview (right), where 7
and p are the delay steps and the preview horizon, and z~! is the time-shift operator.

* the current and incoming disturbances {d( + k)}f;é in p steps, denoted by dj.,(t) for short.

The scalar p is called the preview horizon. Similar to systems with input delay, we define an
augmented system whose states stack the states x(¢) and the previewed disturbances d.(t) of Z,

called the p-augmented system X,,. The p-augmented system of X has the form

x(t+1) J(x(2),u(t),di(2))
di(t+1) da(t)
I : = : 2.7
dp_1(t+1) dp(t)
I dy(t+1) | i d(t) |
with state (x,dy,--- ,dp) € X x DP, input u € U and disturbance d € D.

Duality between input delay and preview. Comparing augmented systems in (2.6) and (2.7),
one can immediately realize if we switch the role of control input u and disturbance input d, an
input-delayed system becomes a system with preview and vice verse. Indeed, one can view a system
with p-step preview as a system with p-step time delay in the uncontrolled input d(z), as shown in
Figure 2.2. This is what we call the duality between input delay and preview.

Due to this duality relation, those two classes of systems share many dual properties. For instance,
intuitively, an input-delayed system becomes harder to control as the delay steps 7 increases, while a
system with preview becomes easier to control as the preview horizon p increases. In Chapter 6, we
show that for a system with both input delay and preview, their effects on the safety of the system
are canceled. This duality also suggests that the safety control problem for systems with preview
can be harder to deal with, as the dual problem, the safety control for input-delayed systems, is easy
(Chapter 6). In Chapter 7, we present nontrivial properties of the maximal RCIS for systems with

preview by exploring this duality between input delay and preview.
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2.3 Safety Control Problem

For a system as in (2.1), suppose that Sy, is the safe set that contains all the desired state-input
pairs (x,u) in X x U. The safety specification of the system is to maintain the state-input pairs
(x,u) in the safe set Sy, indefinitely, robust to all possible disturbances. More formally, the safety

specification can be defined as the set 7, of state-input trajectories in Sy, that is
Tsafe ={(x(t),u(t));Zo | x(t +1) € f(x(t),u(t),D), (x(t),u(t)) € Sxu,Vt €N}, (2.8)

where f(x,u,D) = {f(x,u,d) | d € D}. Given any state-input trajectory of the system, we say the
trajectory satisfies the safety specification if this trajectory is contained in .7, .. Now, for a given
controller u : X — U and an initial state xo € X, we define the set .7 (u,xo) of the closed-loop

state-input trajectories starting at xo by
T (xo,u) = {(x(2),u(x(2)));=g | x(0) = x0,x(t + 1) € f(x(¢),u(x(¢)),D),Vt € N}. (2.9)

Definition 2.1. A controller u: X — U is safe at the initial state x if all the corresponding closed-

loop state-input trajectories starting at xo satisfy the safety specification, that is .7 (xo,u) C T4 e.

Problem 2.1 (Safety control problem). Given a system model as in (2.1) and a safe set Sy, find the
initial states xo and controllers w : X — U such that 7 (xo,0) C Ty fe.

Remark 2.1. Problem 2.1 has different variants in the literature [38]. For instance, when the
disturbance in (2.1) is stochastic, we can relax the inclusion condition .7 (xg,u) C Z, fe In Problem
2.1 to be satisfied with high probability [38]. In this dissertation, we focus on the deterministic
version of the safety control problem, namely Problem 2.1.

2.4 Reachability Analysis and Invariance

In this section, we define RCIS of a system, which is the key for solving Problem 2.1. We first
introduce the definition of one-step backward reachable set (BRS).

Definition 2.2. Given a system model X as in (2.1), a safe set Sy, and a target set Xy C X, the
one-step BRS Prex (X, Sxu, D) of the target set Xy with respect to the system X, the safe set Sy, and
the disturbance set D is the set of states x where there exists an input u such that the state-input pair

(x,u) is in the safe set Sy, and the next state stays in Xy robust to any disturbance in D, that is

Prex(Xo,Sxu, D) = {x | Ju, (x,u) € Sxu, f(x,u,D) C Xp}. (2.10)
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In the literature, Prey(Xo, Sy, D) is also called the controlled predecessors [72], which is the
origin of the acronym “Pre”. We define the k-step BRS Pre’{ (Xo,Sxu, D) for all k € N recursively by

Pré (Xo, S, D) = Xo, 2.11)
Prek(Xo, Sxu, D) = Prex (Pre 1 (Xo, Sy, D), Sxus D), Vk > 0. (2.12)

When the safe set Sy, and disturbance set D are clear from the context, we denote the k-step BRS of
Xo by Prek(Xp) for short.

Definition 2.3. Given a system model ¥ as in (2.1) and a safe set Sy,, a set C C X is a robust
controlled invariant set (RCIS) of the system X with respect to the safe set S, if for all x € C, there
exists an control input u such that (x,u) € Sy, and for all d € D, f(x,u,d) € C. Equivalently, C is
an RCIS of X with respect to Sy, if and only if C C Prex(C,Sy,,D).

When the disturbance set D = {0}, we call an RCIS a controlled invariant set (CIS). The
maximal RCIS is then equal to the union of all RCISs of X with respect to Sy,. It can be shown that

Chnax 1s a fixed point of the Pre operator, that is,
Cinax = Pres(Chmax,Sxu, D). (2.13)

By definition, for any state x in an RCIS C, one can always find an admissible input u : C — R™
such that (x,u) € Sy, and the next state x™ = f(x,u,d) is in C for any disturbance d € D. The set

of all such inputs at a given state is called the admissible input set.

Definition 2.4. Given a controlled invariant set C of the system X, the admissible input set at the
state x € C is defined by

o (x,C) ={u e R"| (x,u) € Sy, f(x,u,d) € C}. (2.14)
By definition of RCIS, <7 (x,C) is nonempty for any x € C. Next, the connection between the

maximal RCIS of X and the solutions to Problem 2.1 is summarized in the following:

* A safe controller u : X — U exists at a given initial state xo € R" if and only if xq is in the
maximal RCIS C,,, of X with respect to Sy;

* A controller u: X — U is safe for any initial state xg € Cyqy, if and only if u(x) € &7 (x,Cipax)
for all x € C,4.

The “if and only if” statements in the two preceding bullet points become “if”” statements when we
substitute the maximal RCIS C,,,, with an arbitrary RCIS C of X with respect to Sy,. Therefore,
solving Problem 2.1 is equivalent to finding the maximal (or any) RCIS of the system X.

17



As an application of the second bullet point above, if a reference controller u,. s and an RCIS C

are given, a safety supervisor u can be synthesized by minimally modifying the reference controller,

: 2
u(x) = min ||u—w..r(x)||5, Vx €C. 2.15
(x) =, min _ fhe—wes (o) @.15)
By construction, this safety supervisor u is safe for all initial states xy € C.
Finally, a notion similar to RCIS but for autonomous systems is the so-called robust positively

invariant set (RPIS), which would be used to construct implicit RCIS later in Chapters 4 and 5.

Definition 2.5. Given an autonomous system x™ = f(x,d) with state x € R" and disturbance
d € D C R! and a safe set S, C R”, a set C C S, is a robust positively invariant set (RPIS) of the

system within S, if:
Vx € C we have that f(x,d) € C,Vd € D. (2.16)

A set Cyyx 1s the maximal RPIS within S, if it is positively invariant and contains every robust

positively invariant set in S,.

2.5 [Iterative Algorithms for Computing RCISs

Given a system X as in (2.1) and a safe set S, there are two standard iterative algorithms that can

approximate the maximal RCIS:

The outside-in algorithm [20, 103]: Let Cp = 7 (Sxu) be the projection of the safe set Sy,
onto the x coordinates. Recursively compute the k-step BRS C; of Cyy with respect to S, until the
termination condition C, = Cj_ is satisfied.

The inside-out algorithm [32, 103]: Let Cy be a known RCIS of X in §,,,. Recursively compute
the k-step BRS Cy, of Cy with respect to Sy, until the termination condition C; = Cj_ is satisfied or

k reaches a user-defined maximum iteration number k.

Algorithm 1 The outside-in algorithm

Input: System dynamics X and the safe set Sy,
Initialization: k <— —1, Co <~ 7y ) (Sxu)
do
k< k+0
Cr + Pl’ez(ck_] ,SXM,D)
while Ci 7& Cr—1
return Cj,
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Algorithm 2 The inside-out algorithm

Input: System dynamics X, the safe set Sy,, an RCIS C_; of X in Sy;, and the maximal iteration
number k4
Initialization: k <+ —1
do
k+—k+0
Cr Pl’ez(ck_l,qu,D)
while C;, 75 Ci_q or k < kyax
return Cj,

Figure 2.3: Demonstrations of the inside-out and outside-in algorithms. The BRSs Cy, of the outside-
in algorithm are depicted in blue; those of the inside-out algorithm are in red.

The pseudocode of both algorithms are provided in Algs. 1 and 2. The k-step BRS Cy, in the
outside-in algorithm monotonically shrinks with k£ and outer approximates C,,,y, wWhile the set C;, the
inside-out algorithm monotonically expands and inner approximates Cyg,. Fig. 2.3 demonstrates
how those two algorithms approximate the maximal RCIS from different directions. Under mild
conditions, the BRS C}, in the outside-in algorithm converges to the maximal RCIS [20]. The
conditions under which the inside-out algorithm converges to the maximal RCIS is studied in
Chapter 3.

Both algorithms can not guarantee to terminate within finite steps [103]. However, when
prematurely terminated at step k, the set Cy in the outside-in algorithm is not necessarily robust
controlled invariant, and thus cannot be used in control synthesis; in contrast, the set Cy in the
inside-out algorithm is always an RCIS. Due to this reason, the inside-out algorithm is also called
an anytime algorithm [103], as users can stop the algorithm at any step k and use the RCIS Cy in

control synthesis.

Definition 2.6. A set C C R" is a polytope if there exist a matrix H and a vector & such that
C={xeR"| Hx < h}. The tuple (H,h) is called the H-representation of the polytopic set C.

If the system is linear, and the safe set Sy, the disturbance set D and the initial set Cy are all
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polytopic, the outside-in algorithms and the inside-out algorithms can be easily implemented via
the MATLAB toolbox MPT3 [48].
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CHAPTER 3

On the Attractivity of the Maximal RCIS in
Backward Reachability Analysis

Due to the pivotal role of the backward reachable set (BRS) of RCISs in safety control (see a
brief literature review in Section 1.2), it is important to understand its convergence properties,
including (i) what conditions ensure that the BRSs of an RCIS converges to the maximal RCIS and
(i1) how fast the BRSs of an RCIS converge. In the literature, the existing works in this direction
can only deal with systems without disturbances: Ahmadi and Gunluk [3] study asymptotically
stable autonomous systems and provide a sufficient condition under which the k-step BRS of an
invariant set converges to the maximal invariant set in finite steps. The papers [30, 46, 32, 31] study
controllable systems without disturbances and show a sufficient condition under which the k-step
BRS of a controlled invariant set (CIS) converges to the maximal CIS in Hausdorff distance, with an
exponential convergence rate. When the system is asymptotically stabilizable without disturbances,
Santis et al. [32] present a sufficient condition under which the BRSs of a small CIS converge to
the maximal CIS, but does not reveal the convergence rate.

As the main contribution of this chapter, for linear systems with both control and disturbance
inputs, we develop a mild sufficient condition under which the k-step BRS of an RCIS converges to
the maximal RCIS in Hausdorff distance, with an exponential convergence rate. Furthermore, when
all sets are represented by polytopes, this sufficient condition can be easily checked by a linear
program. To the best of our knowledge, our work is the first result in the literature that shows these
convergence properties for systems with additive disturbances. When restricted to systems without
disturbances, the existing results in [46, 32, 31, 30] are shown to be special cases of our result. In
addition, our result extends the results for stabilizable systems in [32] by showing the convergence

rate is exponential.

Chapter Overview. We state the problem in Section 3.1, followed by the main results in Section

3.2 and the proofs in Section 3.3. We illustrate our results with a numerical example in Section 3.4.

22



After that, we compare our result with existing results in the literature in Section 3.5 and conclude

the chapter in Section 3.6. The proofs of all the minor theorems are found in Appendix A.

Notation. We define the distance from a point x to a set ¥ by d(x,Y) = inf{||x—y|[> | y € Y}, and
then define the Hausdorff distance of two sets X and Y by

dp(X,Y) = max(supd(x,Y),supd(y,X)).
xeX yey

For a subset X of R”, the interior and closure of X are denoted by int(X) and c/(X). The &-ball
centered at x is denoted by Be(x) = {y | [|x—y|l2 < €}

3.1 Problem Setup

We consider a discrete-time linear system X in form of
Lox(t+1)=Ax(t) +Bu(t)+ Ed(t), (3.1)

with x € R”, u € R”, and d € D C R!. The state-input constraints of the system X are specified
by the safe set Sy,, which contains all the desired state-input pairs (x,u). We make the following

assumption throughout this chapter.
Assumption 3.1. The safe set Sy, and the disturbance set D are convex and compact.

Given ( is an RCIS of X with respect to Sy,, we denote the k-step BRS of Cy by C;. This
sequence (Cy)y_, of sets is an expanding family of RCISs. That is, for all k > 0, Cy is robust
controlled invariant in Sy,, and Cy| 2 C. Thus, the set-theoretical limit C., of the k-step BRS of
Co as k goes infinity is well defined (see e.g. [101] for the definition of the set-theoretical limit):

Coo = UP_oCr- (3.2)

In this chapter, we also refer to the limit C. as the infinite-step BRS of Cy. It can be shown that C,,

is an RCIS with respect to Sy,. In this chapter, we want to answer the following two questions:

(i) What condition ensures that the k-step BRS Cj, converges to the maximal RCIS C,qx in Hausdorff
distance, that is, dg(Ceo,Cpax) =02
(ii) How fast does the k-step BRS Cy. converge to its limit C?

3.2 Main Results

Before we state our main result, let us first gain some intuitions from a toy example.
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Example 3.1. Consider the 1-dimensional system

x(t+1) = ax(t)+u(t)+d(t), (3.3)
withx € R, u € R, and d € [—dynax, dmax|- The safe setis Sy = [—Xmax, Xmax] X [—Umax, Umax). Define
ca = (dmax — Umax) /(1 —||). 3.4)

Consider symmetric RCIS Cy in form of [—cg, co| with ¢ < Xnay. Then, the k-step BRS Cy, of Cy is
symmetric, and if |a| € {0,1}, C is equal to [—cy, ¢x] with

. co—C,
Cr = min (|a—|kd +cy4, xmax> . 3.5

Case 1: Suppose |¢| € (0,1), tmar < dpax and Xpax > ¢4 > dax. For any co € [cq, Xmax], Co =
[—co,co] is an RCIS. The maximal RCIS is [—Xpqx, Xmax]-

According to (3.5), if we select ¢o € (cg,Xmax), there always exists a finite k such that ¢y is equal
tO Xpay- That is, the k-step BRS C converges to the maximal RCIS [—Xyqx, Ximay] in finite steps.
However, if we select co = ¢4, then ¢, = ¢ < Xjuqy for all k > 0. That is, G, = C fails to converge
to the maximal RCIS.

Case 2: Suppose that |a| > 1, tnax > dmax, and Xpgx > ¢4 > dpax. For any co € [diax, 4l
Co = [—co,co] is an RCIS. The maximal RCIS is [—cy, 4]

According to (3.5), if we select any co € [dpax, ), cx converges to ¢y in the limit. That is, the
k-step BRS C converges to the maximal RCIS in Hausdorff distance in infinite steps. The limit
Ce = (—cy4,cy) is the interior of the maximal RCIS. Furthermore, the Hausdorff distance between
Ci and the maximal RCIS is

Cd —Co

dH(Ck,[—Cd,Cd]): |O£|k )

(3.6)

which decays to 0 exponentially fast.
Otherwise: For all the other cases where the maximal RCIS is not empty, the behavior of Cj, is
similar to Case 1. That is, Cy is either equal to Cy for all k > 0 or converges to the maximal RCIS in

finite steps.

In Example 3.1, we observe three types of limit of Cy: (i) the limit C. is exactly equal to the
maximal RCIS C,4y; (ii) Cw is a subset of Cy,qy, but the Hausdorff distance dpy (Coo, Cirgx) = 0; (iii)
Cw is a subset of Cyqy and the Hausdorff distance dy (Ceo, Ciyax) > 0. Note that for the limit type (ii),
even if Coo C Gy, the maximal RCIS C,y is equal to the closure of C.. since dp(Ceo, Cax) = 0.

Thus, among the three types, the limit type (iii) is the least desirable one, as in this case it is

24



impossible to obtain the maximal RCIS from the BRSs of Cj.

A key observation in Example 3.1 that distinguishes between the limit types (i), (ii) and the limit
type (iii) is that if there exists a k such that C; contains C in the interior, then C. is either in type
(1) or in type (i1). Indeed, in Example 3.1, the limit type (iii) only happens when C; = Cy for all
k > 0. Intuitively, this observation suggests that if the BRSs of Cjy expand in all directions in R",
then they keep expanding until they reach the maximal RCIS (that is the limit types (i) and (ii)). In
other words, the limit type (iii) occurs only if the BRSs of Cy only expand in certain directions, or
do not expand at all (which happens in Example 3.1).

In terms of the convergence rate, another interesting observation in Example 3.1 is that the
Hausdorff distance between C; and the maximal C,,,, decays to O at least exponentially fast for
the limit types (i) and (i1). Next, we state the main result of this chapter, which shows that the

observations made in Example 3.1 actually hold for any linear systems of the form (3.1):

Theorem 3.1. Under Assumption 3.1, suppose that Cy is a compact and convex RCIS of the system
Y in Sy If Cy is contained in the interior of Cy, for some ko > 0, then Cy converges to the maximal
RCIS Cyx in Hausdorff distance, and there exists integers Ny > 0, N > 0 and scalars ¢ > 0,
a € (0,1) such that the Hausdorff distance between Cy, 1y and Cpay satisfies

di(Cng 1k, Cmax) < cd". (3.7)

That is, the Hausdorff distance dy(Cny+in,Cmax) decays to zero exponentially fast as k goes to
infinity.

Note that the bound in (3.7) holds for indices {Ny + kN },‘2":0 increasing by an interval of N. But,
due to the fact that dy (Cy,Cpay) is monotonically non-increasing over k, the inequality in (3.7)

implies for all k > 0,
dH(CNO-i-k,Cmax) < C(al/N)k—N—H _ (ca_1+1/N)ak/N. (3.8)

Hence, by Theorem 3.1 and (3.8) , the k-step BRS Cj converge to the maximal RCIS C,,4, in
Hausdorff distance exponentially fast whenever Cy is contained in the interior of Cy, for some
ko > 0. This result validates the two key observations we have in Example 3.1.

When Cj and Cy, are represented by polytopes, the condition Cy C int(Cy) can be numerically
checked by a linear program'. Suppose that Co = {x | Hix < 1} and Cy = {x | Hpx < hy} for some

H;, h; in appropriate dimensions, i = 1, 2, and x¢ is any interior point of C;. We construct the

IThis is a variant of the standard polytope containment problem given the H-representations of two polytopes [104].
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following linear program to check if Cy C int(Cy,):

*

Y
subject to AH; = H; (3.9)

A(hy — Hyxg) < y(hy — Haxp).

According to [104, Lemma 1], ¥* in (3.9) is less than 1 if and only if Cy C int(Cy) if and only
if kg < k. We can incorporate this linear program to Alg. 2 to obtain a convergence certificate
while inner approximating Gy, as shown by the pseudocode in Alg. 3. If Alg. 3 terminates with
isConvergent = True, we know that the inside-out algorithm converges to Cp,,, exponentially

fast; otherwise, it is inconclusive.

Algorithm 3 The inside-out algorithm with convergence certificate

Input: System dynamics X, the safe set Sy,, an RCIS C_; of X in Sy,, and the maximal iteration
number &,
Initialization: k < —1, isConvergent < False, ¥+ 1
do
k< k+0
Cy < Prex(Cr_1,Sw,D)
if isConvergent = False then
Y* < the optimal cost of (3.9) with respect to Cy
isConvergent « (y* < 1)
end if
while C; # Cj,_1 or k < kyax
return C;, isConvergent

Next, recall that C. in (3.2) is the limit of the k-step BRS C; as k goes to infinity. When ko
in Theorem 3.1 exists, it is obvious that Cy is contained by the interior int(Cw) of Ce, since Cy,
is a subset of C.. But conversely, if Cy C int(C), does there always exist a finite ky such that

Co C int(Cy,)? It turns out that those two conditions are equivalent, shown by the following theorem:

Theorem 3.2. Under the same conditions of Theorem 3.1, Cy is contained in the interior of Cy, for
some finite kg > 0 if and only if C is contained in the interior of Cs in (3.2).

Finally, the readers may wonder what happens if kg in Theorem 3.1 does not exist, or equivalently
Co € int(Cw). In Example 3.1, the limit type (iii) occurs when kq does not exist. However, there
are examples where the limit types (i) and (ii) occur even if a finite ko does not exist. Thus, the
existence of kg is only a sufficient condition for the convergence of the BRS Cj, to the maximal RCIS.

When the system is disturbance-free (that is D = {0}), the existence of k is guaranteed if (A, B)
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is asymptotically stable and 0 € int(Cy), or if (A, B) is controllable and 0 € Cp and 0 € int(Sy,). A

more in-depth discussion for results of disturbance-free systems can be found in Section 3.5.

3.3 Proof of the Main Result

In this section, we present the main ideas in the proof of Theorem 3.1. First, according to a
fixed-point theorem [27, Theorem 1212, given a compact convex RCIS Cj in Sy, there always exists
a stationary point (X, #e,d,) € Sy, X D such that x, € Cy and Ax, + Bu, + Ed, = x,. Without loss of
generality, we assume that the stationary point (x,, u,,d,) is the origin of the state-input-disturbance
space and thus 0 € Cy and 0 € Sy, x D for the remainder of this section. Also, by Theorem 3.2, we

convert the condition on the existence of kg in Theorem 3.1 into the following equivalent assumption.

Assumption 3.2. The set Cy is a compact convex RCIS of X in Sy, and is contained by the interior
int(Cw) of the infinite-step BRS Cw in (3.2).

Based on Assumption 3.2, the proof of Theorem 3.1 contains two steps: The first step is to
show that the closure ¢/(Cw) of the limit C. is equal to the maximal RCIS C,,y, that is to prove the

following theorem:

Theorem 3.3. Under Assumptions 3.1 and 3.2, the closure of Cs in (3.2) is the maximal RCIS Cpqy,
that is cl(Ce) = Cpax-

Sketch proof. Note that the maximal RCIS C,,,, 1s bounded due to Assumption 3.1. Since Cy C
int(Cs) and Cpgy is bounded, intuitively, we can find a small enough o > 0 such that the set
C(a) = (1—a)Cy+ oCyqy is contained in int(Cs). Due to the linearity of the system, it can be
shown that the infinite-step BRS of C(a) contains (1 — &)Ce + QCynax. Then, the key to prove
Theorem 3.3 is to realize that for any set C’ C int(C), the infinite-step BRS of C’ is contained by
Co. Thus, for some a > 0, we have (1 — 0¢)Co + ACppax € Coo C Cpygy. That implies Cpax = ¢l(Coo).
The complete proof can be found in Appendix A. 0

The second step is to show that the Hausdorff distance between Cj and and the maximal RCIS
Cinax decays to 0 exponentially fast when Cy C int(C). We first introduce an extended notion of

A-contractive sets [22]:

Definition 3.1. Given a scalar A > 0, a set X is called k-step A-contractive if the k-step BRS of A X
contains the set X, that is Pre’i(lX S, D) 2 X.

2See Appendix A.1 for a detailed discussion.
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By definition, a set X is k-step A-contractive if the system can go from any state in X to some
state in A X in k steps without violating any safety constraints. Under Assumptions 3.1 and 3.2, the
closure of the infinite-step BRS ¢/(C.) always contains a N-step A-contractive set, shown by the

following theorem.

Theorem 3.4. Under Assumptions 3.1 and 3.2, there exist an integer N > 0 and scalars y € (0,1],
A € [0,1) such that ycl(Cw) is N-step A-contractive. Furthermore, there exists a finite integer
No > 0 such that Prelg0 (Co,Sxu, D) 2 Aycl(Cw).

Sketch proof. Since Cy C int(Cw) and C. is convex, there exists positive scalars By and fB;, with
0 < Bo < B1 < 1, such that Cy C Bycl(Cw) C Bicl(Co) C int(Cs). Since Picl(Co) C int(Co) and
the k-step BRS of Cy converges to C., it can be proven that there exists a finite N such that
Bicl(Cs) C Cy. Since Cy C Pocl(Cw), Cy is contained by the N-step BRS of Bycl(Cw). That
implies B1¢l(Cw) C Cy is contained in the N-step BRS of Bycl(C), and thus is a N-step (Bo/B1)-
contractive set. By assigning ¥ = B1, A = Bo/B1 and Ny = N, the statement in Theorem 3.4 is
proven. A complete proof can be found in Appendix A. [

By Theorems 3.3 and 3.4, we show that ycl(Cw) = YCpnax is N-step A-contractive. Note that a
k-step A-contractive set X is not necessarily an RCIS unless k = 1 and 0 € X. Thus, YC,,,, may not
be an RCIS.

Recall that our goal in the second step of proving Theorem 3.1 is to show the convergence
rate of the k-step BRS Cy to Cyqx. So how is YCax being k-step A-contractive set related to the
convergence rate of BRSs? Let C be an RCIS of X in Sy,. It turns out that if there exists a factor
Y € (0,1] such that the scaled set yC is N-step A-contractive for some N and A € [0, 1), then the
k-step BRS of AyC approaches to C exponentially fast as k increases. The proof of this statement is
enabled by the following theorem.

Theorem 3.5. Under Assumption 3.1, for any convex RCIS C of X in Sy,, suppose that there exist
Y€ (0,1), Nand A € [0, 1) such that yC is N-step A-contractive, that is

Pre¥ (AyC,Su,D) 2 yC. (3.10)
Then, for any scalar & with 1 > & > A,
Pre} (EC,Sw,D) 2 g(&)C, G.11)

where

(1-A)y
1—Ay

g&) =Ty

1727 > E. (3.12)
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For any C satisfying the conditions in Theorem 3.5, (3.11) implies that the N-step BRS of AyC
expands at least to g(17y)C 2 AyC. By applying Theorem 3.5 k times, we obtain that

PrefN(AyC, S, D) 2 gX(Ay)C, (3.13)

where g*(-) = g(g(...)) is the function that composes g(-) for k times. According to Theorems 3.3
and 3.4, C in (3.13) can be replaced by C,,,,. That is, for ¥, N and A in Theorem 3.4,

PrefY (AYCnax, Su D) 2 8(AY)Conax. (3.14)

By Theorem 3.4, there exists Ny such that the Ny-step BRS Cy, of Cy contains AYCy,4c. Then, by
(3.14),

Crax 2 CN0+kN 2 Prel)EN()v'}’CmameuaD) 2 gk(A’Y)Cmax- (3.15)

The inclusion relation in (3.15) implies that the Hausdorff distance between Cy, 4y and the maximal
RCIS G4y 1s bounded by

dr (Crg i, Cmax) < (1—g5(A7)) sup [|x]|2. (3.16)

XECax

Since g(-) in (3.12) is affine, it can be shown that

[ — o [ 1= ¢
—g (Ay) = T=Ay (1-247). (3.17)

Combining (3.16) and (3.17), we have
dr (Cng 1> Cona) < €,

where ¢ = (1 —Ay)sup,c, ||*[2 and a = (1 —y)/(1 —Ay). With y € (0,1], A € [0,1), it is easy
to check that a € [0, 1). Since Cy,4y is bounded, c is finite. Thus, the Hausdorff distance between
Cny+knv and Cpqx decays to zero exponentially fast as k goes to infinity. That completes the proof of
Theorem 3.1.
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3.4 Numerical Example
Consider the two-dimensional system X

0
1

I.1 1 1
Lix(t+1)= 0 1 x+ | |u+ : d, (3.18)

with x € R?, u € R and d € D = [-0.01,0.01]. The safe set of the system is Sy, = S, x U, with
Sy =[—4,4] x [-2,2] and U = [—0.3,0.3]. Denote the maximal RCIS of X in Sy, by Cp4x. The set
Cy is selected to be the maximal RCIS in a scaled safe set S, = (0.1Sy) x U, shown by the yellow
polytope in Fig. 3.1a.

MPT3 toolbox [48] and YALMIP [84], equipped with GUROBI 9.5.0 [44], are used to implement
the computation of the BRS in (2.10) and the linear program in (3.9). The computed k-step BRSs
Cy of Cy for k =1,---,16 are visualized in Fig. 3.1a, which converges to the maximal C,,, in
16 steps. By solving the linear program in (3.9), we checked that Cj is contained in the interior
of C;. Thus, Theorem 3.1 implies that the k-step BRS Cj converges to the maximal RCIS C,,x
at least exponential fast. The Hausdorff distance between Cj, and Gy, is shown by the red curve
in Fig. 3.1b. We also manually fit an exponential function y(k) = 4.61 x 0.8* (the blue curve in
Fig. 3.1b) that bounds the actual Hausdorff distance from above. The existence of this exponential
decaying upper bound is predicted by Theorem 3.1. Given any system and Cy, how to find such an
exponential decaying function without computing all the BRSs would be part of our future work.

3.5 Discussion

In this section, we compare our result with the existing ones in [32, 31, 46, 30]. Here we adopt
the notation in [32, 31] and call a set X a C-set if X is convex, compact and contains 0 in the
interior. Note that the results in [32, 31, 46, 30] are all based on the condition that the disturbance
set D = {0} and S, is a C-set. Hence, we assume that the above condition holds for the remainder
of this section.

First, [32, 31, 46] identify the two sufficient conditions under which the k-step BRS C converges
to the maximal CIS in Hausdorff distance. The first sufficient condition [46, 32, 31] is that (A, B)
is controllable and Cy = {0}; the second one [32, Proposition 30] is that (A, B) is asymptotically
stabilizable and Cj is a controlled invariant C-set. When the first sufficient condition is satisfied,
[32, 31] show that Cp = {0} also satisfies the conditions in Theorem 3.1. When the second sufficient
condition is satisfied, the corresponding Cy may not satisfy the condition in Theorem 3.1. However,
the proof of [32, Proposition 30] shows that Cyp must contain a smaller CIS that satisfies the

conditions in Theorem 3.1. Thus, both of the sufficient conditions are corollaries of our result.
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Figure 3.1: Left: The k-step BRS C; for k= 1,---, 16 are the nested cyan polytopes, where a larger
one corresponds to a larger k. The set Cj is the yellow polytope in the middle. The maximal RCIS
Chnax 18 equal to the largest cyan polytope Cj¢. The dark blue rectangle is the safe set Sy,. Right: The
Hausdorff distance dy (Cy,Cyax) between the k-step BRS C; and the maximal RCIS Gy, versus
the number of steps k (the red curve with dots). An exponential function y(k) = 4.61 x 0.8* that
bounds the Hausdorff distance from above is manually fitted (the blue curve).

Though [32, 31, 46] prove the convergence of Cy, none of those works show the convergence
rate of Cy. To our best knowledge, [30] is the only work that shows the convergence rate of Cg,
under the condition that (A, B) is controllable and Cy = {0} (the first sufficient condition above).
Originally [30] derives the convergence rate in a different metric. But by converting the metric in
[30] to Hausdorff distance, we can show that the convergence rate of Cy in [30] is equivalent to
the exponential convergence in Hausdorff distance proven in this chapter. That is, under the first

sufficient condition in the previous paragraph, our result coincides with the result in [30].

3.6 Conclusion

In this chapter, we consider linear systems with disturbance and show a sufficient condition under
which the k-step BRS of RCISs converges to the maximal RCIS exponentially fast. When all sets
are represented by polytopes, this sufficient condition can be numerically checked via the linear
program in (3.9). When restricted to disturbance-free systems, our result implies the existing results
in [32, 31, 46, 30].

In terms of applications, our result provides convergence guarantees for inside-out algorithm
(and its variants) [46, 32, 103, 36, 119, 8], and sheds some light on novel analysis for RCIS-based

control synthesis algorithms. For instance, in constrained MPC equipped with a controlled invariant
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terminal set [23], our results imply that under mild conditions, the DoA of MPC enlarges to the
maximal DoA exponentially fast as the prediction horizon T increases, which provides new insights
for selecting the prediction horizon T. Moreover, if parameters Ny, N, a and ¢ in Theorem 3.1
are known, we can quantitatively evaluate the Hausdorff distance between the DoA of MPC with
respect to any given 7' and the maximal DoA via (3.7). Algorithms for estimating parameters N,

N, a in Theorem 3.1 for nominal systems are studied in Chapter 7.
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CHAPTER 4

Controlled Invariant Sets: Implicit Closed-form
Representations and Applications

The iterative algorithms for computing RCISs introduced in Section 2.5 are known to suffer from
poor scaling with the system’s dimension and no guarantees of termination. An alternative approach
is to construct an implicit representation for an RCIS. The specific implicit representation used in
this chapter is a set in the higher dimensional space of states and finite input sequences. We argue
that in many practical, safety-critical applications, such as MPC and supervisory control, knowledge
of the explicit RCIS is not required and the implicit representation suffices. Consequently, by
exploiting the efficiency of the implicit representation the aforementioned ideas are suitable for
systems with large dimensions.

In this chapter, we propose a general framework for computing (implicit) RCISs for discrete-time
linear systems with additive disturbances, under polytopic state-input constraints. We consider
RCISs parameterized by collections of eventually periodic input sequences and prove that this
choice leads to a closed-form expression for an implicit RCIS in the space of states and finite input
sequences. Moreover, this choice results in a systematic way to obtain larger RCISs, which we
term a hierarchy. Essentially, the computed sets include all states for which there exist eventually
periodic input sequences that lead to a trajectory that remains within the safe set indefinitely. Once
the (implicit) RCIS is computed, any controller rendering the RCIS invariant can be used in practice
and a fixed periodic input is not chosen or used. Moreover, we show that this parameterization is
rich enough, such that: 1) in the absence of disturbances, our method is complete and sufficient
to approximate the maximal CIS arbitrarily well; 2) in the presence of disturbances, a weak com-
pleteness result is established, along with a bound for the computed RCIS that can be approximated
arbitrarily well. Finally we study, both theoretically and experimentally, safety-critical scenarios
and establish that the efficient implicit representation suffices in place of computing the exact RCIS.
In practice, the use of implicit RCISs can be done via optimization programs, e.g., a Linear Program
(LP), a Mixed-Integer (MI) program, or a Quadratic Program (QP), and is only limited by the size

of the program afforded to solve.
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Chapter Overview. We state the problem in Section 4.1, and then provide a closed-form construc-
tion of implicit RCISs in Section 4.2. Section 4.3 shows how to systematically expand the implicit
RCIS to reduce conservativeness, followed by usages of the resulting implicit RCIS in planning
and control in Section 4.4. In Section 4.5, we derive a performance bound of our approach, showing
that the implicit RCIS converges to a maximal set exponentially fast with the parameterization size.
Finally, we demonstrate the effectiveness of the proposed method via several case studies in Section

4.6 and conclude this chapter in Section 4.7.

Notation. The Hausdorff distance between two subsets P and Q of R" is denoted by d(P,Q) and
is induced from the Euclidean norm in R". We denote a block-diagonal matrix M with blocks
My,...,My by M = blkdiag(M,,...,My). Forany N € Z*,let [N] = {1,2,--- ,N}. Let T and 0 be
the identity and zero matrices of appropriate sizes respectively, while 1 is a vector with all entries

equal to 1.

4.1 Problem Setup

In this chapter, we consider a discrete-time linear system X

xt =Ax+Bu+Ew, 4.1

with state x € R”, input u € R™, and disturbance w € W C R4, Let Sy, C R™™ be the safe set of
the system X.

Assumption 4.1. In this chapter, we focus on systems and safe sets that satisfy the following:
1) There exists a suitable state feedback transformation that makes the matrix A of system X nilpotent.
For a nilpotent matrix, there exists a v € 7" such that AY = 0.

2) The safe set Sy, C R” x R™ and the disturbance set W C R? are both polytopes.

Remark 4.1. For any controllable system X, there exists a state feedback transformation satisfying
Assumption 4.1 [11, Ch.3]. In this case, the nilpotency index V is equal to the largest controllability
index of X.

For any system X satisfying Assumption 4.1, let K € R”*” be the feedback gain such that A + BK
is nilpotent. We construct a system X’ by pre-feedbacking X with u = Kx+u':

xt = (A+BK)x+Bu + Ew,

where ' € R™ is the input of the system X’. The safe set for ¥’ is the polytope induced from the
safe set Sy, of Zas S, = {(x,u') e R" X R" | (x,Kx+ 1) € Sy, }
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Proposition 4.1. Any RCIS € of ¥ with respect to Sy, is an RCIS of X’ with respect to S, and vice

versa.

Proof. The proof is based on the fact that the map from (x,u) to (x,u’) = (x,u — Kx) is a bijection
from Sy, to S,

Consider an RCIS % of ¥ with respect to Sy, and (x,u) with x € ¥ and Ax+Bu+EW C €.
Take u' = u— Kx. Then, (x,u’) € S, since (x,Kx+u') = (x,u) € Sy,. Advancing the state x with
input &’ in ¥’ gives (A +BK)x+ Bu' + EW = Ax+ BKx— BKx+Bu+EW = Ax+Bu+EW C %.
Hence, % is also an RCIS for ¥’ with respect to S,,,. The other direction is shown in a similar

way. 0

Based on Proposition 4.1, it can be seen that the problem of finding an RCIS of X with respect to
Sy s exactly equivalent to the problem of finding an RCIS of ¥’ with respect to S,,. That is, for any
procedure that takes in (X,S,) and produces a RCIS %, there exists an equivalent procedure that
takes in (X', S’,) and produces the same RCIS %, and vice versa. Therefore, in the remainder of
this chapter, we simply assume that the system in (4.1) (and its safe set Sy, ) is already transformed
to this equivalent form where the matrix A is nilpotent.

The main goal of this chapter is to compute an implicit representation of an RCIS in closed-form.

Hereafter, we refer to this representation as the implicit RCIS.

Definition 4.1 (Implicit RCIS). Given a system X, a safe set Sy, C R" x R”, and some integer
q € Z7, aset Gy, CR" x R is an Implicit RCIS for X if its projection 7., (yy) onto the first n
dimensions is an RCIS for ¥ with respect to Sy,.

The following result stems directly from Definition 2.3.

Proposition 4.2. The union of RCISs and the convex hull of an RCIS are robustly controlled

invariant.

We define the accumulated disturbance set at time t by:
J— ! .
W,=Y AT'EW. (4.2)
i=1
By nilpotency of A we have that:

Woo = iAf*IEW =Y AT'EW. (4.3)

4
=1

i=1 i
In the literature, W, is called the Minimal RPIS of the system x* = Ax+ Ew [99].

The next operator is used throughout this chapter.
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Definition 4.2 (Reachable set). Given a system X and a set X C R", define the reachable set from

X under input sequence {ui}ﬁ;(]) as:

1
Rs(X, {ui}i2)) =AX+ Y A" Buy_i+W,. (4.4)
i=1
Intuitively, %Z(X Aui ?;(])) maps a set X and an input sequence {ui}ﬁ;(') to the set of all states that
can be reached from X in 7 steps when applying said input sequence. Conventionally, Zx(X,0) = X

and when X is a singleton, i.e., X = {x}, we abuse notation to write %Zx(x, {u;}'—;).

4.2 Implicit Representation of RCISs for Linear Systems

The classical algorithm that computes the maximal RCIS consists of an iterative procedure [20, 34]
and theoretically works for any discrete-time system and safe set. However, this approach is known
to suffer from the curse of dimensionality and its termination is not guaranteed. To alleviate these
drawbacks, we propose an algorithm that is guaranteed to terminate and computes an implicit
RCIS efficiently in closed-form, thus being suitable for high dimensional systems. Moreover, by
optionally projecting the implicit RCIS back to the original state-space one computes an explicit
RCIS. Overall, the proposed algorithm computes controlled invariant sets in one and two moves
respectively.

The goal of this section is to present a finite implicit representation of an RCIS. That is, we
provide a closed-form expression for an implicit RCIS characterized by constraints on the state
and on a finite input sequence, whose length is the design parameter. This results in a polytopic
RCIS in a higher dimensional space. Intuitively, the implicit RCIS contains the pairs of states and

appropriate finite input sequences that guarantee that the state remains in the safe set indefinitely.

4.2.1 General implicit robust controlled invariant sets

We begin by discussing a general construction of a polytopic implicit RCIS. First, we consider
inputs u; to X that evolve as the output of a linear dynamical system, X, whose state is a sequence

of q inputs, v, 1.e.:

Vir1 = Py,
o oo T (4.5)

th:HV[,

where v € R™, P € R™*™4_and H € R™*™4, The choice of a linear dynamical system stems from

our safe set being a polytope per Assumption 4.1. By using system X we preserve the linearity
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of the safe set constraints and we are, hence, able to compute polytopic RCISs with respect to

polytopic safe sets. The resulting input to X can be expressed as:
u; = Hv, = HP'vy, 4.6)

for an initial choice of vy € R™4. We can then lift system X, after closing the loop with X, to the

following companion dynamical system:

5 xt A BH| |x E @7
: = w. )

xv vt 0 P||v 0

Given the safe set Sy, we  construct the companion safe  set

Sow={(x,v) ER"xR™ | (x,Hv) € Sy,}. The companion system of (4.1) is the closed-
loop dynamics of (4.1) with a control input in (4.6). Then, the companion safe set simply constrains

the closed-loop state-input pairs in the original safe set, i.e., (x;, Hv;) € Sy,.

Theorem 4.3 (Generalized implicit RCIS). Let 6, be an RPIS of the companion system X, with
respect to the companion safe set Sy,. The projection of ‘6x, onto the first n coordinates, ;. (Gw),

is an RCIS of the original system ¥ with respect to Sy,. In other words, 6, is an implicit RCIS of ¥.

Proof. Letx € Ty, (¢4v). Then, there exists a v € R™ such that (x,v) € ©y,. Define u = Hv and
pick an arbitrary w € W. By construction of Sy,, (x,u) € Sy,. Since %, is an RPIS, we have that
(x",vT) = (Ax+Bu+ Ew,Pv) € €y, and thus x™ € 71.,,) (€3v). By Definition 2.3, 7., () is an
RCIS of X in S,,. [

In principle, Theorem 4.3 holds even if X is nonlinear. However, the choice of a linear system
Y, as in (4.5), makes the computation of the maximal RPIS of X, more efficient. In what follows,

we study the conditions on P and H such that the maximal RPIS of X, is represented in closed-form.

4.2.2 Finite reachability constraints

By definition of the companion safe set Sy, and Definition 2.5, we have that any state (x,v) belongs
to the maximal RPIS of X, with respect to S,,, if and only if, the input sequence {ui}ﬁ;l, with each

input as in (4.6), satisfies:
(Zx(x, {uiY'2g) ,ur) C Sy £ >0, (4.8)

where Zs(x, {u;}'_)) C R, u, € R™, and the pair (%s(x, {u;}\=,) ,us) € R" x R™. By Theorem

4.3, the above constraints characterize the states and input sequences within an implicit RCIS of

37



¥, such that the pair (x,u) stays inside the safe set Sy, indefinitely. Notice that (4.8) defines an
infinite number of constraints in general. In this section, we investigate under what conditions we
can reduce the above constraints into a finite number and compute them explicitly. Then, we use

these constraints to construct the promised implicit RCIS.

Definition 4.3 (Eventually periodic behavior). Consider two integers T € ZTU{0} and A € Z*. A

control input u; follows an eventually periodic behavior if:
u, ) = us, forallt > 7. 4.9)

We call 7 the transient and A the period.

Proposition 4.4 (Finite reachability constraints). Consider a system X satisfying Assumption 4.1. If
the input u, follows an eventually periodic behavior with transient T € Z™ U {0} and period A € Z*,

then the infinite constraints in (4.8) are reduced to a finite number of constraints.

Proof. Under Assumption 1 the matrix A is nilpotent with nilpotency index v. Consequently, given
(4.4), the reachable set from a state x for # > v depends only on the past v inputs. We abuse notation
to write ,%E({ui}i;é) and omit the state x to denote dependency only on the inputs. Then, for
t>V+T:
A4 . — (4.9 A4 . — 1
%):({ui f;é) = ZAFIBM;*,' +We = ZAlilBulgi,kfi_'—Woo = %E<{ui}i~iofl) .
i=1 i=1
Therefore, under inputs with eventually periodic behavior the reachability constraints repeat them-

selves after t = v+ T+ A. As a result, we can split the constraints in (4.8) as:

(%z(x, {ui}§;5> ,ut) CSut=0,...v—1, (4.10)
(%)g({ui};g) ,u,> C St =V, VHTHA—1. 4.11)
The above suggests that (%x(x, {u;}'_}) ,ur) C Sy for all £ > 0 can be replaced with only v+ 7+ 2
constraints. O

Proposition 4.4 provides a finite representation of the constraints in (4.8) under the eventually
periodic input behavior in (4.9). The next question we address concerns characterizing the classes

of policies that guarantee the behavior in (4.9).
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4.2.3 Implicit robust controlled invariant sets in closed-form

Recall that our goal is to derive a closed-form expression for an implicit RCIS of X, which is
essentially the maximal RPIS of the companion system X, by Theorem 4.3. So far we proved that,
in general, inputs with eventually periodic behavior result in finite reachability constraints. Clearly,

the parameterized input in (4.6) follows an eventually periodic behavior as in (4.9) if:
P =P t>1, (4.12)

i.e., P is an eventually periodic matrix with transient T and period A.

Proposition 4.5 (Structure of eventually periodic matrices). Any eventually periodic matrix P € R™"*"
has eigenvalues that are either 0 or A-th roots of unity. If T = 0, i.e., P is not purely periodic, then P
has at least one 0 eigenvalue with algebraic multiplicity equal to T and geometric multiplicity equal
to 1. If P* # 0, i.e., P is not nilpotent, then P has at least one eigenvalue that is a A-th root of unity.

Proof. Let v # 0 be an eigenvector of P and 9 the corresponding eigenvalue, i.e., Pv = dv. Then,
(4.12) fort > 7 yields:

Pl = Pith o ply = Prthy o 8Ty = §THAy 2D 81 = 51 o 8 (1 _ 51) —0,

that is, the eigenvalues & of P are only O or A-th roots of unity.
Consider now the Jordan normal form P = MJM~" [64]. This form is unique up to the order of
the Jordan blocks, and P' = MJ'M~'. Without loss of generality, we write:

Ji 0
J= ,
0 N

where J is the Jordan block corresponding to the eigenvalues of P that are 0, and J; is the Jordan
block corresponding to the eigenvalues of P that are the A-th roots of unity. Thus, J; is nilpotent.

Then, when 7 # 0, equality (4.12) is equivalent to:
P =Pt amMiM ' =MItPrMm > 1

Matrix J; vanishes in exactly 7 steps, i.e., JT = 0 and Jj # 0, for ¢ < 7. This implies that P has at
least one 0 eigenvalue with algebraic multiplicity equal to T and geometric multiplicity equal to 1,

but no 0 eigenvalues of geometric multiplicity 1 and algebraic multiplicity greater than 7.
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Moreover, when P is not nilpotent, i.e., P* # 0, for ¢t > t:

2 /=027 10 0 0 0 2
Jt :JH_ ! = [0 Jf = 0 JH-A <:>J§ :Jg‘_ .
2 2

Thus, P has at least one eigenvalue that is a A-th root of unity. [

Corollary 4.5.1. The class of matrices described by Proposition 4.5 that satisfies (4.12) can be

written, up to a similarity transformation, in the following form:

N O
i = 4-13
[0 R] ’ ( :

where N is a nilpotent matrix with nilpotency index 7, R is a matrix whose eigenvalues are all A-th

roots of unity, i.e., R = I, and Q is an arbitrary matrix.

Proposition 4.5 and Corollary 4.5.1 guide the designer to effortlessly select matrix P via its
eigenvalues or its submatrices. Moreover, it is reasonable to select the projection matrix H to be
surjective in order to obtain a non-trivial input in (4.6).

We now show that we can compute the desired closed-form expression for an implicit RCIS

parameterized by collections of eventually periodic input sequences.

Theorem 4.6 (Closed-form implicit RCIS). Consider a system ¥ and a safe set Sy, for which
Assumption 4.1 holds. Select an eventually periodic matrix P € R™*™4 and a surjective projection
matrix H € R4, An implicit RCIS for ¥ with respect to Sy,, denoted by €y,, is defined by the
constraints:

t
(A’x+ ZA”BHPf’v,Hva> CSu—W,x {0}, t=0,....v—1,
i=1

) (4.14)
(ZA”BHP“'V,Hva> CSu—Weux{0},t=v,....v+1+A—1.
i=1
That is, the set €y, C R" x R™4;
G ={(x,v) € R" x R™ | (x,v) satisfy (4.14)}, (4.15)

is computed in closed-form. Moreover, 6y, is the maximal RPIS of the companion dynamical system
in (4.7).

Proof. By Proposition 4.4, the set 6, defined by (4.14) in closed-form satisfies the constraints in
(4.8) and, thus, is the maximal RPIS of the companion system X, in S,,. Then, by Theorem 4.3,
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C,y 1s an implicit RCIS of X in Sy,,. ]

Theorem 4.6 provides an implicit RCIS, %, in closed-form. This set defines pairs of states and

finite input sequences such that the state remains in the safe set indefinitely.

Remark 4.2 (On the choice of input behavior). Notice that the open-loop eventually periodic policy
used to parameterize the implicit RCIS is only a means towards its computation in closed-form. In
practice, after computing an RCIS, we can use any controller appropriate for the task at hand. This
is illustrated in our case studies in Section 4.6, where the controller of the system is independent of
the RCIS implicit representation. For instance, once an RCIS is available one defines a closed-loop
non-periodic and memoryless controller K : R” — R for which Ax + BK (x) belongs to the RCIS
when x is an element of the RCIS.

Corollary 4.6.1 (Computation of explicit RCIS). By selecting an eventually periodic matrix P €
R™4*™M4 and a projection matrix H € R™*™, one computes an explicit RCIS Cy = 7j;.,) (€v) with

a single projection step.

The size of the lifted space leads to a trade-off: on the one hand it can result to larger RCISs, as
we detail in the next section, but on the other it requires more effort if the optional projection step is

taken.

4.3 A Hierarchy of Controlled Invariant Sets

Our main result, Theorem 4.6, provides a closed-form expression for an implicit RCIS, %,,, with
constraints on the state of the system, x, and on a finite sequence of inputs, v. The resulting sets
depend on the choice of the eventually periodic matrix P in (4.5) and the projection matrix H.

In this section, we show how to systematically construct a sequence of RCISs that form a
hierarchy, i.e., a non-decreasing sequence. Our goal is to provide a closed-form expression for the
implicit RCISs corresponding to this hierarchy. Towards this, we identify special forms of matrices
Pand H.

Definition 4.4 ((7,A)-lasso sequence). Consider two integers T € ZTU{0} and A € Z™", and let
q = T+ A. The control input u generated by the dynamical system X in (4.5) forms a (7,1 )-lasso

sequence with respect to the inputs v, if:

P= P(le) = blkdiag (13, . ,P) S quxmq)

_ _ (4.16)
H :H(Tﬁl) = blkdiag (H,...,H) S Rmxmq’
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with m blocks each and P, H defined as:

€ R4,

4.17)
jo [1 0o ... O]ERW.

In the last row of P the 1 occurs at the 7-th position. It is easy to verify that Pz, In (4.16) is of the
form (4.13). A (t,A)-lasso sequence has a transient of 7 inputs followed by periodic inputs with
period A.

We utilize the (7,7 )-lasso sequence to formalize a hierarchy of RCISs with a single decision

parameter q.

Definition 4.5 (Lassos of same length). Select g € Z". Define the set of all pairs (7,4) € ZT U
{0} x Z* corresponding to lassos of length ¢ as:

Q,={(1,A) eZ"U{0} xZ" | t+ A =¢q}. (4.18)

The cardinality of @, is exactly g.

The next result provides a way to systematically construct implicit RCISs in closed-form such
that the corresponding explicit RCISs form a hierarchy.

Theorem 4.7 (Hierarchy of RCISs). Consider a system ¥ and a safe set S, for which Assumption
4.1 holds, and select an integer g € Z". Given g, the set €y,q C R" x R™:

Coa= U G (2, 4)> (4.19)
(1,A)€0,

is the implicit RCIS induced by the g-level of the hierarchy, where each ngv,(‘v, A) Is computed in
closed-form in (4.15) with P and H as in (4.16). In addition, the explicit RCIS:

Cra=Tn (Goa) = U 7w (Goen) = U Gen) (4.20)
(1,1)€0, (1,1)€0,

corresponding to the g-level of the hierarchy contains any RCIS lower in the hierarchy, i.e.:
Crq 2 Cr g, for any q,4 € ZT withq' < q. 4.21)

Proof. First, the sets €, 4 and 6 q are implicit and explicit RCISs respectively as the unions of,
implicit and explicit, RCISs by Proposition 4.2. Next we prove (4.21) for the case of g and g+ 1,
while the more general statement follows by a simple induction argument.
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For any A € Z* such that (7,1) € @,, we have by (4.18) that (T+ 1,4) € O, . It is easy to

conceptualize that:
Cr(t+1,0) 2 Cx(1,1) (4.22)

as (gm(a 2) contains the set of states rendered invariant by a (1,A)-lasso sequence of inputs, and any

(t,A)-lasso sequence is also a (7 + 1,4 )-lasso sequence. Hence, by (4.20):

G = U G = U %ewrin | UG 041
(1, A)€0, 41 (t,A)€0,
(4.22) (4.20)
2 | U %Gen |U% w0 = GaUCog)-
(t,1)€0,
The above entails that € (q41) 2 Crq- ]

Corollary 4.7.1. Using the standard big-M formulation, the implicit RCIS 6,4 can be expressed as

a projection of a higher-dimensional polytope:

Zq:CiZ17Gi(x7V)§fi+(l—Ci)M1}, (4.23)

i=1

(ngij,q = {(X7 v, C)

where ¢ € {0,1}9, G; and f; describe each of the g polytopes €}, (¢ ) in (4.19), and M € R is

sufficiently large. The set €, ¢ 4 is a polytope in R” x R™4 x {0,1}4, and its projection on R” x R™4

vE.q
is exactly the union in (4.19), while its projection on R" is exactly the explicit RCIS in (4.20).
Theorem 4.7 defines the promised hierarchy and provides an implicit RCIS for each level of the
hierarchy that can also be computed in closed-form in (4.23) at the cost of an additional lift. Fig. 4.1
illustrates the relation in (4.21), that is, how the sets induced by each hierarchy level contain the

ones induced by lower hierarchy levels.

Remark 4.3 (Convex hierarchy). We can replace the union in (4.19) by the convex hull
conv U Cov(1,1)
(1,A)€0,

Then, in an analogous manner, all the above results go through resulting in a hierarchy of convex
RCISs. Similarly to (4.23), by standard set-lifting techniques, one obtains a closed-form expression

for the convex hull.

43



Figure 4.1: RCIS corresponding to ¢ = 1 (white), g =2 (gray), g = 3 (teal), ¢ = 4 (green), g =5
(yellow), and g = 6 (orange) for a double integrator. Safe set in blue.

Remark 4.4 (Partial hierarchies without union). The proposed hierarchy involves handling a union
of sets. However, one might prefer to avoid unions of sets and rather use a single convex set. As
each implicit RCIS €, ) involved in the hierarchy is computed in closed-form by Theorem 4.6,

we provide two more refined guidelines for obtaining larger RCISs, based on the choice of (7,4):
1. Given any A € Z7, it holds that €}z 1 1) 2 Gy (¢,2) for any T € ZT U {0}.

2. Givenany T € Z*U{0}, it holds that & (; 3y 2 €, (¢ a7 forany 2, A" € Z7 such that A = kA,
ke Z",ie., Ais amultiple of 1’, see [10, Section 4.6] when 7 = 0.

The above can direct the designer in search of larger RCISs that are based on a single implicit RCIS.

4.4 Implicit Invariant Sets in Practice: Controlled Invariant

Sets in One Move

Using the proposed results, one has the option to project the implicit RCIS back to the original
space and obtain an explicit RCIS as proposed in the two-move approach [9, 10, 8]. However, the

required projection from a higher dimensional space becomes the bottleneck of this approach.
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One of the goals of this chapter is to establish that in a number of key control problems explicit
knowledge of the RCIS is not required and the implicit RCIS suffices. We show how the proposed
methodology can be used online as the implicit RCIS which admits a closed-form expression.

4.4.1 Extraction of admissible inputs

For many applications in this section, we need to extract a set of admissible inputs of the RCIS
m,(Cyxy) at a given state x, i.e, <7 (x,7,(Cy,)) as given in Definition 2.4. Given only the implicit
RCIS Cy,, we provide here three linear encodings of <7 (x, 7, (%)) or its nonempty subsets.

1) The first linear encoding of <7 (x, m, (%)) is given by the polytope:
U (x) = { (,vi.n) € RITNO™ | (x 4) € Sy, (Ax+ Bu+Ew,vi) € G, Vi € [N}, (4.24)

where vy.y denotes the vector (vi,vy,---,vy). It follows that 7, (%] (x)) = <7 (x, 7,(Cx)).

2) The second linear encoding is:
U (x) = {v e R | (x,v) € Cuv }, (4.25)

with H and P as in (4.5). Note that %5(x) is the slice of %, at x and is nonempty for x € 7, (%%, ).
Then, the linear transformation H%(x) is a nonempty subset of .7 (x, 7, (Gxy) ).
3) Finally, define the polytope:

U3 (x) = { (u,v) € RUHD™ | (x,u) € Sy, (Ax+ Bu+ Ew;,v) € G, Vi € [N}, (4.26)

where w; € ¥ with ¥ the vertices of W. It follows that 7,,(%3(x)) C o/ (x,m,(%,y)). It is easy
to check that (Hv,Pv) € %/4(x) for all v € %4(x), which implies that %/(x) is guaranteed to be
nonempty for any x € m,(xy)-

All three linear encodings are easily computed online given %,,. Moreover, it holds that:
HYU(x) © Ton(U3(x)) € 7on( %) (x) = < (x, 00 (Crr))-

That is, % (x) is the most conservative encoding, while % (x) is the least conservative one. However,
U, is of lower dimension, while %/ has the highest dimension. More conservative encodings are
easier to compute. Depending on the available compute, a user can select the most appropriate

encoding.
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4.4.2 Supervision of a nominal controller

In many scenarios, when synthesizing a controller for a plant, the objective is to meet a performance

criterion while always satisfying a safety requirement. This gives rise to the problem of supervision.

Problem 4.1 (Supervisory Control). Consider a system X, a safe set Sy,, and a nominal controller
that meets a performance objective. The supervisory control problem asks at each time step to
evaluate if, given the current state, the input ii from the nominal controller keeps the next state of £

in the safe set. If not, correct it by selecting an input that does so.

To solve Problem 4.1 one has to guarantee at every step that the pairs of states and inputs respect
the safe set Sy,. A natural way to do so is by using an RCIS. The supervision framework operates
as follows. Given an RCIS %, assume that the initial state of X lies in %. The nominal controller
provides an input i to be executed by X. If i € &7 (x, %), then its execution is allowed. Else # is
corrected by selecting an input s, . € 27 (x,%’). Existence of ug, . is guaranteed in any RCIS by
Definition 2.3.

In practice an explicit RCIS is not needed. One can exploit the three linear encodings of
admissible inputs from the proposed implicit RCISs to perform supervision. Furthermore, the
nominal controller can be designed independently of the implicit RCIS parameterization. Consider
an implicit RCIS %, for ¥ with respect to Sy, as in Theorem 4.6. Then supervision of an input i is

performed by solving the following QP:

min ||u — i \%
u,v
st (x,u) € Sy 4.27)
(Ax+ Bu+Ew,v) € Gy, YweW

Notice that the feasible domain of the QP in (4.27) is equal to the third linear encoding %4 (x) of
admissible inputs; similar QPs are easily formulated with the feasible domain being % (x) or %5 (x).

By solving optimization problem (4.27) we compute the minimally intrusive safe input.

4.4.3 Safe online planning

Based on the discussed supervision framework, we utilize the proposed implicit RCIS to enforce
safety constraints in online planning tasks. The goal here is to navigate a robot through unknown
environments without collision with any obstacles. The map is initially unknown, and it is built
and updated online based on sensor measurements, such as LiIDAR. The robot must only operate in

the detected obstacle-free region. To ensure this, given a path planning algorithm and a tracking
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Figure 4.2: The overall safe online planning framework.

controller, we supervise the controller inputs based on the implicit RCIS. The overall framework is
shown in Figure 4.2.

The safe set for the robot imposes bounds on states and inputs, which do not change over time,
and also constraints, e.g., on the robot’s position, which are given by the obstacle-free region in the
current map. As the detected obstacle-free region expands over time, the corresponding part of the
safe set does as well. Thus, differently from Section 4.4.2, we have a time-varying safe set Sy, ()
satisfying Sy, (1) C Sy, (r + 1), ¢ > 0. As the implicit RCIS is constructed in closed-form, we can
generate a new implicit RCIS %, (¢) for each Sy, (¢). Then, at each time step ¢, for any t'<t,we
supervise the nominal input i(¢) by solving the optimization problem:

min ||u—il|3
u,v
P) st (x,u) € Seult)
(Ax+Bu-+Ew,v) € 6 (t'),Yyw e W.

As Sy (1) C Syt +1), € (t') is a valid implicit RCIS in Sy, (¢) for all > ¢. Thus, as long as
P(t,1') is feasible, the optimizer v* of Z(t,t’) is a safe input that guarantees the next state lies
in the RCIS. Furthermore, if P(¢,t’) is feasible, by definition of RCIS, P(z + 1,#) is also feasible.
Thus, if P(0,0) is feasible, for all # > 0, there exists ¢’ < ¢ such that P(¢,t’) is feasible. That is, the
recursive feasibility of P(z,7') is guaranteed. In practice, to take advantage of the latest map, we
always select 7’ to be the latest time instant ¢* for which P(¢,t*) is feasible.

To summarize, at each time step, we first construct the implicit RCIS %, (¢) based on the current
map. Then, given the state and nominal control input, we solve Z(t,t*) to obtain the minimally

intrusive safe input. This input guarantees that the state of the robot stays within Sy, (¢) for all # > 0,
provided that £2(0,0) is feasible.
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4.4.4 Safe hyper-boxes

For high dimensional systems, the exact representation of an RCIS % can be a set of thousands
of linear inequalities. This reduces insight as it is quite difficult to clearly identify regions of each
state that lie within the RCIS. In contrast, hyper-boxes are easy to grasp in any dimension and
immediately provide information about the regions of states they contain. Based on this, we explore
how implicit RCISs can be used to find hyper-boxes that can be considered safe in the following

sense.

Definition 4.6 (Safe hyper-boxes). Consider a system X, a safe set Sy, and the maximal RCIS
Gmax C Sy. Define a hyper-box & = [by,b1] x --- x [b,,,b,] = [b,b] C R". We call a hyper-box %
safe it B C Cmax-

To simplify the presentation we only consider state constraints, Sy, instead of Sy,. Notice that
by Definition 4.6, a safe hyper-box is not necessarily invariant. A safe hyper-box % entails the
guarantee that the trajectory starting therein can remain in S, forever, but not necessarily within %.

We now aim to address the following problem.
Problem 4.2. Find the largest' safe hyper-box % within 6.

A hyper-box 2 can be described by a pair of vectors (b,b) € R" x R". Then, using similar
arguments to Section 4.2, we compute in closed-form an implicit RCIS %5 characterizing all
hyper-boxes (b,b) that remain in Sy under eventually periodic inputs. The eventually periodic
inputs are given by a vector v € R™? with ¢ = T+ A. Then, the set 4 lives in R” x R"” x R™ and
is described by:

t
A'[b,b]+Y AT'BHP v C S, Wt =0,...,v—1,
i=1

\%
Y ATIBHP TV C S, Wt =v,...,v+q—1.

i=1

The above constraints can all be written as linear inequalities in (Q,E, v) € R" x R" x R™, Then,
the implicit RCIS €4 is a polytope and one solves Problem 4.2 by the following convex optimization

program:

a1 (b—b)

s.t. (l_),E,v) € Cp,

IThe largest, as measured by volume, hyper-box within a set might not be unique. We choose a heuristic for
maximizing the volume of a set that yields a well-defined convex optimization problem. Hence, the term “largest” refers
to the heuristic used.
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where y(y) = (I'I?:]yi) " is the geometric mean function, which is used as a heuristic for the volume
of the hyper-box. Function ¥ is concave, and maximizing a concave function can be cast as a convex

minimization problem [24].

Remark 4.5 (Invariant and recurrent hyper-boxes). Two special cases of the above are invariant
hyper-boxes, when T =0, A = 1, see also [9], and recurrent hyper-boxes, when 7 =0, A > 0, see
also [10, 8].

A related question to Problem 4.2 is to evaluate if a proposed hyper-box is safe. This is of interest
when evaluating whether the initial condition of a problem or an area around a configuration point x,
where the system is required to operate is safe. If both the above are modeled by hyper-boxes (b,b),
we can simply ask whether there exists a v, such that (b, b, V) € €. Similarly, more complicated

questions can be formulated, e.g., to find the largest safe box around a configuration point.

Remark 4.6 (Complexity when using implicit RCISs). In this section we showed how several key
problems in control are solved without the need of projection and of an explicit RCIS, which results
in extremely efficient computations since the implicit RCISs are computed in closed-form. The
decision to be made is the size of the lift, i.e., the length of the input sequence. From a computational
standpoint, this choice is only limited by how large an optimization problem one affords solving

given the application.

4.5 Performance Bound for the Proposed Method

Numerical examples, to be presented later, will show that the projection of the proposed implicit
RCIS onto the original state-space can coincide with the maximal RCIS. However, this is not always
the case. When there is a gap between our projected set and the maximal RCIS, one may wonder if
that gap is fundamental to our method. In other words, can we arbitrarily approximate the maximal
RCIS with the projection of our implicit RCIS by choosing better P and H matrices?

In this section we aim to answer the above question and provide insights into the completeness

of our method. Given (4.3), define the nominal system ¥ and the nominal safe set Sy,

Y : x" =Ax+Bu, (4.28)
Syu = Sxu — W x {0}, (4.29)

where A and B are the same as in (4.1). Let @ max be the maximal CIS of the nominal system ¥ with
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respect to S, and define:

(gouter,v = {x cR" H{I/l, ,v:_()1 € Rnﬂ/» (%Z(X, {”l}i;é) 7ut)ngu7l =0,...,v—1,

N _ (4.30)
‘@Z(xa {u; ,v:_() ) C Cmax + Ww}a
where V is the nilpotency index of A.

Proposition 4.8. Gouer,v s an RCIS of X with respect to Sy,.

Proof. In this proof, we use the order cancellation lemma, as a special case of [42, Thm. 4].

Lemma 4.9. Let X,Y C R" be two closed convex sets with ¥ bounded. A point x € R" is in X if and
onlyifx+Y CX+Y.

To prove that €yzer,y is an RCIS, we show that for any xo € Couerv, there exists u such that
(x0,u) € Sy, and for all w € W, Axg+ Bu+ Ew € Gputer,y- By definition of ey, there exists a
sequence {u; }’:_01 that, along with xq, satisfies the conditions in (4.30). We aim to show that i in
{u; }:Ol is a feasible choice for u. Given (4.30), the reachable set from x at time V is:

v—1
«%z(xo, {ul}:/;)l) = Z Av_l_lBui +Woo - Cgmax +W°°7
i=0

with We, and @' max convex and W bounded. By Lemma 4.9 we have that YY" ' AV ™' ~'Bu; € @ pax.
Since € max is controlled invariant with respect to Sy, for the nominal system X, there exists u, such
that:

v—1
(Z AV Bu;, uv) € Suus (431

i=0

v—1 v
A (Z Av_l_’Bu,) +Buy =Y AY"""'Bu; € Crmax.
i=1

i=0 i
Consider any w € W and define x| = Ax+ Bug + Ew:
\4
Rs(x1,{uit) = Y A T Bui+ Weo € Crnax + W, (4.32)
i=1

From (4.31) we have that:

(%s(x1, {ui}) 1), uv) € Sy (4.33)

50



Finally, note that forr =0,--- ,v —2, we have:

(s (x1,{uitizy) s ui1) € (% (x0, {uitizo)sur+1) S Seu- (4.34)

From (4.32), (4.33), and (4.34) we verify that x| € Couer.v. Thus, Courer,v is an RCIS. OJ

The following theorem shows that €.,y is an outer bound of the projection of the proposed
implicit RCIS.

Theorem 4.10 (Outer bound on 7y, (Gxv)). For a companion system Yy, as in (4.7), with arbitrary
matrices P and H, let €y, be an RPIS of Xy, within the companion safe set S,. The RCIS Tj;., (Gw)
iS a Subset Ofcgoutenv, that iS 71:[1"] (%x\/) g (gou[er’v.

Proof. Letx € Ty, (€v). We show that x € Guserv. By definition of €, there exists a vector v
such that:

(% <x, {HP"v}Z;é) ,HPtv> C Sy, forall > 0. (4.35)

Define u; = HP'v. We want to verify that x and {u; }:01 satisfy the two conditions in the def-
inition of (4.30). The first condition is immediately satisfied by (4.35). It is left to show that
Ky (x, {ui}ivz_ol) C C'max + We. That is:

By (4.35), we have that for ¢ > 0:

v—1 v—1
(Z Avflleuith +Woo, Mv+z> CSus <Z AVIlBui+tvuV+t> € Sxu

= Pt (4.36)

& (c@i(i {u; ;/:Jr\ffl),uvﬁ) €S

According to (4.36), the control sequence {u; ivj‘ffl guarantees that the trajectory of ¥ starting
at X stays within Sy for all > 0. Thus, ¥ must belong to the maximal CIS of X in Syu. That is,

X € Cmax. O
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Note here that the set Gpuerv, Which serves as an outer bound for the set computed by our

method, is as hard to compute as the maximal RCIS. Given Theorem 4.10 we have:
T1:n) (ngv) - %outenv C Cmax- (4.37)

Thus, the projection of our implicit RCIS can coincide with the maximal RCIS, for appropriately
selected matrices P and H, only if €,urer,y = Gmax in (4.37). This potential gap between our approxi-
mation and the maximal RCIS is due to the fact that our method uses open-loop forward reachability
constraints under disturbances. Finally, the following theorem establishes weak completeness of

our method.

Theorem 4.11 (Weak completeness). The set Couier,v is nonempty, if and only if, there exist matrices
P and H such that the corresponding implicit RCIS €, is nonempty. Specifically, Couterv 7 0, if
and only if, €y, (0,1) # 0, that is P and H are as in (4.16) with (t,A) = (0, 1).

Proof. We want to show that €,y is nonempty if and only if €, o 1) is nonempty, where €, ¢ 1)
is defined in (4.19) with respect to system X and safe set Sy,,.

Since 7., (ngv,(O,l)) C Gouter,v, immediately nonemptyness of €, ¢ 1) implies nonemptyness
of Cgouter,v-

For the converse, suppose that €5,rv is nonempty. Then % max is nonempty. By [27, Theorem
12], we know that € max is nonempty, if and only if, there exists a fixed point x € b max along with a
u such that (x,u) € Sy, and Ax+ Bu = x. Also, note that AW, + EW = W... Thus, we have:

(x+We,u) C Sy,

_ _ (4.38)
A(x4+ W) +Bu+EW =x+W.

According to (4.38), for any y € x + W.., we have (y,u) € Sy, and Ay + Bu+ EW C x+ W.., which
implies that x +W.. is an RCIS of ¥ with respect to S,,. By the definition of G, (0,1)» it 1s €asy to
check that (x +Weo, u) C €, (0,1)- Thus, €, (9.1 is nonempty. O

Corollary 4.11.1 (Completeness in absence of disturbances). In the absence of disturbances,
Gouterv = Cmax and, thus, there exist P and H such that &, is nonempty, if and only if, Enax

is nonempty. That is, the proposed method is complete.

The significance of Theorem 4.11 lies in allowing to quickly check nonemptiness of €yzer,v by
computing 6}, (o,1)» which we can do in closed-form. Even though the gap between Gouzer,y and
%max 1s still an open question at the writing of this chapter, we show that 1) (%) can actually

converge to its outer bound for a specific choice of H and P matrices.

52



Theorem 4.12 (Convergence to Goyser,v). Assume that the disturbance set W contains 0, and the
interior of Sy, contains a fixed point (x,u) of X. There exist matrices H and P such that 1) (Grv)
approaches Couser,v. Specifically, if H and P are as in (4.16), by increasing T in (4.16), 1) (Gw)

converges t0 Couser.y in Hausdorff distance exponentially fast.

Proof. Without loss of generality, assume that the fixed point (x,u«) of X in the interior of Sy, is the
origin of the state-input space. We define a set operator % (%) that maps a subset ¢ of R” to a

subset of RY":

02/(%) = {uo;v_l € R

\%
Y A7 'Bu,_; € %}, (4.39)
=1

where ug.,— denotes the vector (ug,uy,---,uy_1) € RV,

To maintain a streamlined presentation, we make the following claims that we prove in Ap-
pendix B.1.

Claim I: The polytope €0 contains the origin, where:

Crvo = {(x,u0:v—1) € R"HV™ | (%z(x, {ui}ﬁ;é) ,ut)ngu,t =0,...,v—1}.
Claim 2: For the set Gyyzer,y in (4.30) it holds that:

(gouter,v = Tty ((ng,max>7 (4-40)

where G max = G0 N (R" X U (€ max))-

Claim 3: Let ?xv,(n 2) be the implicit CIS of the nominal system ¥ with respect to Sy, with H
and P as in (4.16) and let €'y (7 1) = 7(€ sy, (¢,2))- The implicit RCIS €, (; 1) of ¥ with respect to
Sy with H and P as in (4.16) satisfies:

(o (z.2)) = Tn( Gy (zn)) for any © > v, (4.41)

where Gy, (z1) = G0 N (R X U (o (v 1)))-
Claim 4: There exist ¢cop > 0, a € [0,1), and some 7; > 0 such that for any A > 1 and for any
T>1

C ey 2 (1—c0d")C mar, (4.42)

with 7 big enough such that 1 — cpa™ > 0 and thereby the right hand side of (4.42) is well-defined.
We use these claims to prove the desired convergence rate. The operator % (-) in (4.39) is

linear with respect to scalar multiplication, i.e, Z (§%) = E% (€), & > 0, and monotonic, i.e.,
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U (61) 2 U (62), €1 2 6». According to (4.42), for T > 1:

U (€ (z2)) 2 (1—coa”) U (Cmax)- (4.43)
Note 79 = v+ 71. By (4.41), for T > 10:

Cg)\cv,(r,/l) 2 GooN(1—coa™ ") (R" x U (€ max)) 2 (1— coa” V) (G N (R" % U (€ max)))
2 (1 - COaT_v)ngv,ma»
(4.44)

The second inclusion above holds since 0 € 6,0 and thus (1 — coa®) 6,0 C €x0. Note that ()
is also linear with respect to scalar multiplication. By (4.40), (4.41) and (4.44), for T > 1:

Coer) = T(Con(z) = Tn( G (o) 2 Tu((1 = c0a™ ") Copmax) = (1= c0a™" ) Cousery- (4.45)
By Theorem 4.10 and (4.45), for any T > 1y:
(1 - COaT_v)Cgomer,v C ng,(r,/l) - Cgouter,v- (4.46)

Let ¢; = MaXy, x,c%, .0y |[X1 — X2]|2 be the diameter of €,,user,v, Which is finite since S, is bounded.
Then, by (4.46), the Hausdorff distance between %ﬂx,(n 1) and Curer,v satisfies:

d(Cy (x,2), Couterv) < ca®, for ¢ = cocja™" and T > 10.

]

Note that Gpuser,v contains the union of the projections 7,(%,) for all general implicit RCISs
v suggested by Theorem 4.3 (that is, the matrices H and P can be arbitrary, not necessarily the
eventually periodic ones in Section 4.2.3). Hence, intuitively the set €;usr,v should be much larger
than the projection of any specific implicit RCIS %, corresponding to an eventually periodic H and
P in Section 4.2.3. However, Theorem 4.12 shows that the proposed implicit RCIS can approximate
Gouter,v arbitrarily well by just using the simple H and P matrices as in (4.17). Moreover, the
approximation error decays exponentially fast as we increase the parameter 7 in (4.17). This result
implies that the eventually periodic input structure explored in Section III.B and III.C is rich enough,

and not as conservative as what it may look at first sight.

Corollary 4.12.1. In the absence of disturbances, if the interior of Sy, contains a fixed point of
¥, then for any A > 0, then @ (1,2) converges to the maximal CIS )4, in Hausdorff distance

exponentially fast as 7 increases.
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The condition that the interior of Sy, (resp. S.,) contains a fixed point of X (resp. Y)in Corollary

4.12.1 (resp. Theorem 4.12) is critical to our method:

Example 4.1. Let X be xfr = X2, x; = u and the safe set Sy, = {(x,u)| — 1 <x1, 1.5x) < x; <
2x),u € [—1,1]}. The only fixed point of ¥ in Sy, is the origin in R3, which is also a vertex of Sy,. It
is easy to check that €4 = m,(Syy), but the largest CIS 7, (C,,) computed by our method is equal
to the singleton set {0}.

If we expand Sy, slightly so that its interior contains the origin, there immediately exist H
and P such that m,(%,,) approximates %,,, arbitrarily well, as expected by Corollary 4.12.1.
Conversely, if we slightly shrink Sy, so that it does not contain any fixed point, then %, is empty
[27, Theorem12].

Remark 4.7. Under the assumption that 0 € W, let Sy, be the set of all the polytopic safe sets
Sy that have a nonempty Gpuzerv. Moreover, let dSy, be the set of all safe sets Sy, € Sy, whose
corresponding nominal safe set Sy, does not contain a fixed point of X in the interior. It can be
shown that dS,, must be contained by the boundary of Sy, in the topology induced by Hausdorff
distance. Consequently, for any safe set in the interior of Sy, there exists H and P such that 7,(%,)

approximates Gouser,v arbitrarily well.

4.6 Case Studies

A MATLAB implementation of the proposed method, along with instructions to replicate our case

studies, can be found at https://github.com/janisl0/cis2m.

4.6.1 Lane keeping supervision using implicit RCIS

We begin by tackling the supervision problem, defined in Section 4.4.2, for the task of vehicle
lane keeping control. That is, we filter vehicle steering inputs to ensure the lateral position of the
vehicle to stay within lane boundaries. We consider a 4-dimensional linearized bicycle model with
respect to a constant longitudinal velocity v [112], discretized with time step 75 = 0.1s. The states
consist of the lateral displacement y, the lateral velocity v, the yaw angle AY, and the yaw rate r.
The input & is the steering angle. The disturbance r, is the road curvature. The safe set is given by
constraints y € [-0.9,0.9], v € [-1.2,1.2], A¥ € [-0.05,0.05], r € [-0.3,0.3], and 6 € [-7,7].
The disturbance bounds are r; € [—0.015,0.015].

The nominal controller to be supervised is uy(t) = —0.1812y —0.0373v — 4.5996AW — 0.6649r.
We implement the safety supervisor in (4.27) using the implicit RCIS €, ; 3) for (7,4 ) equal to
(0,2) and (4,6), and compare them with the safety supervisor in (2.15) using the maximal RCIS.
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Figure 4.3: Vehicle maneuvers under the safety supervision with the maximal RCIS (red) and
the implicit RCIS €, (; 3) for (7,A) = (0,2) (cyan) and (7,4) = (4,6) (green). The black region
depicts the lane shape.

Figure 4.4: Filtered vehicle steering inputs (6 <t <9) with respect to the maximal RCIS (red) and
the implicit RCIS €, (¢ 2 for (,4) = (0,2) (cyan) and (7,4) = (4,6) (green).

We run simulations for each supervisor under the same initial states and disturbance inputs. Fig. 4.3
compares the simulated vehicle maneuvers under the three safety supervisors. As shown by the
zoomed-in plot in Fig. 4.3, even when supervised with ngw(ol)’ the trajectory already follows tightly
with the trajectory supervised with the maximal RCIS, and as we increase T and A, it gets even
closer. Similar phenomenon can be observed in the filtered steering inputs shown in Fig. 4.4. As we
increase T and A from (0,2) to (4,6), the difference between the steering signal supervised with the
implicit RCIS €, (7 1) and that with the maximal RCIS becomes significantly smaller, indicating

that our implicit RCIS approximates the maximal RCIS better as 7 and A increase.
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Figure 4.5: Robot operational space: initial position (yellow arrowhead), target position (cyan),
unsafe region (dark area).

4.6.2 Safe online planning using implicit RCIS

Next, we solve the safe online planning problem, discussed in Section 4.4.3, for ground robot
navigation. The map is initially unknown and is built online based on LiDAR measurements. While
navigating the robot needs to avoid the obstacles, indicated by the dark area in Fig. 4.5, and reach
the target point. This case study is inspired by the robot navigation problem in [17].

The robot’s motion, using forward Euler discretization, is:

L |1 I 0
X" = X+ u,
0 I I7;

where the state x = (px,py,vx,Vy) € R* is the robot’s position and velocity and the input
u = (u1,up) € R? is the acceleration. The safe set consists of two parts:

1) The time-invariant constraints vy, v, € [—V,V] and uy,uy € [—u, u).

2) The time-varying constraint of (py, p,) within the obstacle-free region, shown by the white
nonconvex area in Fig. 4.5. The obstacle-free region, denoted by M(t) C R?, is determined by a

LiDAR sensor using data up to time . Combining the two constraints, the safe set at time 7 is:

qu(t) :{(pxapyvvxavyaulal’tZ) ‘ (anpy> € M(t)7

Vi, Vy € [=V, V], uy,up € [—u,ul}.

Since M(t) C M(t+ 1), we have Sy, (1) C Sy, (t+1),¢ > 0.
The overall control framework is shown in Fig. 4.2. Initially, the map is blank and the path planner
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generates a reference trajectory assuming no obstacles. At each time ¢, the map is updated based on
the latest LIDAR measurements and the path planner checks if the reference trajectory collides with
any obstacles in the updated map. If so, it generates a new, collision-free, reference path. Then, the
nominal controller provides a candidate input i = (i1 (¢), i (¢)) tracking the reference path. When
updating the reference trajectory, a transient period is needed for the robot to converge to the new
reference. Moreover, the path planner cannot guarantee satisfaction of the input constraints. To
resolve these issues, we add a supervisory control to the candidate inputs. Based on the updated
obstacle-free region M(t), we construct the safe set Sy,(t) and compute an implicit CIS €, (¢ 2)(t)
with respect to Sy, (). To handle the nonconvexity of Sy,(t), we first compute a convex composition
of Sy (). When constructing €, (¢ 2(t), we let the reachable set at each time belong to one of the
convex components in Sy, (¢), encoded by mixed-integer linear inequalities. For details see [79]. The
convex decomposition of Sy, () becomes more complex over time, which slows down the algorithm.
To lighten the computational burden, we replace the full convex composition by the union of the 10
largest hyper-boxes in Sy, () as the safe set. Given the constructed implicit CIS 6}, (7 3)() at time 7,
we supervise the nominal control input i(¢) by solving Z(t,t*) as discussed in Section 4.4.3. Note
that P(z,1*) becomes a mixed-integer program as we introduced binary variables for the convex
composition of the safe set and, therefore, in the implicit CIS.

In our simulations, we use a linear feedback controller as the nominal controller. The MATLAB
Navigation Toolbox is used to simulate a LiDAR sensor with sensing range of 100 m, update the map,
and generate the reference path based on the A* algorithm. The simulation parameters are (T,1) =
(6,4), T, = 0.1s, v = 5m/s, @ = 5m/s*. The mixed-integer program Z(¢,t*) is implemented via
YALMIP [84] and solved by GUROBI [44]. The average computation time for constructing
G, (z,2)(t) and solving P(¢,1*) at each time step is 2.87s. The average computation time shows
the efficiency of our method, considering the safe set is nonconvex and being updated at every time
step.

The simulation results are shown in Fig. 4.6. The robot reaches the target region at t =
78.6s, and thanks to the supervisor, it satisfies the input and velocity constraints, while always
staying within the time-varying safe region. As a comparison, when the supervisor is disabled,
the velocity constraint is violated at time t = 1.2s. The full simulation video can be found at
https://youtu.be/mB9ir0R9bzM.

4.6.3 Scalability and quality

In this subsection we illustrate the scalability of the proposed method and compare with other

methods in the literature. We consider a system of dimension n as in (4.1) that is already in
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Figure 4.6: Simulation screenshots at times ¢ = Os, 40s and 78.6s.

Left: reference path (red) and actual trajectory (blue); the disk of blue rays is the LIDAR measurements; the
arrowhead indicates the position and moving direction of the robot.

Right: obstacle-free region M(¢) (white) and unknown region (grey); purple boxes are the 10 largest boxes in
M(t) that contain the current robot position.
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Figure 4.7: Absence of disturbances. Computation times for implicit CISs for different levels g
of the full hierarchy, i.e., computing g Implicit CISs per level. (a) Safe sets with 2n constraints,
n < 200. (b) Safe sets with n2 constraints, n < 100.

0 I 0
An = ) B, = )

where A, € R™" and B,, € R". This assumption does not affect empirical performance measure-

Brunovsky normal form [26].

ments as the transformation that brings a system in the above form is system-dependent and, thus,
can be computed offline just once. To generalize the assessment of performance, we generate
the safe set as a random polytope of dimension n and we average the results over multiple runs.

Moreover, we constraint our input to [—0.5,0.5] and the disturbance to [—0.1,0.1].

Scalability of implicit invariant sets We begin with the case of no disturbances. Fig. 4.7a and
Fig. 4.7b show the times to compute the implicis CIS ¢}, q for safe sets with 2n and n? constraints
respectively. 6, q can be computed in less than 0.5s for systems of size n = 200 when the safe set
has 2n constraints, and in around 5s for n = 100 and safe sets with n? constraints, that is 10000
constraints in this example.

We now proceed to the case where system disturbances are present. In Fig. 4.8a and Fig. 4.8b,
we observe that in the presence of disturbances computations are slower and, actually, are almost
identical for different values of g. This is attributed to the presence of the Minkowsky difference in
the closed-form expression (4.14) that dominates the runtime and depends on the nilpotency index
of the system. Still, we are able to compute implicit RCISs in closed-form for systems with up to

20 states fairly efficiently in this experiment.
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Figure 4.8: Presence of disturbances. Safe sets with 2n constraints, n < 20. Computation times for
Implicit RCISs. (a) Different levels g of the hierarchy. (d) Individual implicit RCIS, €}, (7 1), for
different values of (7,1).

The above results suggest the efficiency and applicability of our approach to scenarios involving
online computations. Moreover, in our experience, the numerical result of a projection operation,
depending on the method used, can be sometimes unreliable. Contrary to this, our closed-form

implicit representation does not suffer from such drawback.

Quality of the computed sets and comparison to other methods We now compare our method
with different methods in the literature, both in runtime and quality of the computed sets as measured
by the percentage of their volume compared to the maximal (R)CIS. Even though, we already
provided a comprehensive analysis in terms of runtime for our method, we still present a few
cases for the shake of comparison. We compare our approach to the Multi-Parametric Toolbox
(MPT3) [48] that computes the maximal (R)CIS, %)y, the iterative approach in [113] that computes
low-complexity (R)CISs, and the one in [67] that computes ellipsoidal CISs.

The runtimes of each method are reported in Fig. 4.9. The difficulty of computing ;4 is
apparent from the steep corresponding curve. The low-complexity methods in [113] and [67] are
considerably faster, and [67] is slightly faster than even our implicit representation. However, our
sets are superior in quality as we detail next.

First, in the absence of disturbances, the relative volume of the computed sets with respect
to Gmax 1s presented in Table 4.1. Since for n > 7 MPT3 does not terminate after several hours
and the computed set before termination is not invariant, we present the relative volumes only
for 2 < n < 6. Our method returns a very close approximation of %,,,, even with small values of
(1,A) and computes substantially larger sets compared to the other techniques. This supports our

theoretical result in Corollary 4.12.1. In other words, our implicit representation retains the best out
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Figure 4.9: Computation times for €, ¢ 2), its projection ¢ (g ), the LMI method in [113], the
ellipsoidal CIS in [67], and %},,qx. Logarithmic scale. Note: [67] is evaluated in the absence of
disturbances as it considers only nominal systems. For the other methods the performance without
disturbance is similar or better.

Table 4.1: Absence of disturbances. Volume percentage with respect to the maximal CIS.
Algorithms: Our method for different implicit CISs €, (¢ 2, the LMI method in [113], and the
method in [67] computing ellipsoidal CISs. (S) denotes a singleton set.

Our method LMI method Ellipsoidal
[113] CIS method [67]
System
dirr}llension %“”(0’2) ngv,(472)
n=2 100 100 42.43 45.69
n=3 100 100 16.31 24.66
n=4 99.92 100 3.69 14.41
n=>5 99.75 100 0.47 10.50
n==6 97.81 100 0(S) 3.89

of two worlds: computational efficiency and close approximations of %,4y.

In the presence of disturbances, the results are similar and are reported in Table 4.2, where we
omit [67] that is not designed for the case of disturbances. Theorem 4.12 proves that our method
converges to its outer bound G,,s...v. Here, we can appreciate that empirically 6.,y approximates
very closely %,4x, €ven in the presence of disturbances, based on the size of the sets computed by
our method. However, the gap between %,,e,v and 6,4, depends on the size of the disturbance as
shown next.

We illustrate how the size of the disturbance set affects our performance. We fix the safe set

to be a random polytope in R* and constraint the input to [—0.5,0.5]. The disturbance set is
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Table 4.2: Presence of disturbances. Volume percentage with respect to the maximal RCIS.
Algorithms: Our method for different implicit RCISs €}, ; ) and the LMI method in [113]. (S)
denotes a singleton set.

Volume (%) Our method LMI method [113]
System
Jimension Cn02) Co22) Co42)
n=>2 100 100 100 31.99
n=73 98.24  99.67 99.96 16.35
n=4 99.02  99.42 99.88 4.36
n=>5 98.75 99.74 99.81 3.64
n==6 91.17 96.07 97.91 0(S)
Table 4.3: Increasing the size of the disturbance set W = [—w, w|. Volume percentage of Cr,(2,2)

with respect to the maximal RCIS and volume percentage of Sy, with respect to S,,. (NE) set is
nonempty. (E) set is empty.

w 005 0.10 0.15 020 025 030 035 0.40
Y02 1999 997 993 98.1 91.8 10.5 O G
vol Gnax empty empty
wiSy | 639 382 205 92 26 01 Sw  Sw
vol Sy empty empty
SwNAw | NE NE NE NE NE NE E E
W = [—w,w| and we increase w as in Table 4.3. Recall the nominal system ¥ and the nominal

safe set Sy, = Sy, — W, and let A, be the set of fixed points of X, which is in Brunovsky normal
form. We can show that A, = {(x,u) € R* x R|x; = x; = x3 = x4 = u}. As Table 4.3 details, by
increasing the size of W the our RCIS shrinks at a faster rate compared to Gy, until finally Sy, 18
empty and, hence, does not contain any fixed points from A,,. This is when the set we compute

becomes empty as well.

4.7 Conclusion

In this chapter, we propose a novel approach to compute implicit RCISs in closed form. For systems
without disturbances, we show that our approach is complete and converges to the maximal CIS
exponentially fast as the parameterization size grows. Similarly, for systems with disturbances, our
approach is weak complete and converges to a well-defined maximal set with the parameterization
size. In addition, we show how to apply the implicit RCIS in safety supervisory control and safe
planning, and demonstrate the effectiveness of our approach via several case studies.

One potential drawback of this approach is that the implicit RCIS can become overly conservative
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when the disturbance set D becomes large, due to the open-loop nature of the eventually periodic
control inputs used in the construction of the implicit RCIS. This issue can be alleviated by replacing

the eventually periodic control inputs with a disturbance-feedback controller, presented in the next
chapter.
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CHAPTER 5

Automaton-based Implicit RCIS Computation for
Discrete-Time Linear Systems

Several recent works [9, 10, 8, 119], including the one presented in Chapter 4, develop approaches
for constructing implicit RCIS in closed form. To be precise, an implicit RCIS is a set in a lifting
space whose projection onto the original state space gives an RCIS. By avoiding computing RCISs
explicitly, these methods can work for systems with higher dimensions. It is indeed the case in many
practical applications, such as model predictive control and supervision control, that knowledge of
the explicit RCIS is not required and the implicit representation suffices.

Inspired by the recent progress on implicit RCISs, in this chapter we propose a novel approach
to compute implicit RCISs for discrete-time linear systems. In addition, the aforementioned works
consider non-measurable disturbances only, however, in many safety-critical applications, incoming
disturbances can be measured in advance [120] and, hence, are considered measurable [90]. Thus,
unlike the existing works, we develop a method that works for both measurable and non-measurable
disturbances, achieved by introducing an automaton-based controller whose input is exactly the
measurable disturbance. Specifically, our contributions include:

1) We propose a automaton-based method for computing implicit RCISs for a class of linear
systems that contains the class of controllable linear systems, with measurable disturbances.

2) We derive conditions on the structure of the automaton such that the computation of the implicit
RCIS is done exactly in closed-form.

3) We present a generic connection between measurable and non-measurable disturbances, en-
abling the proposed method to work with systems with non-measurable disturbances.

4) For systems with non-measurable disturbances, the proposed approach generalizes the method
in Chapter 4. Numerical results show that the proposed approach significantly reduces the conserva-
tiveness inherent in the method in Chapter 4.

In addition to the above, we demonstrate the practicality of the implicit RCIS in the task of
supervision control for the lane keeping problem. The goal is to modify nominal control inputs, as

needed, to keep the system’s trajectory within a set of safe states. We show that this is achieved by
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solving a single optimization problem using the implicit RCIS.

Chapter Overview. In Section 5.1, the problem is mathematically set up, along with the essential
definitions and assumptions. Section 5.2 lays down the ideas for computing an implicit RCIS for
systems with measurable disturbances. Subsequently, Section 5.3 investigates when the implicit
RCIS can be computed in closed-form, while Section 5.4 connects the proposed method to the case
of non-measurable disturbances. Section 5.5 provides a computational evaluation of the proposed

method. To keep a streamlined presentation, the proofs of all theorems are found in Appendix C.

5.1 Problem Setup

We consider a discrete-time linear system X:
Lox(t+1) =Ax(t) +Bu(t) +d(z), (5.1

with state x € R", input u € R™, and disturbance d € D C R”". The set D contains all possible values
of d. The disturbance d is measurable if the measurement d(¢) is available before u(t) is determined;
otherwise, d is non-measurable. Unless specified explicitly, the disturbance is non-measurable by
default in this dissertation.

Let S C R"*™ be the safe set of the system X. Depending on whether the disturbance is measur-
able or not, we define RCIS differently. The definition of RCIS for non-measurable disturbance
is provided in Definition 2.3. We define RCIS for a system with measurable disturbance in the

following.

Definition 5.1 (RCIS with measurable disturbance). For the disturbance d being measurable, a set
C C R"is an RCIS for the system X within the safe set S if:

Vx € C,¥d € D,3u such that (x,u) € S,Ax+Bu+d € C. (5.2)

Note that the order of the quantifiers Vd € D and Ju is swapped in Definitions 2.3 and 5.1, which
means an RCIS C with respect to a non-measurable disturbance is guaranteed to be an RCIS for
the same system with measurable disturbance but not vice versa. Finally, we call a set C,,, the
maximal RCIS within S if it is controlled invariant and contains every RCIS in S.

In the first part of this chapter, we focus on the computation of RCISs for systems with mea-
surable disturbances. More specifically, we propose a method that computes the desired implicit
representation for an RCIS in closed-form based on the following assumptions. In the second part,

we extend our method to compute controlled invariant set for non-measurable disturbance. We make
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the following assumptions throughout this chapter. The same assumptions are make in Chapter 4,

where a discussion on their conservativeness can be found in Section 4.1.
Assumption 5.1. The matrix A is nilpotent. That is, there exists an integer h < n such that A" = 0.
Assumption 5.2. The safe set S C R"™ and the disturbance set D C R" are both polytopes.

The next theorem shows that to compute an RCIS for systems with a measurable disturbance we

only need to consider the (finite) vertices of D.

Proposition 5.1. with a measurable disturbance d € D, and let D, be the set of vertices of D. Let ¥/
be a system the same as X but with d € D,. Then, a convex set C is an RCIS for X if and only if C is
an RCIS Y.

According to Proposition 5.1, given any polytopic disturbance set D, we can substitute D by th
finite set D,, without loss of generality. Thus, for the remaining of this chapter, we directly assume

that D is a finite set, as stated below.
Assumption 5.3. The disturbance set D C R" is given as a finite set of vertices.

Problem 1: For a system X with measurable disturbance, a safe set S, and a disturbance set D
satisfying Assumptions 5.1, 5.2, and 5.3, compute a convex implicit RCIS of X within § in closed
form.

We end this section with a technical definition used later. Consider an autonomous system X:

S x(t+1) = f(x(1),d(t)) (5.3)

with state x € R” and a disturbance term d € D. Let S be the safe set of X,. The maximal RPIS
of X, within § is defined in Definition 2.5. The following proposition provides a equivalent

characterization of the maximal RPIS.

Definition 5.2 (Reachable set for autonomous systems). The reachable set %(X,,xy) of the au-
tonomous system X, from state x is the set of all possible states that the system may visit. Formally,
x € %#(Zq,x0) if and only if there exists a trajectory (x(t))X,, K > 0, of £, under disturbance
sequence (d(7))X°,! € DX with x(0) = xp and x(K) = x.

Proposition 5.2. The set C = {x € R" | Z(X,,x) C S}, i.e., the set of states whose corresponding

reachable set is contained in the safe set S, is the maximal RPIS for X, within S.
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5.2 Controlled Invariant Set Computation Framework

The maximal RCIS for a system in (5.1) with measurable and/or non-measurable disturbances can
be computed by standard iterative methods in Section 2.5, which is not guaranteed to terminate in
finite time and does not scale to high-dimensional systems. To reduce the computation burden, many
existing works close the loop with a linear feedback controller and then compute a RPIS of the
closed-loop system as an under-approximation of the maximal RCIS. In this section, we extend this
idea to a more general case: We close the loop with a parametrized nonlinear disturbance-feedback
controller. Then, by computing a RPIS of an augmented closed-loop system, we search for the
feasible initial states and controller parameters simultaneously such that the closed-loop trajectory
satisfies the safety constraints. Lastly, we retrieve a RCIS from the RPIS of the augmented system.

First, we want to determine an appropriate controller structure. A popular choice in the literature
is linear state feedback controllers, as linear structures make computation easier. But, if we ignore
the computation tractability, would linear state feedback controllers be the optimal choice? We draw
some inspirations from Definition 5.1: Given any RCIS C for £ under measurable disturbances,
by definition, there exists a memoryless state-disturbance feedback controller u(t) =k (x(t),d(t))
such that C is the maximal RPIS of the closed-loop system. In other words, any RCIS, including
the maximal RCIS, is the maximal RPIS of a closed-loop system with respect to some memoryless
state-disturbance controller. Thus, to minimize the conservativeness of the closed-loop RPIS, it is
enough to consider the class of memoryless state-disturbance feedback controllers. Furthermore, it is
well-known that any memoryless state-disturbance feedback controller is equivalent to a disturbance

feedback controller with memory, explained by the following example.

Example 5.1. Consider a memoryless state-disturbance feedback controller u(z) = k(x(t),d(t)).
This controller can be expressed in the form of (5.5) as:

s(t+1) =As(t)+Bk(s(t),d(t))+d(t),
u(t) = k(s(r),d(1)),

(5.4)

with 5(0) = x(0). That is, the internal dynamics of the controller forms a state estimator. |

For above reasons, we consider a parameterized disturbance-feedback controller with memory
DI

5. s(t+1) =T(s(t),d(t);0), 55)

u(t) =o(s(t),d(1);0).

In the above, s is the internal state (memory) of the controller that distills useful information from
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the disturbance input d € D, and u is the output of the controller. The same d and u correspond
to the disturbance and the control input of X respectively. The state transition function .7 and the
output function o map the current state s(¢) and the disturbance input d(7) into the next state s(¢ + 1)
and the current output u(z) respectively. Finally, 0 is a constant vector that parameterizes the state
transition function .7 and the output function o. The value of 8 can depend on the initial state x of
the system X, such as in Example 5.1, 8 = x(0). In what follows, we assume that the functions .7
and o in X are known. We discuss how to select .7 and o in the next section.

Closing the loop of X in (5.1) with the controller in (5.5), we obtain the following closed-loop
system augmented with the controller internal state s and the constant vector 6:

x(t+1) Ax(t)+Bo(s(t),d
Ya:|0(+1)| = o(t
s(t+1) T (s(t),d(1);0(t))

1);0(t)) +d(t)
: (5.6)

with the augmented state (x, 0,s) and the disturbance d € D.

In the above augmented system we can calculate feasible initial states xo and controller parameters
0 simultaneously. The control input u(z) of X is equal to o(x(z),d(t);0(t)), as a function of the
augmented state. Then, given the safe set S of the system X, the safe set for the closed-loop system
is defined by:

S ={(x,0,s) | (x,0(s,d;0)) € S,Vd € D)} . (5.7)

The following theorem connects the problem of computing an RCIS for the system ¥ with the

problem of computing an RPIS for the closed-loop system X;.

Theorem 5.3. Let C.; be an RPIS for the closed-loop system ¥ ; within the safe set S¢;. Then, the
convex hull conv (7, ,, (Ce1)) of the projection of Cey onto the first n coordinates is a convex RCIS
for the system X within the safe set S.

According to Theorem 5.3, in order to compute RCISs for X, we first compute the maximal

RPIS C,; of the augmented system X.; within S.; and then compute the convex hull of its projection.

5.3 Closed-form Construction of Implicit RCISs

In the previous section we presented a framework for computing RCISs. Still, there are two main
questions to be addressed. First, can we compute the maximal RPIS C,; efficiently? Second, in

practice the convex hull computation is expensive, can we avoid this operation?
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Recall that in Section 5.2, we introduced the general controller structure in (5.5), but did not
discuss how to select the functions .7 and o. In this section, we show that by carefully designing .7

and o we address both questions.

5.3.1 Computing C,; in closed-form

From Proposition 5.2 we have that:
Co=A{(x,0,s)| Z(X,(x,0,5)) CS.}. (5.8)

According to (5.8), if we express the reachable set Z (X, (x, 0,s)) in closed-form, then we obtain a
closed-form expression of C,;. The next theorem gives a sufficient condition for the reachable set

X (X) to admit a closed-form expression.

Theorem 5.4. Under Assumptions 5.1 and 5.3, if the state s of the controller belongs to a finite
set Q, then given any initial state (x,0,s) € R x Q, the reachable set # (X, (x, 0,5s)) is finite.

Moreover, it can be expressed in closed-form.

Note that Theorem 5.4 is the only result that requires Assumption 5.1 in this chapter. Given
Theorem 5.4, we want to design the functions .7 and o such that the internal state s of the controller
belongs to a finite set Q. Recall that by Proposition 5.1 and Assumption 5.3, the input d of the
controller also belongs to a finite set D. Thus, the controller ¥, is a system with finite states and

inputs. In the literature, this type of system is called a mealy machine, a special class of automata.
Definition 5.3 (Mealy Machine). A Mealy Machine X is a quintuple (Q,D, 7,0, 0), where:
* (is a finite set of discrete states;

¢ D is a finite set of actions;

T : Q x D — Q is the state transition function that maps each state-action pair to the next

state;

* O is a finite set of outputs;

0: QO x D — 0O is the output function that maps each state-action pair to an element in the set
0.

With slightly abusing notations, we denote both the action set of a mealy machine and the
disturbance set of X by D, since in this chapter we only consider the disturbance set D as the action

set of a mealy machine. The transition function .7 and the output function o are designed by the
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Figure 5.1: A toy mealy machine controller.

user. We parameterize the output set ® of a mealy machine by the parameter vector 8: Suppose that
® = {u;}£ |, where each u; is a vector of variables in R™. Given a vector 6 = (uy,- - ,u.) € R™,
we define a parametrized output function o(s,d;0) : Q x D — R™ such that o(s,d;0) = u; for
o(s,d) = u;. A simple example of a mealy machine and the parametrized output function is shown

below.

Example 5.2. Let D = {d|,d»}, di, d» € R", and Q = {s1,s2}. The state transition func-
tion .7 is shown in Figure 5.1. The output set is ® = {uj,up}. The output function
is o(s1,d1) = o(s2,d1) =u; and o(sy,dr) = o(s2,dy) = up. Let the controller parameter be
0 = (uy,u2) = (1,2). Then, the parametrized output function is o(s1,d;;0) = o(s3,d;;0) = 1 and
O(Sl,dz; 9) = O(Sz,dz; 9) =2. [ |

Next, we provide guidance on how to select .7~ and o such that C,; can be computed efficiently.

Since s € Q, with Q finite, we can decompose C,; into |Q| subsets:

Coa= | Coun(si) x {si}, (5.9)
si€Q
where:
Coun(si)) = {(x,0) € R"™ | Z(Xy, (x,0,5:)) € Ser } - (5.10)

For each state (X', 0,s") € Z(X., (x,0,s;)):
(x',0,s") €Sy = (¥,0(s',d;0)) €S, Vd € D. (5.11)

Notice that x’ and o(s’ ,d;0) are linear functions of x, 8, and d € D. Then, the condition
(x',0(s',d;0)) € S is a set of linear inequality constraints on (x,0). Thus, by (5.11) and the
fact that Z (X, (x,0,s;)) is finite, the set Cy,(s;) in (5.10) can be expressed by a set of linear
inequality constraints, that is a polytope in R"*L. We use the following example to illustrate the

computation of Cy,(s;)-
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Example 5.3. Consider the mealy machine controller in Example 5.2. Suppose that the nilpotent
matrix A of system X satisfies A> = 0. Then, the reachable set % (X, (x, 0,s;)) contains 7 elements,
that is

%<cha(x7975i)):{ U (AB“j+B“k+Adj+dk7975k)}
jk=12

Uq (x,0,s) pUS | J (Ax+Buj+d;,0,s;) ¢,
(ia}] }

=12
where 6 = (u1,u;). Suppose that the safe set is S = {(x,u) € R"™" | Gyx + G,u < h}, then:
Csub(sl) = Csub(SZ) =
{(x,u) € R”"™ |Gyx+ Gyu; < h,

Gx(Ax-l-Buj-l—dj)-l—Guuj <h,

Gy(ABuj + Buy + Ad; + di) + Guu; < h,

Vi, j, ke {1,2}}.
Finally, Co; = Uiy 2 Cou(s7) X {si}.

So far we constructed C,; in closed-form. However, to obtain an RCIS from C,.;, we have to
project C,; onto the first n coordinates and then compute the convex hull of the projected set. Both
projection and convex hull operations are time consuming and thus undesirable. In what follows we

derive an implicit expression of the resulting RCISs.

5.3.2 Implicit Controlled Invariant Set Expression (Method 1)

Assumption 5.4. The safe set S of X is bounded.

Given that S is bounded, the projection of Cy,;(s;) onto the first n coordinates is also bounded.

Thus, we can always find a large enough hypberbox B such that:

n[l,n] (Csub(si) ﬂB) = 717[17,1] (Csub(si))-

Denote the intersection of the hyperbox B and the polytope C,(s;) by Cyup(5i) = BN Cyyp(s;). Note
that the projection of C,; is exactly the union of the projections of polytopes Cy,(s;) for s; € Q, that
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is:

1 ) (Ccl) = U 1) (Esub(si)) . (5.12)
si€Q

Furthermore, since the order of convex hull operation and the projection can be swapped, we have
that:

COIlV(TL'[l’n} (Ccl)) = 717[1#] (COIIV ( U Esub(&'))) . (5.13)

s;i€Q

Since Cy,(s;) is a polytope, it can be written as:
Csub(si) = {(x7 9) | Gi(xu 6) < hi}'

Then, we construct the polytope:

Cl = { (X,G,X],el,"' 7-x|Q\79|Q‘7)'la"' 7)L|Q|) ‘

llZOJGl(xhel) Sa‘thVI <i< ‘Q|7 (514)
4 [4 4
le‘ = 1,2)6,‘ :x,ZGi: 9}.
i=1 i=1 i=1
Under Assumption 5.4, given that (x,8) € R"""E, we have:

conv < U fsub(si)> = n[l,(n—l—mLﬂ (C)L), (5.15)
s;i€Q

71, (COIlV ( U 6sub(si)>> = U1 ) (Cl) (5.16)

s;i€Q
By (5.13) and (5.16), the RCIS conv (7 ,,(C;)) is the projection of C, onto the first n coordinates.
In other words, C), is an implicit expression of the RCIS conv (7, (Cer)).

Remark 5.1. Assumption 5.4 is only required if we want the equality 7, ,,(C3,) = conv (7, (Cer))
to hold. In the next section, we introduce an alternative implicit expression which does not need a
bounded safe set S.
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5.3.3 Implicit Controlled Invariant Set Expression (Method 2)

In Example 5.3, the projection of C, is already convex and, thus, the convex hull computation is
omitted. It turns out that the convexity of 7y (C.) is not a coincidence. We define the nested state

transition function by:
T (s, (d(1))i=o)= (5.17)

Similarly, the nested output function o* (s, (d(t));_,) is:

o* (s, (d(1))fg) = 4 O k=0, 5.18)
) ol (s, ) dE), k>0

Define a preorder relation “>" on Q as follows. For any 51,5, € Q, we have that 51 > s, if for all
(d1(1))¥, € DM and (da (1)), € D* with non-negative integers ki, k» < |Q[?, 0*(s1, (d1 (1))F.,) =
0" (1, (da(1))*2 ) implies 0" (s2. (d (1))11) = 0" (52, (da(1))2) -

Here, the “=" sign in o*(s;, (d; (t));q:o) = 0" (s, (dz(t))fio) is interpreted as the function o*
mapping two inputs to the same element in ® (regardless of the parameter 0). Given the definition
of the relation > on Q, we can algorithmically check if two states s and s satisfy s = s with worst
case time complexity O(|Q|?).

Note that the “>=" relation is not a partial order as it does not satisfy the antisymmetry condition,
namely it is possible to have 51 >~ s, and s, < 51 but 51 # 52. However, the following theorem shows
that the = relation in Q actually implies the partial order on the sets {7}; ,;j (Cyus(5)) }sep defined by

the set inclusion.

Theorem 5.5. Given the > relation defined on the set Q, for any two states si, sy € Q, s1 = 2
implies that 7y ) (Csup(51)) 2 1 ) (Csun(52))-

We call a state s,,qx € Q a maximal state if for any s’ € Q, s’ = $q, implies 5,4, = §', and call
a state sy, a dominant state if s;,,, >~ s for all s € Q. Denote O,,,.x as the set of all the maximal

states in Q.

Corollary 5.5.1. Suppose that there exists a dominant state s,,,x € Q. Then,

71, (Cet) = 1) (Csun(50))-

Corollary 5.5.1 explains our observation in Example 5.3.
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Algorithm 4 Compute Implicit Controlled Invariant Set
inputs: £, S, X. = (0,D,.7,0,0).

if a dominant state s, € Q exists then
Compute Cyp(Sgom) as in (5.10).
return Cy,p (Sgom)-

else
for s; € Q9 C QO do

Compute Cy,(s;) as in (5.10).

end for
Compute Cy, as in (5.14).
return C, .

end if

Example 5.4. For the mealy machine in Example 5.2, s1 >~ s, and s, > 5. Thus, both s1 and s, are
dominant states. Then, 7(; ;) (Cer) = 71 5 (Coun (51)) = 71 ) (Coun (52))-

Corollary 5.5.2. Define a partition over Q. as follows: For s and s’ € Q, s and s’ belong to the
same component if s = s’ and/or s = 5. Let a set Qg C Q,qx contain exactly one state from each

component of this partition. Then, 7j; ,;j(Cer) = Us,,.re00 (1 ) (Csub (Smax) )-

According to Corollary 5.5.1, if a dominant state s, exists in Q, the RCIS conv(ﬂ[m] (Cyp)) is
simply the projection of Cy,p(S40m) Onto the first n coordinates. In this case, we can directly take
Csub(Sdom) @s the implicit representation of the RCIS conv (7 ,,(Ce)); otherwise, by Section 5.3.2,
we construct Cy, as the implicit RCIS. Note that according to Corollary 5.5.2, we can replace Q by
Qo in the definition of C; . The overall procedure of computing implicit RCISs is summarized in
Algorithm 4.

5.3.4 Classes of Mealy Machines with Dominant States

In this subsection, we present three classes of mealy machines with at least one dominant state,
which we use later to construct implicit RCISs in case studies. It is important to note, however, that
there exists many mealy machines with dominant states that do not belong to those three classes.

Furthermore, within this subsection, we demonstrate that when Method 2 (outlined in Section
5.3.3) is employed with a specific class of mealy machine controllers, it yields the construction of
the implicit RCIS €7, (; 2) in Chapter 4. This observation underscores that the method presented in
Chapter 4 can be regarded as a distinct subset of Method 2, as described in Section 5.3.3.
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Simple Loop Given a positive integer A > 0, let Q = {5;}* | and ® = {u;}* ,. Define, for all

d € D, the state transition and output functions as:

i <A‘a i <2’7
Tispd) =" S ey =4 (5.19)

S1 i=A. u i=A.

For such a structure, any s € Q is a dominant state.

Simple Loop with a Tail Given two integers T > 0 and A > 0, let Q = {s;}7"* and © = {u;}=}.

Define, for all d € D, the state transition and output functions as:

s; I<T+A, u; I<TH+A,
a Co(sid) =4 (5.20)

y(si,d):
ST+1 i:'t'i‘k. u1+1 i:'t"'l

For such a structure, the domain state is s;. Note that a simple loop structure is a special case of
a simple loop with a tail (7 = 0). Since all the transitions in a simple loop with a tail structure
is independent of the disturbance measurement, when a system with measurable disturbance is
equipped with a controller in such a structure, it can be shown that the resulting implicit RCIS
Cqup(s1) is also controlled invariant for the same system with non-measurable disturbance. In fact,
the resulting implicit RCIS Cy,p(s1) is exactly equal to the implicit RCIS %, (¢ 1) in Section 4.3 of
Chapter 4. In other words, the method for constructing implicit RCISs in Chapter 4 is a special case
of Method 2 described in Section 5.3.3.

Tree Structure Suppose the cardinality of the disturbance set |D| = K. Given an integer L > 0,
define N = (KX —1)/(K —1). Let Q = {so} UU'_; D*. That is, Q is the union of s( and all finite
sequences of elements in D with length less than or equal to L. We assign one output for each s € Q
denoted by u(s). Thus, ® = {u(s) }sco. The state transition function is defined as for all 4 € D:

d § = 50,
T (s,d) =< sd seDF k<L, (5.21)
s(2:L)d se Dk,

where sd € D**! denotes the concatenation of s € D¥ and d € D, and s(2 : L)d denotes the con-

catenation of the subsequence s(2 : L) of s and d € D. For instance, if s =dd,---d, then
S(2 . L)d = d2 e ~de.

For L = K = 2, the state transition function is shown in Figure 5.2. We call this class of mealy
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Figure 5.2: The tree-structure mealy machine (L = 3, D = {d},d;}). The red arrow and blue arrow
indicate transitions under d; and d; respectively.

machines tree structure since the mealy machine transition graph, as shown in Figure 5.2, embeds a
tree with sg the root node.

Given the state transition function, the output function is simply defined as:
o(s,d) =u(J (s,d)). (5.22)

For any tree-structure mealy machine, sg is the dominant state. Intuitively, the tree-structure
mealy machine memorizes the past L disturbance measurements and assigns a control input to each
possible combination of the past L disturbances.

Finally, for the three classes of mealy machines introduced here, it can be proven that by
increasing the number of discrete states (complexity), that is increasing L, T, or A, we tend to obtain
larger RCISs.

5.4 Bridge Measurable and Non-measurable Disturbances

According to the discussion of Section 5.3.4, one way to handle non-measurable disturbance is to
use Method 2 in Section 5.3.3 with a mealy machine controller whose transitions are independent of
the disturbance measurement, such as the simple loop with tail structure. In this case, the proposed
method degrades to the method in Chapter 4, which yields implicit RCISs for non-measurable
disturbance. But this workaround is conservative since we restrict the method to only use open-loop
controllers to construct implicit RCISs. In this section, we show a generic connection between
measurable and non-measurable disturbance, which enables our method to compute RCISs for
systems with any type of disturbances using any mealy machine controller.

Suppose a system X in (5.1) has a non-measurable disturbance d € D. We construct a system X/
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with a measurable disturbance by adding a one-step delay:

_|A B||x(z) 0
B [o o] [u(t)] i [Im

with state (x,u) € R input v € R™, a measurable disturbance d € D C R", and I,,, I,,, being the

x(t+1)
u(t+1)

Iy
0

5 v(t)+ | " d (), (5.23)

n x n and m X m identity matrices respectively.
Let the safe set of £ be S C R"™™. We want to compute a RCIS for X within S. The next theorem
reveals that this can be achieved by computing a RCIS for ¥’ within § x R™.

Theorem 5.6. Given the systems X in (5.1) and ¥/ in (5.23), if C' is an RCIS for ¥/ in S x R™, the
projection T (C") of C'" onto the first n coordinates is an RCIS for ¥ in S.
If C' is the maximal RCIS for ¥’ in S x R™, then my, ,(C") is the maximal RCIS for X in S,

Thanks to Theorem 5.6, in terms of computing RCISs, any method designed for measurable

disturbances can be applied to systems with non-measurable disturbances.

5.5 Case Studies

5.5.1 Lane Keeping Supervision

Consider a 4-dimensional linearized bicycle vehicle dynamics with respect to a constant longitudinal
velocity 30m/s in [112], discretized with time step Ar = 0.1s. The system states consist of the
lateral displacement y, lateral velocity v, yaw angle AY and yaw rate r. The control input u is the
steering angle. The disturbance is d = (0,0, —ryAt,0), where r; € R is the road curvature within a
range |74| < g max- The safe set is given by constraints |y| < 0.9, [v| < 1.2, |A¥| <0.05, || <0.3
and |u| < /2.

The future road curvature can be measured in advance and thus d is a measurable disturbance
[120]. We compare our method with the method proposed in Chapter 4, LMI-based low-complexity
RCIS in [113], full-complexity RCIS in [43] and the maximal RCIS. Our method uses the tree
structure with L = 4 in Section 5.3.4 as the mealy machine controller. For the method in Chapter 4,
we use Gy, (¢,1) defined in Section 4.3 with =0 and A = 14 as the implicit RCIS, with is equivalent
to our method equipped with simple loop controller with parameter A = 14. For the LMI-based
method in [113], we set the parameter p = 1 and run the iterative algorithm until convergence. The
methods in [8], [113] consider non-measurable disturbances only. To make a fair comparison, our
method computes RCISs for d being measurable and/or non-measurable respectively. We evaluate

the algorithm performance by their computation time and the volume percentage of the resulting
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Table 5.1: Computation Time and Volume Percentage of Computed RCIS to the maximal RCIS.
(Lane Keeping)

T'd max 0.01 0.015 0.03 0.05 0.07

Our method (d | Time (s)  0.042 0.035 0.037 0.035 0.032
meas.) Vol (%)  100.00  99.99 99.89 98.91 74.75
Our method (d | Time(s)  0.071 0.062 0.072 0.063 0.060
non-meas.) Vol (%)  100.00  100.00  100.00  99.89 0

Method in Time (s)  0.506 0.443 0.404 0.397 0.484
Chapter 4 Vol (%) 99.82 87.64 0 0 0

LMI Method Time (s)  0.449 0.519 0.562 0.500 0.564
[113](p=1) Vol (%) 0 0 0 0 0

Maximal RCIS | Time (s) 13.084 18918 15.525 15.698  21.513

RCISs to the maximal RCIS. The volume percentage is estimated by monte carlo method with
sample size N = 10%.

The comparison results are shown in Table 5.1: According to the 2nd, 3rd and 4th rows of Table
5.1, when dealing with non-measurable disturbances only, our method outperforms the method in
Chapter 4 and LMI-based method in [113] in both the computation time and the volume of the
resulting RCIS for all ry4 4, showing a strong robustness to non-measurable disturbances. The
LMI-based method encounters an infeasible optimization problem in all test cases and thus has 0
volume percentage. The method in Chapter 4, as a special case of the proposed method, has a decent
volume percentage when the disturbance range is small. But as 7y 4, > 0.015, the implicit RCIS
©w,(0,14) in Chapter 4 becomes empty, while our method still has volume percentage greater than
98% for both measurable and non-measurable cases. It is worth recalling that, by Theorem 4.11,
the emptiness of €, (o,14) implies the emptiness of any implicit RCIS generated using the method
in Chapter 4. This observation underscores the significantly reduced conservativeness inherent in
the method introduced in this chapter when compared to the one in Chapter 4.

Shown by the first 2 rows of Table 5.1, when rg ;yqc = 0.7, our method returns an nonempty
RCIS for d being measurable, but returns an empty RCIS for d being non-measurable. Thus, by
considering d as a measurable disturbance, our method is robust to a larger range of disturbances.
Finally, comparing the first 2 rows with the last row of Table 5.1, when ry ;4 < 0.07, our method
computes implicit RCISs with almost the same size as the maximal RCISs, using less than 0.3%
computation time of the maximal RCISs.

Next, we illustrate how the computed implicit RCIS can be used to supervise a nominal controller.
Suppose the current state x(t) belongs to the RCIS 7 ;) (Cyup(s0)). Given the nominal steering
input uy(t) and the disturbance d(¢) at time ¢, we minimally change the input u,(¢) such that the
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maximal

our method
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y (m)
(a) Vehicle maneuvers (b) Steering inputs

Figure 5.3: (a) Vehicle maneuvers under control inputs supervised by our implicit RCIS (cyan
curve) and the maximal RCIS (red curve). The black region indicates the road surface. (b)Vehicle
steering inputs supervised by our implicit RCIS (blue curve) and the maximal RCIS (red curve)
(6 <r<9Q).

next state x(t + 1) stays in the RCIS 7y ) (Csup(50)) by solving the following linear program:

min [lug () — u(r)|3
u(t),® (5.24)

subject to (Ax(t) + Bu(t) +d(t),0) € Csup(s0),

where A, B are the system matrices and 6 is a slack variable. We use the solution u(z) of (5.24) as
the actual steering input to the vehicle. The feasibility of (5.24) is guaranteed since 7 ; (Cyup(50))
is a RCIS and x(t) € 71 ;) (Csup (50))-

We compare the corrected inputs when using our method to the ones obtained based on the

maximal RCIS C,,,, via the following linear program:

min||uy(t) — u(?)|3
u(t) (5.25)

subject to Ax(7) + Bu(r) + d(t) € Cpax-

The nominal controller is uy(¢) = —0.1812y — 0.0373v — 4.5996A¥ — 0.6649r. We run two sim-
ulations with the same initial states and control inputs obtained from (5.24) and (5.25) respectively
(rd,max = 0.015). As shown in Figures 5.3a and 5.3b, the vehicle maneuvers and steering inputs
supervised by our implicit RCIS Cj,(s0) and the maximal RCIS are very close to each other. The
maximal difference between the control inputs from (5.24) and (5.25) is around 0.035 att = 6.5s.
This observation is consistent with the results shown in Table 5.1, where the volume of our implicit
RCIS is approximately 99.96% of the volume of the maximal RCIS.
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Figure 5.4: RCISs for double integrator. Yellow: RCIS from LMI-based method [113]. Red: the
maximal RCIS computed by both our method and [8].

5.5.2 Chain of Integrators

Consider a discrete-time n-th order integrator:

0 I, 0
0 0]>x(t)+

with x € R", u € R and d € R. I, indicates the identity matrix in R"*". d is considered as a measur-
able disturbance within range |d| < 0.1. The safe setis S = {(x,u) | |x;| < 1,Vi=1,...,n, |u| < 1}.

The comparison results of our approach (tree structure, L = 4) with the method in Chapter 4
(€ with T =0 and A = 14) and the LMI-based method in [113] (p = 1) are shown in Table

5.2. For n < 4, our method outperforms the other 2 methods in computation time and volume

x(t+1)= <1n+ (u(t)+d(t)) (5.26)

percentage. For n = 2, our method returns exactly the maximal RCIS, depicted in Fig. 5.4. For
n > 6, the maximal RCIS does not terminate within 1 hour. Thus we only check if the computed
RCISs are empty or not instead of comparing their volume to the maximal RCIS. When n > 6, our
method is the only one that returns non-empty RCISs. Note that even though the implicit RCIS has
closed-form expression, the number of constraints in the implicit RCIS grow exponentially as n
increases. In this example, for n = 10, it takes about 339s for our method to generate the implicit
RCIS, which is a polytope in R?>* with about 36 x 10* constraints.

5.5.3 Truck with N Trailers

Consider a continuous-time model for a truck with NN trailers [102]. The state consists of the N + 1

velocity values, each for the truck and the N trailers, and the N spring elongations in between them.
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Table 5.2: Computation Time and Volume Percentage of Computed RCIS to the maximal RCIS
(Chain of Integrators).

n 2 4 6 8 10
Our method (d | Time (s) 0.005 0.025 0.368 9.287 339.060
meas.) Vol (%) 100 98.79 >0 >0 >0
Method in Time (s) 0.183 0.341 2.420 7.168 37.105
Chapter 4 Vol (%)  74.49 0 0 0 0
LMI Method Time (s)  3.465 0.603 0.952 1.405 3.1402
[113](p=1) Vol (%)  66.85 = 0 0 0
Maximal RCIS | Time (s) 0.734 11.114 >3600 >3600 > 3600

Table 5.3: Computation Time and Volume Percentage of Computed RCIS to the maximal RCIS.
(Truck with N trailers)

System dimension n=3 n=5 n="17 n=9
Time (s.) 0.109  0.781 8.669 163.1
Our method Vol (%) 100 100 >0 0
Method in Time (s.) 0.547 0.814 1.352 6.577
Chapter 4 Vol (%) 100 98.90 0 0
Maximal RCIS Time (s.) 0.746 1376 >3600 > 3600

Hence, N trailers correspond to dimension n = 2N + 1. The input is the velocity of the truck. We
discretize the model with a sampling time of 7; seconds assuming piecewise constant inputs.

Table 5.3 shows the results of this case study for our method and the method in Chapter 4 (47 3
with 7=0and A = 14). For n > 7 the method computing the maximal RCIS does not terminate after
1 hour, and, hence, we only check non-emptiness of sets instead of volume percentage. When the
maximal RCIS is computed, we see that our approach covers it, but due to the implicit representation
the running times are much faster. However, we see that in this example, after some point, as the
dimension becomes large, the set our algorithm returns is empty. This can be understood as by
adding more trailers the noise from each spring compounds towards the ones behind it, resulting in
the shrinking the RCIS.

5.6 Conclusion

In this chapter, we derive closed-form expressions for implicit RCISs for discrete-time linear
systems with measurable disturbances. In particular, a disturbance-reactive (or disturbance feedback)
controller in the form of a parametrized finite automaton is considered. We show that, for a class of
automata, the RPISs of the corresponding closed-loop systems can be expressed by a set of linear
inequality constraints in the joint space of system states and controller parameters. This leads to
an implicit representation of the invariant set in a lifted space. We further show how the same
parameterization can be used to compute invariant sets when the disturbance is not measurable.
Also, we show that the method proposed in this chapter generalizes the method in Chapter

4. The idea of using disturbance-feedback controllers for constructing implicit RCISs allows us
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to significantly reduce the conservativeness inherent in the method in Chapter 4. In particular,
numerical examples show that the proposed method can yield nonempty implicit RCIS for non-
measurable disturbance while the method in Chapter 4 fails. This underscores the considerable

improvement and practical applicability of the method introduced in this chapter.
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CHAPTER 6

Scalable Computation of RCISs for Discrete-time

Linear Systems with Input Delays

One critical application of RCISs is to synthesize safety controllers and/or safety supervisors for
autonomous vehicles [91, 112]. While there exist simple linear dynamical models for vehicle
control, when deploying such controllers on actual vehicles [92], we have realized that there is a
non-negligible time delay on the input signal. This delay may arise from the inherent dynamics
of low-level actuators or communication bottlenecks within the vehicle’s system. To address this
input delay, we must extend the original system by incorporating additional states corresponding
to these delayed inputs, resulting in a high-dimensional augmented system. Computing invariant
sets for such high-dimensional systems is challenging. Intriguingly, this augmented system is very
structured and our goal in this chapter is to exploit this structure to compute invariant sets for
systems with input delays in a scalable manner.

Another concern for systems with input delays is that when the system is subject to additional
disturbances, it becomes harder to guarantee invariance with a delayed input. To mitigate this
challenge, one effective approach is to incorporate preview information on external disturbances
into the control framework, a concept known as preview control [97]. In the latter part of this
chapter, we explore the integration of such preview information into our invariant set computation
framework while preserving scalability.

The main contributions of this chapter are summarized below:

* We construct a delay-free auxiliary system by predicting the future states in 7 steps (where
T is the input delay), and then show that the computation of the maximal RCIS for the
high-dimensional equivalent of the delayed system can be reduced to the computation of
the maximal RCIS of the low-dimensional auxiliary system and (7 4+ 2) set intersection

operations.

* We extend the proposed method for systems with both input delay and disturbance preview,

where the preview on disturbance can mitigate the difficulty in controlling systems with large
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input delays.

* We provide two examples to show the efficiency and utility of the proposed method.

Chapter Overview. We introduce the problem statement in Section 6.1. Then, we present our
approach for systems with input delays in Section 6.2 and its extension to systems with both
input delay and disturbance preview in Section 6.3. Section 6.4 illustrates the effectiveness of our

approach with numerical examples. We conclude this chapter in Section 6.5.

Notation. The Minkowski sum of a collection of sets {S;}cs is denoted by Y ;; S;. Note that we
apply the convention that if b < a, the Minkowski sum Zib: S = 0.

6.1 Problem Setup

Consider a linear system with 7-step pure delay in control input, that is
Ldelay 1 x(t +1) = Ax(t) +Bu(t — ) + Fd(t) (6.1)

with state x(¢) € R”, input u(¢) € R™, and disturbance d(¢) in a polytopic set D C R!. Let the safe
set of the system be Sy, =X x U, with X C R" and U C R both polytopes. We can rewrite the
time-delayed system X4,y as a linear system without input delay, by appending the past 7-step

inputs to the state space. The resulting (n + m7)-dimensional augmented system takes the form:

[ x(t+1) = Ax(t)+Bu(t)+Fd(t)

ul(t—f—l) = uz(t)
Z‘4aug: u2(t+1> = u3(t) (6.2)

[ uc(r+1) : u(t).

If we want the state trajectories of the system X4,y to remain within the safe set X x U, this is the
same as asking the trajectories of the augmented system X, to remain in the safe set S x U, with
S := X x U". Therefore, one can state the invariance problem for a system with input delay in terms

of the system X, as follows.
Problem 6.1. Find the maximal RCIS of the system in X, subject to the safe set S x U.

According to Section 2.5, Problem 6.1 can, in principle, be solved by the outside-in algorithm

(Alg. 1). However, it is well-known that the outside-in algorithm suffers from the curse of
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dimensionality. Since the dimension of the augmented system increases linearly with the delay
steps T, the outside-in algorithm becomes computationally intractable very soon as 7 increases. In
what follows, we propose a method to solve Problem 6.1 whose complexity is independent of 7.

For the remainder of this chapter, we make the following technical assumption:

Assumption 6.1. The k-step BRS of S subject to the system X,,q and safe set S x U converges to
the maximal RCIS of Xyyg subject to S X U as k goes to infinity.

Assumption 6.1 is guaranteed if the sets X, U, and D are compact [20]. Under Assumption 6.1,
the following proposition presents a key property of the maximal RCIS, later used to prove our

main results.

Proposition 6.1. Consider a system X as in (2.1) with safe set Sy,. Let C; be the k-step BRS of X,
with X the projection of S, onto the state space. Suppose Cpax = ﬂkzo Cy. Then for all x & Cy,4x,
there exists a non-negative integer N < oo such that if the system starts at x, the system can be forced

to violate the state-input constraint (x,u) € Sy, by disturbances in at most N steps.

Proof. Define Wy = R"\V; for k > 0 and W.. = U> | W;.. Then Wy = R"\X is the unsafe set, and as
the complement of Vi, W, is the maximal set of states that if the system starts from W, there exists
disturbances that can force the system state to violate the state-input constraint (x,u) € Sy, in at
most k steps. By De Morgan’s law, We, = X\ Veo. Now pick x & Cyax = Veo. Then x € Woo = U2 Wy,
which implies that there exists a N < oo such that x € Wy. As discussed above, if the system starts

from state x € Wy, disturbance can force the system state to reach Wy in at most NV steps. [

6.2 State Prediction and Prediction Dynamics

Our solution approach relies on the construction of a reduced-order delay-free auxiliary dynamics
with state space dimension the same as x(¢) in (6.1). We then show that the maximal RCIS of the
system X, subject to § can be reconstructed from the maximal RCIS of the delay-free dynamics
within a modified safe set. Since the dimension of new dynamics does not explode as the delay step
T increases, the proposed method is computationally more efficient than directly computing the
maximal RCIS of (6.2).

Our method is inspired by the following observation. We denote the maximal RCIS of the
system without delay (that is, T = 0) by C. Also, suppose that there is a sensor that can measure the
future 7-step values of the disturbance d. Then at each time ¢, the exact state evolution in 7 steps,
namely x(t + 1 : 7+ 7), can be calculated based on the measurement of x(z), future disturbance

d(t:t+ 17— 1) and the extended states u;.7(¢), which essentially correspond to past inputs. Then for
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the dynamics (6.2), as long as x(r + 7) € C, we can pick u(z) such that x(t+ 7+ 1) € C. It can be

shown that
Ju(t) s.t. x(r+7) € X,Vt > 0 <= x(1) €C, (6.3)

which is very close to our goal (that is, Ju(?) s.t. x(¢) € X forz > 0) except that x(¢) with ¢ € [0,7— 1]
can be out of X. Moreover, by definition, d(r : 7+ 7 — 1) is not accessible at time 7. Nevertheless,
we can predict the state evolution by assuming the future disturbances to be zero. The question
arises as to whether a result akin to (6.3) exists, and the affirmative answer is indeed the case. We
are going to show this result in the rest of this section.

First, we expand X, in 7 steps to obtain the exact expression of x(t 4 7) as
T . T .
x(t+7) =A%)+ Y A7 Bur_i (1) + Y AT Fd(t +T—1). (6.4)
i=1 i=1
Since x(¢) and u}..(t) are known at time ¢, we define
T .
Xe(t) =A"x(t) + Y A7 Buc_i1 (1), (6.5)

i=1

as a prediction of x(7 + 7) based on the state measurements of dynamics X, at time 7. Define the
polytope D; = Y'*_, A" FD, which is the exact bound of the prediction error (x(t +T) — %¢(t)).
Note that D is time invariant and can be computed offline. Then, for all # > 0, we have the following

inclusion relation:
x(t+71) €x(t) + Dy ={x:(t) +d | d € D}, (6.6)
which implies the following statement:
Xe(t)+ D CX Vi > 0=x(t+1) € X,Vt > 0. (6.7)

Therefore, if there exists a controller u(¢) such that X;(t) € X — Dy for all # > 0, such a controller
guarantees that x(f + 7) € X for all + > 0. According to the analysis above, it is important to

understand the relation between x¢(¢) and Xz (¢ + 1). By definition and after some simple algebra,
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we have X, defined by

T
Xe(t+1) =A%+ 1)+ Y A7 Bur_ip (1 +1) (6.8)

i=1

= AX¢(t) +Bu(t) + A Fd(1), (6.9)

with disturbance d(t) € D. Thus, the problem becomes: Given x;(¢) € X — D, find a u(r) € U
so that for all d(r) € D, (¢ + 1) € X — D;. All that we need is to compute the maximal RCIS C
of X,,x subject to the safe set (X — D;) x U. This computation can be done using the outside-in
algorithm. Since the dimension of ¥, is equal to the dimension of x in (6.1), the complexity is not
directly affected by the delay time 7.

Once C is obtained, to guarantee x(z + 7) € X for all 7 > 0, we need the initial state x(0) and

u1.z(0) of dynamics X, to be in the set
Cr = {(x(0),11(0)) | %:(0) € C}, (6.10)

where xz(0) is a function of x(0) and u;.¢(0) defined in (6.5). Furthermore, we want x(0: 7 — 1) to
stay within X. Note that x(0 : T — 1) is determined by x(0) and u;.;—(0), that is

k k
x(k) = A*x(0) + Y. A7 Bug_i11(0) + Y AT Fd(k —i). 6.11)
i=1 i=1
Therefore, for k =0, 1,...,7 — 1, the condition under which x(k) is in X for arbitrary d(0: k— 1) is
ko ko
€ ={ (50) (010D (4500) + £4 By 111 (0) € X~ F AT FD). (612)
i=1 i=1

Now we denote the set of states in S satisfying the constraints in (6.10) and (6.12) by

Coxt = (ﬂ C,~> ns. (6.13)
i=0

Now, we are ready to state our main result.
Theorem 6.2. The set Cey in (6.13) is the maximal RCIS of X, subject to the safe set S x U.

Proof. Denote the maximal RCIS of X, contained by S as Cy¢. First, we want to show Ceyy C Cyg.
It is enough to show that C, is an RCIS subject to S x U: Let (x(¢),u;.z(t)) € Cery. We want to
find a u(r) € U such that for all d(¢) € D, (x(t +1),uz.¢(t),u(t)) € Cex-

Since (x(t),u1:¢(1)) € Cz NS, we have X¢(r) € C. Hence, there exists u(¢) € U such that for all
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Caug (z(0),u1(0), ..., ur(0))

Cext °

(upy .y ur)

Figure 6.1: Pick a point from Caug\Cm.

d(t) € D,%:(t+1) € C. That s,
(x(t+1),up.¢(),u(t)) € Cr. (6.14)

Also, since (x(t),u1:¢(t)) € Ny C;, the set {x(t +1),...,x(t +T— 1)} is contained by X. Because
x(t+1)eXand u(r) €U,

(x(t+ 1), u2:2(2), u(t)) € S. (6.15)

Since %;(t) € C C X — Dy, x(t+ 1) € X by (6.7). Hence, for state (x(z + 1),us.¢(¢),u(t)) and
arbitrary d(t +1:t+17—1) € D*!, it is verified that {x(t 4+ 1),...,x(t + 7)} is contained by X,

which implies
(x(t + 1), u: (2 ﬂC (6.16)

By (6.14), (6.15) and (6.16), there exists u(z) such that for arbitrary d(t) € D,

(x(t+1), 2.2 (2 (ﬂC)ﬂS:Cex,.

Therefore, C,y is an RCIS of dynamics X, subject to S x U. Since Cyy, is the maximal RCIS,

Cext € Caug. Next, we want to show C,pyy = Cyyge. Suppose that there exists

(x(0>7 ul:r(o)) € Caug\cexh

as demonstrated in Figure 6.1. It is easy to show that Cy,e € C NS for k from 0 to 7 — 1. Since
Cout = (N4 (CiNS)) NCr C Cayg, We have (x(0),u1:¢(0)) ¢ Cr and thus %(0) ¢ C. Since C is
the maximal RCIS of X, in X — D¢, by Proposition 6.1, there exists N > 0 such that Vu(0) € U,
3d(0) € D,Vu(1) € U, 3d(1) € D, ..., Yu(N — 1) € U, 3d(N — 1) € D, the trajectory {xz(k)}}_, Z
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X — D:. That is, there exists some s < N such that x;(s) € X — Dz. Denote (x(s),u1.¢(s)) as the state
of X4,g corresponding to xz(s). Followed by X:(s) ¢ X — D¢, for any possible state (x(s),u1.7(s))
of Xy,¢ at time s, there exists d(s : s+ 7 — 1) € D* such that x(s 4 7) ¢ X, which holds for arbitrary
control inputs u(s : s+ 7 — 1). Contradiction to the assumption that Cg, is an RCIS of dynamics
Yaug- Therefore, Coyy = Cyyg. O

As an application of Theorem 6.2, we can compute the maximal RCIS C,,; of X4, using the
RHS of (6.13). In terms of computational complexity, given the maximal RCIS C of the auxiliary
system, the sets C; for i from O to T are polytopes explicitly defined in (6.10) and (6.12) and thus
can be constructed in one shot. Thus, the main computational burden comes from computing C.
Since C is the maximal RCIS of a system in R”, compared with directly applying the outside-in
algorithm to the augmented system X, in R"T™ our approach can reduce the computation time
significantly. This is verified later by numerical examples in Section 6.4.

Finally, the initial section of the proof for Theorem 6.2 yields a significant corollary, demonstrat-
ing the versatility of our approach in cases where C may not necessarily be the maximal RCIS of

Y.ux- This can be highly valuable, as it is often easier to find an RCIS than the maximal RCIS.

Corollary 6.2.1. If C is an RCIS of Y ux subject to X — D¢ x U (but not necessarily the maximal
one), then C,y is an RCIS of X, subject to S x U.

6.3 Extension to Systems with Preview

In the previous section, we make the assumption that the disturbance is entirely unknown at the
runtime. However, in real-world systems, it is often possible to measure many external signals
through sensors ahead of time. For instance, consider the lane-keeping example in Section 6.4.2,
where the disturbance term corresponds to lane curvature and can be predicted.

In this section, we shift our focus to the investigation of the maximal RCIS for time-delayed
systems with disturbance inputs that can be categorized into two types: non-measurable disturbances
and disturbances with preview. Formally, we define a disturbance as having a k-step preview if the
controller can measure and utilize the disturbance signal d(z : t +k — 1) at time 7. A non-measurable
disturbance is one with a O-step preview.

Consider the following linear system!

ey - X(t +1) = Ax(1) + Bu(t — ©) + Fodo(1) + Fpd, (1), (6.17)

where x(¢) € R", u(t) € R™, dy is a non-measurable disturbance in Dy and d,, is a disturbance with

IThe results in this section can be generalized for systems with multiple preview horizons (less than or equal to 7).
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p-step preview in D, C RR!. Let the safe set of the system be Sy, = X x U. We assume that the sets
X, U, Dy, and D), are polytopes. In the analysis that follows, we assume p < 7 and show that in this
case one can still compute the invariant set by applying the invariance iterations in n-dimensional
space. While the case when p > 7 can be handled with some added complexity within the current
framework, whether this case can also be reduced to iterations in an n-dimensional space is left for
future research.

Similar to the delay, a system with preview can also be converted to a standard linear system by

appending the state space with addition states corresponding to the preview of the disturbance. In

prev |

particular, we have the following augmented system equivalent to X, - ¥

x(t+1) = Ax(t)+Bu(t) + Fodo(t) + Fpdp 1 (1)

s ur(t+1) = u(t) 6.18)
dpl(l‘—{-l) = dpﬁz(l‘)
dpa(t+1) = dp3(t)

\ dpp(t+1) = dps(1),

where x(1) € R", u(t) € R™, do(t) and d), () are non-measurable disturbances bounded by Dy and
prev

D,. Note that d,, ¢(t) is just an alias of d,,(t + p). The safe set for the system Xg,e is S, x U, with
Sp=XxU"xD}.

Problem 6.2. Find the maximal RCIS of system b,s subject to the safe set S » X U.

Proceeding as in the previous section, we can write the T-step expansion of x(f 4 7) as

T T
Xt +7) =A%)+ Y A Bue () + Y, AT Fpdp o ja(0)+
j=1 j=t—p+1

. —p
AT Rydo(t+t— j)+ Y, AT Fody, p(t + 71— p— ). (6.19)
1 j=1

T
j=

Based on what can be measured at time ¢, we define the prediction variable

T T
Xe(t) =A%x(t)+ Y AT Bur i () + Y, AT'Fydy i (t) (6.20)
i=1 j=t—p+1
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assuming the non-measurable disturbance is zero. The dynamics of X; takes the form

TP Bt + 1) =A% () + Bu(t) + A Fodo(t) + A" PEyd, £(t), 6.21)

aux

where u(t) € U, dy € Dy and d,, ¢(t) € D, are non-measurable disturbances, which is again an

n-dimensional system. From Eq. (6.20), it follows that to ensure x(z + 7) € X, we need

T—i
() eX:=x- Y Y A'FD; (6.22)
i€{0,p} j=1

Let 6p as the maximal RCIS of 27" within X. We next show how to construct an invariant set
for the (1n+m7t + pl)-dimensional augmented system Zhny using the set C, C R”. The constraints
on the initial states of the system X, , ensuring the existence of a controller such that x(f + 7) € X

for all + > 0, can be written as

Cp.e = {(x(0),u1(0), ..., dz (1)) | #2(0) € C, }, (6.23)

where x¢(0) is defined by (6.20).
To ensure x(k) € X for the time period k =0, ...,7 — 1, we need the following constraints on
initial states:

k k
Cpi = {(X(O),ul (0),-des(0) [ A*(0)+ Y A7 B 1 (0)+ ), AT Ry (0)
J=1 j=max{1 k—p+1}
k=i

ex- Y ZAJ‘IED,} (6.24)
i€{0,p} j=1
Finally, define the intersection of these constraint sets:

T

Cp.ext = ([ ) Cpi) NS (6.25)
k=0

Theorem 6.3. C), .\, is the maximal RCIS of system Z{ZZV in set S),.

Proof. The proof for Theorem 6.3 can be easily extended from the proof of Theorem 6.2, omitted
for brevity. L

Similar to the preceding section, we have the following corollary.
Corollary 6.3.1. 1f the set C,, is an RCIS of X4’ subject to (X — ¥;c (0.p} Z};iAf*IF,-Di) x U, then
the set Cp ¢y defined by (6.25) is an RCIS of 25;? inS,.
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6.4 Numerical Examples

The algorithms are implemented in MATLAB 2018b on a computer equipped with Intel 17-8650U
CPU and 16 GB memory. We use implementations from MPT3 toolbox [48] for the polytope

operations in the algorithms.

6.4.1 One-dimensional Example

In this section, we use a toy example to show how much performance improvement is achieved by
applying the proposed method.

Consider the following 1-dimensional system:

x(t+1)=15x(t) +u(t—7)+d(t) (6.26)

where x(¢) € R, u(t) € R and d(t) € [-2,2] with p-step preview. The safe set on x and u is
[—32,32] x [-20,20].

In Table 6.1, we compare the computation time of the maximal invariant sets for different 7 and p
using two methods: the proposed method (that uses outside-in algorithm on computing the maximal
RCIS of the low-dimensional auxiliary system), and outside-in algorithm directly operating on
the augmented system. We call the later the direct method for short. The outside-in algorithm
terminates in finite number of steps for all of the test cases in the table. There are two important
observations.

First, for each 7 in Table 6.1, p is selected as the smallest preview length that makes the maximal
invariant set nonempty. The increasing trend on p in Table 6.1 implies that if we do not have any
preview on disturbance, the RCIS becomes empty very soon as 7T increases. That reveals how
preview on disturbance reduces conservativeness for input-delay systems, which is why we take
preview into consideration in Section 6.3.

Second, according to the last two columns of Table 6.1, the computation time with the direct
method increases drastically as T increases, while the computation time for the proposed method
just increases slightly. This is because the dimension of the reduced-order system does not change

as 7 and p increase. Our method is apparently more efficient than the direct method in this example.

6.4.2 Vehicle Lane Keeping Control

In this example, the proposed method is applied to synthesize a controller that guarantees the safety

of a vehicle in a lane-keeping scenario. The goal of lane keeping is to control the vehicle to follow
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Table 6.1: Time required to compute an invariant set with the proposed method and the direct
method.

T p proposed method (s) direct method (s)
1 0 0.7705 0.5960

5 1 0.8779 7.7573

10 6 1.1548 98.3379

15 11 1.6999 525.7656
20 16 3.0460 1.6217 x 103

the center line of the road. The safety requirement is to make sure the lateral displacement, the
lateral velocity, yaw angle and yaw rate of the vehicle with respect to the road center are within
given bounds so that the vehicle does not leave the target road, spin, or rollover.

The vehicle dynamics considered is linearized from a bicycle model [112] and discretized by
forward Euler method with time step 4 = 0.1s. The longitudinal velocity v, is fixed and equal to
30m/s. The state of the system consists of the lateral displacement y between the vehicle center and
the road center, the lateral velocity v, the yaw angle AW and the yaw rate r of the vehicle, denoted

by x = [y,v,A¥, r|. The dynamics X, of x is
x(t+1)=I+A-h)x(t)+Bhés(t —T) + Fhry(t) (6.27)

with 7 equal to the identity matrix and

0 1 u 0 0 0
Caf"‘Car bCar—aCaf Cqor
A— 0 — mu 0 mu —Uu B— % F— 0
0 0 0 1 ’ 0|’ —1|’
bCor—aCyy a*Cop+b*Coy Cor
0 Lu 0 — Lu a I 0

where the steering angle 0y € R is the control input with 7-step delay and the desired yaw rate
rq is a disturbance with p-step preview (p < 7). The parameters in A, B matrices are taken from
[112]. According to [1], the maximal range of r; with respect to vy = 30m/s in Michigan is
D = [—0.05,0.05]. Desired yaw rate r, is a function of the road curvature, which can be measured
with a forward looking camera or acquired from a map ahead of time. Therefore it is reasonable to
assume that r; is a disturbance with preview.

The safe region X of states is given by bounds |y| < 0.9, |v| < 1.2, |A¥| <0.05, |r| <0.3. The
input constraint set U is given by input bound || < 7/2. For 7 = 10, p = 8, our method takes
249s to compute the maximal RCIS of the 22-dimensional augmented system subject to the safe set

X x U x D3 x U. By fixing r, uy, ..., u10, di, .. ., dg to be zero, we make a 3-dimensional slice of
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the 22-dimensional polytope, shown in Figure 6.2. The red region in Figure 6.2 contains all the
feasible initial values of the first three coordinates (y,v,A¥) from which it is possible to guarantee

safety, when the other coordinates have initial value equal to 0.

0.04
0.02

-0.02

-0.04

v -0.5

Y

Figure 6.2: A slice of the maximal RCIS.

Once the maximal RCIS C is obtained, the admissible input set with respect to a state in C is the
set of inputs that make the next state within C robust to any disturbances in D. A safety supervisor
for a legacy vehicle controller or human-driver can be implemented by checking if the controller’s
output is within the admissible input set at each time and making appropriate adjustment [91].

We run a simulation under the supervisory control framework using the maximal RCIS of
Ycqr- In the simulation, r; is given by a sine function over time. A legacy controller u, of the
vehicle is obtained by solving a LQR problem for the augmented system of X.,,. The supervisor
is implemented by projecting the output of u, to the admissible input set given by the maximal
acRCIS of X, at each time step. As a baseline, we first assume that the invariant set designer is
either unaware of the existence of the delay and preview or simply ignores them and implements
the supervisor using the maximal controlled invariant of X, with zero delay and no preview. Then,
another supervisor is implemented based on the maximal RCIS of X, with the actual delay steps
and preview steps. A sample trajectory of the closed-loop systems equipped with the first and
second supervisors are compared in Figure 6.3, indicated by red and blue curves. The red trajectory
terminates at 4.9s because at that time the system equipped with the first supervisor reaches the
unsafe region. In contrast, the system equipped with the second supervisor stays within the safety
bounds all the time. Comparing the two different simulation results, it can be seen that simply

ignoring the delay can lead to unsafe situations. It is also worth noting that the invariant set becomes
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Figure 6.3: Trajectories of the supervisory control simulation. The safety bound on each coordinates
are indicated by the dash lines. The red and blue trajectories correspond to supervisors designed
with different knowledge on the delay time.

empty in this example when taking the preview time p to be zero while keeping the delay time as
is. In fact, for any value of p < 8, the invariant set is empty. This indicates the value of preview in

coping with uncertainty for systems with input delays.

6.5 Conclusion

In this chapter, we propose a scalable method for computing RCISs for linear systems subject to
input delays. This method is extended to incorporate preview information while preserving the
scalability properties. Both of the problems studied are motivated by safety control problems in

automotive domain, yet we believe the proposed methods are broadly applicable. Our current work
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focuses on understanding the robustness of the approach to uncertainties in the delay time. We are
also interested in time-varying delays where the correctness and maximality guarantees will depend

on the protocol that resolves missing or clashing input packets.
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Part 11

Safety Control Beyond the Maximal RCIS
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CHAPTER 7

Quantifying the Value of Preview Information for
Safety Control

In this chapter, we are interested in safety control for systems with preview information. The goal
of safety control is to synthesize safe controllers that can guarantee the closed-loop system satisfies
given safety requirements indefinitely, robust to certain amount of uncertainties in the dynamics
[20, 77,78, 83]. For systems with preview, the safe controllers are allowed to use feedback on the
states and feedforward on the preview information. An important question is if the safe controller
should utilize all the available preview information. In theory, the more preview information a
controller utilizes, the more safety the system may gain. This is verified by numerical examples in
our previous works [77, 78], where incorporating more preview information enlarges (1) the region
of states where the safety requirements can be enforced or (ii) the range of disturbances the system
can tolerate under the safety constraints. However, in practice, it is often computationally intractable
to incorporate all the available preview information since many safety control algorithms (even
the most scalable ones) suffer from the curse of dimensionality [119, 47, 25, 45]. In those cases,
one needs to carefully select the amount of preview information fed into the safe controllers, for a
good balance between the computational cost and the safety loss due to omitting part of the preview
information.

Motivated by this need, in this chapter, we want to reveal how the safety of a system is impacted
by different amount of preview. Since we focus on the preview of disturbances, in our analysis,
the amount of preview information is indicated by the number of the time steps that the future
disturbances can be previewed, which we call the preview time. We measure the safety of the same
system with different preview time by a notion called safety regret, defined based on the maximal
RCIS of an auxiliary system that augments the original states with the preview information. Given
a preview time p, the corresponding safety regret reflects the room to improve the system safety as

we increase the preview time from p to infinity. The main contributions of this chapter include:

* We provide novel outer approximations of the maximal RCIS for nonlinear systems augmented

with preview information, by exploring a duality between preview and input delay;
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* For linear systems, we prove that the safety regret of a finite-step preview decays exponentially
fast with the preview time. For polytopic state-input constraints, we further develop algorithms

that computes upper bounds of the safety regret;

* We extend our analysis to show the projection of the feasible domain of a preview-based robust

MPC onto the space of initial states converges exponentially with the prediction horizon;

* We demonstrate the usage of our theoretical results and the proposed algorithms with both

analytical and numerical examples.

Chapter Overview. We state the problem in Section 7.1, and present several structural properties
of the maximal RCIS for systems with preview in Section 7.2. The main results of this chapter on
the convergence of safety regret are presented in Section 7.3. Using similar techniques from the
previous section, Section 7.4 analyzes the convergence of the feasible domain of a preview-based
MPC. In Section 7.5, we demonstrate our theoretical and algorithmic results with examples from

multiple fields. All the proofs in this chapter can be found in Appendix D.

Notations. For a polytope &2 = {x | Hx < h}, the H-representation of % is the matrix [H h]. For
a positive integer ¢, the set {1,2,--- ¢} is denoted by [g]. The unit hypercube in R" is denoted by
B(n) = [—1,1]". The Hausdorff distance between two sets X and Y in R” is induced from 2-norm
in R” and is denoted by d(X,Y). Given a compact set X in R”, the radius of X with respect to a
point xg is defined by y(X) = sup,x ||x — xo||2-

7.1 Problem Setup

A general discrete-time dynamical system X is in form of
Lox(r41) = f(x(2),u(r),d(t)), (7.1)

with state x € R”, input u € R™ and disturbance d € D C R’. The disturbance set D is assumed to
be compact. A system X in form of (7.1) is said to have p-step preview if at each time step ¢, the

controller has access to the measurements of
* the current state x(¢), and
* the current and incoming disturbances {d(z + k)},’(:é in p steps, denoted by dj.,(¢) for short.

For a system X with p-step preview, we define an augmented system whose states stack the states

x(¢) and the previewed disturbances d., () of X together, called the p-augmented system X, of X.
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The p-augmented system X, is in form of

se+1) | [, ute),dn o)
di(t+1) da(t)
Xy : = : (7.2)
dy_1(t+1) dp(t)
| dp(t 1) || d(t) |

with state (x,d,- - ,d,) € R"™P! input u € R™ and disturbance d € D C R!. Any preview-based
controller of X with feedback on the state x(z) and feedforward on the previewed disturbances d;.,(7)
is equivalent to a state-feedback controller of the p-augmented system X,,. Due to this equivalence
relation, we study the safety control for the system X with p-step preview by simply studying the
state-feedback safety control for its p-augmented system X,,.

In this chapter, we want to study the impact of preview to the safety of the system X by revealing
how the maximal RCIS varies with different preview time. More specifically, given the safe set Sy,

of X, we define safe set Sy, , of the p-augmented system X, of X by
Swup = {(x,dy.p,u) | (x,u) € Sy, dy.p € D'} (7.3)

Intuitively, the safe set Sy, , imposes the same constraints on (x,u) as in Sy, and does not constrain
the previewed disturbances d;.), since we cannot control the preview information.

We denote the maximal RCIS of the system X, in the safe set Sy, , by Cyuax,p. The shape and
dimensions of Cyqy,p vary with the preview time p. Since Cy,4y,  characterizes all the safe controllers
of X, the variation of Gy , With the preview time p reflects the impact of different preview time
to the safety of X. In this chapter, we want to reveal how Cy,4y, , varies with different preview time
p, and its implication to the safety of the system. Note that it is intractable to compute Cqy,p for all
p and then compare their difference. Later we introduce a quantity called safety regret to evaluate
the variation of Cpqy,, with the preview time p. We show that it is possible to estimate the safety
regret without computing Cy,p, by exploiting the structures in the augmented system X, and its
safe set Sy, p.

Before moving to the next section, we introduce one technical definition used later.

Definition 7.1. A set X is an N-step A-contractive set of the system XL in the safe set Sy, if X

satisfies that
X C Prel (AX,Sy). (7.4)

Intuitively, X is N-step A-contractive if we can steer the system from any state in X to a state
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in AX in N steps while keeping the state-input trajectory in the safe set. Note that an N-step

A-contractive set is not necessarily an RCIS. When N = 1, we call X a A-contractive set for short.

7.2 Structural Properties of the Maximal RCIS for Systems

with Preview

In this section, we present several structural properties of the maximal RCIS Cqy,p of the p-
augmented system, which allow us to approximate Cy,4y , Without computing it, and pave the way

to our analysis in the following sections.

7.2.1 Inner and outer bounds of the maximal RCIS C,,.

We briefly summarize the inner and outer bounds of the maximal RCIS G4y, derived in the
previous work [78]. Those bounds are useful when the actual representation of Cyqy, p s difficult to
obtain, and play important roles later in our analysis to the variation of Cyy,, with different p.

To have an outer bound of the maximal RCIS C,4y, p, We introduce an auxiliary system: Given a

system X and a safe set Sy,, we define the disturbance collaborative system 7 (%) of ¥ by
P(2) :x(t+1) = f(x(t),u(t),uq(t)), (7.5)
with state x € R” and two inputs u € R™, u,; € R’. The safe set Sxuco of (L) is Sy, x D, that is
Suco = {(5,14,160)|(¥,10) € Suyttg € DY. (7.6)

We denote the maximal CIS! of Z(X) in Sxu,co DY Cimax.co- The only difference between the original
system X and the corresponding Z(X) is that we turn the disturbance term d in X into the second
input u, in Z(X). Due to the extra control power introduced by u,, the maximal CIS Cqx o Of
2(X) provides an outer bound of the maximal RCIS Cj,4y,, for all p. This outer bound along with

an inner bound of Cy, ) are stated in the following theorem.

Theorem 7.1 ( [78], Theorems 1 and 2). For a system ¥ with p-step preview, the maximal RCIS
Cinax,p of Ep in S is inner approximated by Cypqy 1y X DP - forany p' < p, and is outer approximated
by the Cartesian product Cypax,co X DP. That is,

Cmax7p/ xDP™P C Cmax,p - Cmax,co x DP. (7.7)

IThe set Cyuax.co is @ CIS instead of an RCIS since Z(X) has no disturbance.
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Furthermore, the inner bound Cp,gy 1y X DP " is an RCIS of Xp in Sxy,p.

The proof of Theorem 7.1 can be found in [78]. We have discussed the intuition behind the
outer bound in Theorem 7.1. The inner bound is based on the intuition that a longer preview time p
should make the maximal RCIS Cy,4y ,, larger. However, this intuition is not fully correct. Since
the dimensionality of ¥, grows with p, the maximal RCIS G4y , lies in a different space for each
different p and cannot be compared with each other directly. It turns out that for a shorter preview
time p’ < p, we can always lift an RCIS C,y of X, to the RCIS C,y x DP 7 of ¥, and then compare
the lifted set with Cpyqy . The difference between between the lifted RCIS Cpy X DP~ " and the

maximal RCIS Cqy p tells how much we gain in safety by increasing the preview time from p’ to p.

7.2.2 Improved outer bounds for the maximal RCIS C,,,

The outer bound of Cyqy , in Theorem 7.1 is based on the maximal CIS Cypqx,co of Z(X) of . Since
Cinax,co 18 independent of the preview time p, this outer bound is not very tight. In this section, we
derive tighter outer bounds of C4y, p, by exploring a duality between delay and preview.

In Section 7.2.1, we introduce the disturbance collaborative system Z(X). However, except for
2(X), we can also define the disturbance collaborative system Z(X,,) of the p-augmented system

L ,. Formally, the system (X)) is in form of

x(r+1) Jx(0),u(t),di (1))
di(t+1) dy(t)
2(%p): : = : (7.8)
dy—1(t+1) dy(t)
) | w)

with control inputs u € R" and u; € R, Let the safe set of the system & (X,) be Swp x D. We
denote the maximal CIS of the system Z(X,) in safe set Sy, X D by Cuax,pco- When p =0,

Cmax,O.,co = Cmax,co-
Then, for any p’ < p, the system X, can be viewed as the (p — p’)-augmented system of the
system X,,. By applying Theorem 7.1 to X/, we have the following corollary.

Corollary 7.1.1. For a system ¥ with p-step preview and any non-negative integer p’ < p, the

maximal RCIS Cyqy,p is outer approximated by the Cartesian product Cygy o X DP ~7'_ That is,
Cmax,p - Cmax,p’,co xDP™F, (7.9)

According to Corollary 7.1.1, we have (p + 1) outer bounds for the maximal RCIS Gy, that

is {Cax k,co X DP —k }5:0’ including the one in Theorem 7.1.
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Figure 7.1: The relation diagram of the four systems X, Z(X), X, and Z(X).

Next, we want to study the relation between those outer bounds, and figure out which one is the
tightest bound. The key is to realize that (X)) is actually the state-space representation of Z(X)
with p-step input delay in u,:

x(t+1) = f(x(t),u(t),uqs(t — p)). (7.10)

In [83], (X)) is called the augmented system of the input delay system in (7.10). Intuitively, since
we turn the disturbance in X, to the input u4 in Z(X,,), the p-step preview on d becomes a p-step
delay on the input u,. This is what we call the duality between delay and preview. The relations of
the four systems X, X, Z(X) and Z(X,) are shown by the diagram in Fig. 7.1. Since Z(X,) is the
“delayed” version of Z(X), the maximal CIS of Z(X,) is embedded in the maximal CIS of Z(X),

shown by the next theorem.

Theorem 7.2. For any p > 0, the maximal CIS Cpax,p.co 0f the system P(X,) in the safe set Sy, p x D
can be obtained from the maximal CIS Cpay co of Z(X) in Sy X D, via the formula

Cinax.p.co ={(x(0),d1(0),---,dp(0)) |
Fu(0),---u(p—1),
(x(t),u(t)) € Su,0 <t < p—1, (7.11)
x(p) € Cmax.co;
di(0) e D,1 <i<p},
where x(t) = f(x(t — 1),u(t — 1),d,(0)) for 0 < t < p. Furthermore, we have

Cmax,p,co - Cmax7co x DP. (7.12)

Theorem 7.2 extends the results in [83] and actually holds for any deterministic system with

input delays. According to (7.12), it can be shown that for any p’ < p,

_
Cmax,p,co - Cmax,p/,co x DP™P - Cmax,co x DP. (7-13)
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Thus, Cyax,p.co 18 the tightest outer bound of Cyy p in the set {Cmax’k,w x DP—k £:0' Furthermore,
this outer bound can be computed by (7.11), once the maximal RCIS Gy ¢, 18 known. Compared
with the computation cost of Gy o, the computation cost of (7.11) is typically negligible. Thus,
we improve the outer bound of Cj,y,, with little extra cost.

Due to the similarity between the system pairs (X,X,) and (Z(X), Z(X,)), one may wonder if
the maximal RCIS G4y, of the p-augmented system can also be obtained from C,,,, by a formula
similar to (7.11). Unfortunately, we cannot find such a formula. But the duality between the preview
and delay, as shown in Fig. 7.1, does allow us to take the advantage of (7.11) to obtain the tighter

outer approximations of Cyqy , €asily.

7.3 Quantifying the Value of Preview

In this section, we want to study how the value of preview information in safety control varies with
the preview time p. First, we need to find a way to quantify the value of different preview time.
Ideally, we want to quantify the value of preview by the size of the maximal RCIS G4y p, since
this set characterizes all the safe controllers. However, since the dimensionality of Cyu,y,, depends
linearly on p, it is unfair to compare the size of Cy,4y p Over different preview time p. To resolve
this issue, we project Cyqx, 0onto the first n coordinates, and study how the size of the projections
71 ] (Cimax, p) varies with the preview time p.

We argue that the size of the projection 7y (Cax,p) indeed reflects the value of p-step preview.
First, the projection 7j; ;) (Cax,p) contains all the initial states xo of the system X where a safe

controller exists for some initial p-step preview. Second, by Theorem 7.1, for any p’ < p,

n[l,n] (Cmax,p’) - n[l,n] (Cmax,p>- (7.14)

That is, the projection 7 (Cpax,p) expands with p, which matches our intuition that a longer
preview time has higher value in safety control.

In the remainder of this section, we show what the limit of the projection 7y (Crax,p) is and
how fast this projection converges to the limit in Hausdorff distance. For short, the Hausdorff

distance between the projection 7j; ) (Cax,p) and its limit is denoted by d,,, that is

Intuitively, the value of d), reflects the room to improve the safety of the system if we are allowed
to further increase the preview time. In a sense, d,, measures the safety gap between the p-step

preview and the infinite-step preview. Due to this reason, we also call d,, the safety regret of the
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p-step preview (similar to the notion of regret in [122, 70]).

7.3.1 Assumptions

We restrict our analysis to the class of discrete-time linear systems. A system X is linear if its

transition function f in (7.1) is in form of
f(x,u,d) =Ax+Bu+Ed, (7.16)

with matrices A € R"*" B € R"*™ and E € R"*!. The results later in this section are based on the

following assumptions.
Assumption 7.1. The disturbance collaborative system % (¥) of the linear system ¥ is stabilizable.

Note that the disturbance-collaborative system Z(X) being stabilizable is a weaker condition
than the system X being stabilizable, since the system Z(X) has one more control input u, than the

system X.
Assumption 7.2. The safe set Sy, and the disturbance set D are convex and compact.

Lemma7.3. Suppose that the system X is linear. Under Assumption 7.2, if the set 7y (Crnax,p) is
nonempty, then

(i) 71 (Cax,p) is a convex compact CIS of the system Z(X) within Sy, x D;

(ii) there exists a forced equilibrium (x,,u.,d,) € Sy, X D of the system Z(X) such that x, is in
71 ,n] (Cnax,p)-
Assumption 7.3. For some po > 0, there exists a forced equilibrium (x,,u,,d,) of Z(X) in the
interior of Sy, X D with X, € T ) (Crmax,py)-

According to Lemma 7.3, Assumption 7.3 is almost an implication of Assumption 7.2, except
that we require the forced equilibrium is not only in the safe set Sy, x D, but in its interior.

Remark 7.1. For linear systems, we can shift the origin of the state space to any forced equilibrium
without changing the system equations. Hence without loss of generality, for the remainder of this
section, we simply assume that the forced equilibrium (x,, u,,d,) in Assumption 7.3 is the origin of

the state-input-disturbance space R+,

7.3.2  Convergence of 77y, (Ciax,p)

By Remark 7.1, the safe set Sy, x D, the maximal RCIS C,;,4x o and the projection T ] (Crnax, p) all
contain the origin for any p > pg. Thus, there exists a scalar A € (0, 1] such that

0e ACma)c,co C 71'[17,1] (Cmax,po) C Cmax,co- (717)
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We call the maximal A such that (7.17) holds the initial factor Ay, which reflects the percentage of
the set Cyyqx o contained in the projection of the set Cyqax,p,- By definition, the initial factor 49 > 0.
To prove the convergence of 7 ;] (Cinax,p), We need the initial factor A9 > 0, which is ensured by

the following assumption.

Assumption 7.4. The forced equilibrium (x.,u.,d,) in Assumption 7.3 satisfies that x, is in the

interior of Ty ) (Cnax,py )-

The reason to have the initial factor Ao > 0 becomes clear later in this section.

Lemma 7.4. For any system X in (7.1) with safe set Sy, and a preview time p, the projection

701 5 (Cinax,p) satisfies that for any k > 0,

Prek@(z) (01, (Cinax,p)> Sxu % D)

- 7"-[17}1} (Cmax,p—i-k) - Cmax,co~ (7.18)

By (7.17) and Lemma 7.4, we obtain the following inner bound of 7;; (Conax,po+k):

Prek@(z) (A{)Cmax,covsxu X D)

- 7[[17;1] (Cmax,po—i-k) - Cmax,co- (7.19)

Since AoCrnax.co is a CIS of Z(X) in Sy, x D, the k-step backward reachable set of AgCpaxco in
Sy % D is expanding with k. If we can show that this k-step backward reachable set converges
to the maximal CIS Cyaxco of Z(X) in Sy, X D as k goes infinity, then by (7.19), the projec-
tion 7 (Ciax,p) converges to the maximal CIS Cyqxco. Furthermore, if we know how fast
Prek@(z)(loCmaxw,qu x D) converges, then we have a lower bound on the convergence rate of

1 ) (Ciax,p)- The following theorem gives such a lower bound.

Theorem 7.5. For a linear system ¥. with a safe set Sy, satisfying Assumption 7.2, suppose that
there exists a scalar y € (0,1], a positive integer N and a scalar A € [0, 1] such that YCpax co is an
N-step A-contractive CIS of the system 2 (L) within the safe set Sy,. Then, the kN-step backward
reachable set of AoCpax co satisfies that for k < ko,

Ao

ﬂcmax,co C Prek@N(E) (A()Cmax,cmsxu X D); (7.20)
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for k> ko,

(1 — (1= Ao/ Ako) (11__;1);{_%) Cona,co

C Prels) (20Cmax,cor Sxu X D), (7.21)
where
1 —1
ko = max (0, [M . 1D . (7.22)
log A

It turns out that for stabilizable systems satisfying assumptions in Section 7.3.1, the N-step

A-contractive CIS stated in Theorem 7.5 always exists, shown by the following lemma.

Lemma 7.6. Under Assumptions 7.1, 7.2 and 7.3, there exist a scalar y € (0, 1], a positive integer N
and a scalar A € [0, 1) such that YCpax ¢o is an N-step A-contractive CIS of the system Z(X) within
the safe set Sy, that is

'yCmax,co C Preg():)(l'}’cmax,cmsxu)- (723)

By combining (7.19) with Lemma 7.6 and Theorem 7.5, the following theorem bounds the

convergence of the projection 7(; ,j (Cnax, py+kn)-

Theorem 7.7. Suppose that a system X, a safe set Sy, and a preview time pq satisfy Assumptions
7.1, 7.2 and 7.3. Then, there exists a scalar y € (0,1], a positive integer N and a scalar A € [0,1)
such that the projection Ty u)(Cpax,py+kn) Satisfies that for k < ko,

Ao
ﬂcmax,co g ﬂ[l,n] (Cmax,po—l—kN) g Cmax,co; (724)
for k > ko,
(1 - Cak> Cmax.,co C 71 ) (Cmax,p0+kN) - Cmax,co; (7.25)

where kg is defined by (7.22), a = (1 —7) /(1 —yA) and ¢ = (1 — A9/ A%0)dko.

In the case of Ag = 0, Theorem 7.7 is trivial as kj = +oo and the right most term in (7.24)
becomes {0}. That is why we need Assumption 7.4 to enforce Ay > 0 and exclude this trivial case.

The results in this section is summarized by the following corollary.

Corollary 7.7.1. Under Assumptions 7.1, 7.2, 7.3 and 7.4, the projection of Gy, onto the first

n-coordinates converges to the maximal RCIS Cjqy ¢, f the disturbance collaborative system Z(X)
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in Hausdorff distance, that is
p—roo
dP = d(ﬂ:[l,n] (Cmax,p)vcmax,co) — 0.

Furthermore, the Hausdorff distance d), satisfies the following inequality:
For po < p < po+N(ko+1),

dy < (1= AgA~Lp=PO) /Ny, (7.26)
for p > po+N(ko+1),
d, < cql(P—po)/N] Feos (1.27)

with r¢, the radius of G4y ¢, With respect to 0. The other constants kg, N, Ao, A, a and c are the

same as in Theorem 7.7.

According to (7.27), as we increase the preview time, the safety regret decays exponentially fast.
We further define the marginal value Ad), of the preview at preview time p as the Hausdorff distance
between 7 (Cmax,p) and T4 ) (Cimax,p+N)- Then, by (7.27), for p > po+N(ko+ 1),

Adp = d(ﬂ[hn] (Cmax,p)a ﬂ:[lm] (Cmax,p+N)) (7.28)
<d,+dyy < c(1+a)a PPNy, (7.29)

Thus, we show that the marginal value of preview decays exponentially fast as p increases.

7.3.3 Estimating the parameters in Theorem 7.7

In this section, we show how to numerically obtain an exponentially decaying upper bound of d,,
predicted by Theorem 7.7 for a given system. Specifically, we propose a sequence of optimization
programs to estimate the parameters Ay, ¥, N and A in Theorem 7.7. To make the computation
tractable, we assume that the safe set Sy, and the disturbance set D are represented by polytopes.
In case where the maximal CIS Cy4x o and the maximal RCIS G4y p, are not polytopes, we use a
polytopic outer approximation of Cyy o, and a polytopic inner approximation of Gy, p, instead,
which results in a lower estimate of Ay. Clearly, results in Section 7.3.2 still hold when Ay is replaced
by its lower estimate. There is a rich literature of computing polytopic inner or outer approximations
of the maximal RCIS for discrete-time linear systems (see [103] for example).

Step 1: We check if the origin is a forced equilibrium of Z(X) that satisfies Assumptions 7.3
and 7.4. If not, we find a forced equilibrium (x,,u,,d,) satisfying Assumptions 7.3 and 7.4 by the
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following linear program:

€= max €

8207x67u67d6

s.t. Ax, + Bu, + Ed, = x,, (7.30)

xe +€B(n) C 7)1 1y (Cnax, o )
(Xe, e, de) +EB(n+m+1) C Sy, xD.

Given the H-representations of Cy,ax, py» Sy and D, the second and third constraints of (7.30) can
be easily encoded as linear inequality constraints by iterating vertices of the hypercubes B(n) and
B(n+m—+1).

When €* > 0, the solution (x,,u,d,) of (7.30) is a feasible forced equilibrium satisfying
Assumptions 7.3 and 7.4. Then, as highlighted in Remark 7.1, we shift the origin of the state-
input-disturbance space to the forced equilibrium computed in (7.30), that is to shift the sets Sy, D,
Cinax,co and Cyqy, p, accordingly.

Step 2: We want to compute (lower-estimates of) the initial factor Ay. We first introduce a
baseline method, with two steps: The first step is to find the maximal A such that ACp4x o C B(n).
This scalar A can be computed by a linear program. By the construction of (7.30), we know
e'B(n) C (1 ) (Cmax,p,)» Where € is the optimal cost of (7.30). Thus, €*ACyaxco € €*B(n) C
T ) (Cmax,p,)- That is, €*A provides a lower estimate of Ag. The benefits of this method include (i)
whenever (7.30) returns a positive £* 2 the estimated A is guaranteed to be positive, and (i1) the
computation is easy. The main drawback is that the estimated A can be very conservative.

Alternatively, according to (7.17), the estimation of Ay can be formulated as a polytope contain-
ment problem [104]: Let P, and P, be two polytopes with H-representation [H; h;] and [H, h;],
where h; € R% for i = 1, 2. Our goal is to find the maximal A such that AP; C P>, which is equivalent
to find the minimal r such that Py C rP,. Then, according to Farka’s Lemma, the minimal r can be

obtained by the following linear program:

*

r'= min r
r,AERZ_2qu

s.t. AHy = H, (7.31)
Ah <rhy.

Thus, by replacing the polytopes P and P> in (7.31) with Cyax o and T ] (Cmax,po) (or their
polytopic approximations), we obtain an estimate of Ay as the reciprocal of the optimal solution r*
of (7.31).

ZNote that if (7.30) returns £* = 0, there is no need to compute Ay anymore, as Assumption 7.4 cannot be verified.
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This alternative method returns more accurate Aq than the baseline. When the H-repesentations
of Cpax,co and T ) (Crnax, Po) are exact (instead of approximated), A, estimated by (7.31) matches
the true Ag. But, this method is more time consuming than the baseline. Recall that we only have the
H-representation of Cpy p,, but (7.31) needs the H-representation of the projection 1 ) (Crax,po)
of Cyuax,p,- The projection operation of polytopes in H-representation is computationally expensive.

It is also possible to encode the polytope containment constraint in (7.17) directly based on the
H-representations of Cpax,co and Cpayx,p,» Which enables us to estimate Ay without the projection
step [104]: Suppose that the H-representations of Cpax,co ad Cinax p, are [Hy hy] and [Hp hy] with
h;i € R%, i =1, 2. Then, Ay can be estimated by the reciprocal of the optimal solution of the

following linear program:

7LO_1 = min r
rLeR"P*" BeR"™P AcRI2™1!
s.t. AHy = HoI
Ahy < rhy + HyB (7.32)
2T =1,
ZB =0,

where n, = n+ pol, I is the n x n identity matrix, and 22 is the projection matrix that maps points
in R"7 onto the first n coordinates. The linear program in (7.32) is formulated based on a sufficient
condition of polytope containment in [104]. Thus, Ay estimated by (7.32) is more conservative than
Ao estimated by (7.31).

To summarize, we propose three methods to estimate Ay, with different conservativeness and
computation cost. As discussed in Section 7.3.2, the estimate of A is meaningful only when it is
positive, which can only be guaranteed by the first two methods. Thus, in practice, we suggest users
to first obtain a positive baseline estimate of A via the first method, and then select the second or
third method, based on the available computation power, for a potentially better estimate of Ay.

Step 3: We propose a method to find feasible ¥, N and A, inspired by the proof of Lemma 7.6.

First, compute a A,-contractive ellipsoidal CIS of Z(X) for some A, in [0, 1). Here we formulate a
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bilinear program? to calculate the minimal possible A,:

A2 = i 7.33
“ rzo,Qnilor,lRl,Rz ' (7.33)
subject to
0 AQ+BR|+ER, o
(AQ+BRy +ERy)T rQ '

The bilinear program in (7.33) can be solved by line search over r. For any stabilizable system, the
optimal value lf of (7.33) must be smaller than one*. Given the optimal solution r = QLC%, 0, R and
R, of (7.33), the ellipsoid &(c) = {x | xT Q7 'x < ¢?} is a A,-contractive CIS of Z(X) for any ¢ > 0,
and the controller u = R{Q~'x, uy = R2Q~'x is a safe controller for any state x in &(c).

Let co be a scalar such that (x,R;Q~'x) is in Sy, and R,Q 'xis in D for all x € &(cp). Let Cour
be a scalar such that Cyaxco C & (cour). The second step of finding ¥, N and A is to estimate the
maximal ¢y and the minimal c,,;.

Suppose that the Cholesky decomposition of the positive definite matrix Q is Q = LLT for
some invertible matrix L € R"*". Then, the ellipsoid & (c¢) can be represented equivalently by
&(c) = {cLs | s"s < 1}. By Section 8.4.2 of [24], the maximal ¢ is given by the optimal value of
the following linear program:

co =max ¢
c>0
subject to

R (7.34)
" L' RYJH Y ill2 < hoaiy i € [

u

CHL_IRgHgbe <hp,j, JE€lqal,

where [Hyy i My ] is the i th row of the H-representation [Hy, hy,] of Sy, and [Hp ; hp ;] is the j th
row of the H-repsentation [Hp hp| of D, and g, and g, are the numbers of rows of Hy, and Hp.

Suppose that the set of vertices of Cyuqx o 18 #'. Then, the square of the minimal ¢, is equal to
Coyt = MaAXycy \/m However, it is usually time consuming to compute the vertices of Cygx co
given its H-representation. An alternative way is to first find the minimal bounding rectangle of
Cinax,co and then use the minimal ¢ such that &(c) contains the minimal bounding rectangle as a
conservative estimate of ¢ ;.

Once we have the maximal ¢( and a feasible c,,;, a set of feasible y, N and A is given by the

following theorem.

3The constraints in (7.33) that encode \/r-contractive ellisoidal CISs can be found in Remark 4.1 of [22] and Section
4.4.2 of [23]
4See Proposition 23 of [32].
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max,co

Figure 7.2: The inclusion relations among & (cp) (yellow), & (cou) (orange), Ciax,co (dark green)
and ACiax co (light green).

Theorem 7.8. Given the A,-contractive ellipsoidal CIS & (c) of Z(X), the maximal ¢y and a feasible

Cour, let
Y= co/Cour (7.35)
| log(y)
N = Log(%)J +1, (7.36)
r=2AN/y. (7.37)

Then YCpax co is an N-step A-contractive CIS of Z(X), with y < 1 and A < 1.

The intuition behind Theorem 7.8 is: By the definition of ¢, the ellipsoid &(cp) is a A,4-
contractive CIS of Z(X) in Sy, x D and thus is contained in the maximal CIS Cyyx co, as shown in
Fig. 7.2. Then, for y = co/cour, we have YCpnqx co contained in the A,-contractive CIS &(co). As
& (cp) can be controlled to reach an arbitrary small neighborhood of the origin over time (by being
Aq-contractive), for an arbitrary small A, YCynqy co is N-step A-contractive for a large enough N.

Step 4 (Refinement): If the H-representation of Gy ¢, 15 accurate instead of an outer approxi-
mation, given the set of feasible parameters v and N and A in Theorem 7.8, we can find another set
of feasible parameters which potentially lead to a tighter upper bound of d,: Recall that YCyx co 18
N-step A-contractive. Let ¥* be the maximal scalar such that Pre%(z) (AYChax,co, Sxu % D) contains
Y*Cinax,co- Here y* can be solved by a linear program in form of (7.31). It can be shown that
Y*Ciax,co 1s N-step Ay/y*-contractive. Then, we replace the estimated y and A by y* and 1y/7".

The entire procedure (Steps 1-4) of estimating Ag, ¥, N and A is summarized into Alg. 5. One
can disable the refinement step by commenting out the last if statement in Alg. 5. In Section 7.5.2,

we show numerically that the estimated upper bound is much tighter when the refinement is applied.
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Algorithm 5 Estimating parameters in Theorem 7.7

input: (A,B,E), Sxu, D, Cinax.co» Crmax,p,
(Xe,Ue,de) 0
€* <+ solve the LP in (7.30) with (x,,u,,d,) fixed to 0
if € =0 o thatis, (x.,ue,d,) is not a forced equilibrium of Z(X) satisfying Assumptions 7.3
and 7.4 then
(Xe, Ue,d,), € < solve the LP in (7.30)
Sxu < Sxu — (xea Me)
D+ D—d, > shift the origin to (x,,u,,d,)
end if
r* < solve the LP in (7.31) with P; = Cpgyx o, P> = B(n)
Ao < €% /r* (baseline estimate of Ag)
if H-representation of 7 (Cmax,p,) available then
r* < solve the LP in (7.31) with P| = Ciax.co» P> = )1 ) (Cimax,py)
else
r* < solve the LP in (7.32)
end if
Ay < max(Ag,1/r") > Pick the best estimate of A
2,5, 0O, Ry, R, < solve the convex program in (7.33)
co < solve the LP in (7.34)
if the set 7" of vertices of Cpx o available then
Cour <— MaAXyey VTQ_]V
else
V' < vertices of minimal rectangle containing Cqx,co
Cowt <~ MaAXycy / VTQilv
end if
Y,N,A < RHSs of (7.35), (7.36) and (7.37)
if H-representation of G4y o 1 €xact then
Cy Preg(z) (AYConax.cos Sxu X D)
Y* <= solving LP in (7.31) with Pi = Cuax.co, P» =Cy
Y VLA AYY
end if
return Ay, ¥, N, A
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7.3.4 Special case: controllable 7 (X)

According to Corollary 7.7.1, the convergence of 7y ) (Cnax, py+nk) may have two phases, depending
on whether k is greater or smaller than kg. In this section, we show a single-phased convergence
71 ] (Cimax,p) When the disturbance collaborative system Z(X) is controllable. Furthermore, we

show that Assumption 7.4 is no longer required for the convergence of 7, ) (Crax.p)-
Assumption 7.5. The disturbance collaborative system 9 (X) of the linear system ¥ is controllable.

The key observation for controllable disturbance collaborative system is stated by the following

lemma.

Lemma 7.9. Under Assumptions 7.2, 7.3 and 7.5, for any N > n, there exists a scalar y € (0, 1] such
that YCpax.co 1s @ N-step O-contractive CIS of the system Z(X) within the safe set Sy, that is

YCmax.co C Pregy s (0,Sx). (7.38)

Combining Lemma 7.9 with Theorem 7.7, we bound the convergence of 7(; ,(Cinax,p) by the

following theorem.

Theorem 7.10. Suppose that a system ¥, a safe set Sy, and a preview time pq satisfy Assumptions
7.2, 7.3 and 7.5. For any N > n, let Yy be the maximal y such that (7.38) holds. Then, (i) Ypax > 0
and (ii) the projection 1 ) (Cpax,py+kn) Satisfies that for k > 0,

Cmax,co 2 77:[11;} (Cmax,p0+kN)

> (1= (1= 20) (1= )" Conarco- (7.39)
Proof. (Sketch) For the N-step O-contractive CIS YCpux o in Lemma 7.9, kg in (7.22) is 0 due to
A = 0. Then Theorem 7.7 with kyp = 0 implies Theorem 7.10. 0

It is obvious that the right hand of (7.39) converges to G4y o €ven if Ag = 0. Thus, here we do
not need Assumption 7.4 to make Ay > 0.

Corollary 7.10.1. Under Assumptions 7.2, 7.3 and 7.5, the projection of Cyqy , onto the first n-
coordinates converges to the maximal RCIS Cj4x ¢, 0f the disturbance collaborative system Z(X)

in Hausdorff distance, that is
p—reo
dP = d(ﬂ:[l,n] (Cmax,p)7cmax,c0) > 0.
Furthermore, the Hausdorff distance d), satisfies the following inequality: For p > py,

dp S (1 - ){)) (1 - ’}/max) L(p=po)/N] Tco, (740)
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with N and ¥, in Theorem 7.10, and r, the radius of Gy ¢, With respect to 0.

Compared with the upper bound on d), in Corollary 7.7.1, the upper bound in (7.40) does not
have the burn-in time ko and is easier to compute, which is shown next.

We propose an algorithm that numerically calculates the parameters Ay and %, in Theorem
7.10 for controllable Z(X). The same as in Section 7.3.3, we assume that the safe set Sy, and the
disturbance set D are polytopes, and the sets Cyqx co and Cyqy,p, are replaced by their polytopic
outer/inner approximations when they are not polytopes.

Step 1: We first check if the origin as a forced equilibrium satisfies Assumption 7.3. If not, we
find a feasible forced equilibrium via a linear program modified from (7.30), where we replace the
constraint x, + €B(n) C T ) (Cnax,p,) in (7.30) by x, C T ) (Crnax.po)-

When the optimal value £* > 0, the optimal solution (x,,u,,d,) of the modified linear program
is a feasible forced equilibrium satisfying Assumptions 7.3. Then, by Remark 7.1, we shift the
origin of the state-input-disturbance space to this forced equilibrium.

Step 2: We compute A by the second or the third methods of estimating Ay proposed in Section
7.3.3. Since Ay > 0 is no longer necessary, one may prefer the third method for less computation
cost.

Step 3: We select a step size N and estimate the corresponding ¥,,.. Since Sy, and D are
polytopes, the N-step backward set Pre];(z) ({0},S,, x D) is a polytope, whose H-representation
can be easily computed. Then, solving the maximal ¥ satisfying (7.38), that is ¥4y, 1S again a
polytope containment problem. Thus, ¥, is equal to the reciprocal of the optimal value r* of (7.31)
with P| = Cax.co and Py = Preg(z) (0,8, x D).

The procedure (Steps 1-3) of estimating Ay and ¥, is summarized into Alg. 6. Note that
different from Alg. 5, the step size N here can be freely selected by users. By Lemma 7.9, for any
N > n, Alg. 6 is guaranteed to find a nonzero ¥,,,. In Section 7.5.2, we show numerically how

different N affects the estimated upper bound of d,.

7.3.5 On the finite-time convergence of 7, , (Crmax,p)

In practice, T ) (Cmax,p) may converge to Cinqx o in finite preview time p, which is not reflected by
the exponentially decaying upper bounds in Theorems 7.7 and 7.10. In this section, we propose a
simple algorithm to detect the potential finite-time convergence of 7y | (Crax,p)-

Suppose that the projection 7y | (Cmax.p,) 1s known for some pg. According to Lemma 7.4,
T ) (Cnax,p) 18 equal to Cpay o for p = po+k if

Préy(s) (1 m)(Conax,po ), Sxu X D) = Cinax.co- (7.41)

Based on the above sufficient condition, we propose Alg. 7 to detect the finite-time convergence of
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Algorithm 6 Estimating parameters in Theorem 7.10

input: N, (A,B,E), Sw, D, Cnax.co» Cnax,py
(Xe,Ue,de) 0
€* + solve the LP modified from (7.30) with (x,, u,d,) fixed to 0
if € =0 o thatis, (x.,u.,d,) is not a forced equilibrium of Z(X) satisfying Assumption 7.3
then
(Xe,Ue,d,),€" < solve the LP modified from (7.30)
S — Sxu — (xe7 ue)
D+ D—d, > shift the origin to (x,, ue,d,)
end if
if H-representation of 7j; ;) (Cnax,p,) available then
r* < solve the LP in (7.31) with P; = Cinax.co P2 = )1 ) (Crnax,po)
else
r* < solve the LP in (7.32)
end if
Ao 1/r*
Cn Pre]_;’j(z)({O}, Swu X D)
r* <= solve LP in (7.31) with Pi = Cyax,co, P» = Cn.
Yinax < 1/7*
return A, Ynax

TU1 ] (Cnax,p,)- Note that we set a maximal iteration number ki, to guarantee the termination of

Algorithm 7 Detecting finite-time convergence

input: Cmax7co, ﬂ[l,n} (Cmax,po)a Kimax

k <0, Co < 71 ) (Cnax,py )» P < °

if Cp = Cinax,co then p < pg

end if

while £ < &, do
k< k+1,Cy <+ P}’e@(z)(ck,l,sxu x D),
if Crax,co = Ci then p < pg + k; break
end if

end while o

return p, {Ck};c“:l%(p i)

Alg. 7. In case where Alg. 7 returns a finite number p, we know thta 7y (Cnax,p) must be equal to
Cinax,co- In terms of the computational cost, given the H-representation of TU1 ] (Crnax, po), the k-step
backward reachable set of 7 ,) (Cax,p,) With respect to Z(X) is much cheaper to compute than
701 5 (Cinax,p+k)» since the dimensions of the system Z(X) are independent of the preview time p.
Thus, Alg. 7 is more tractable than directly checking if 1) (Crnax, p) = Cax,co for p > 0.

As a side product, the Hausdorff distance between the backward reachable set C;, computed in

Alg. 7 and Cax,co gives an upper bound of d), x for k =0,--- ,min(p — po, kpax), tighter than those
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obtained by Algs. 5 and 6. However, Alg. 7 is more computationally expensive than Algs. 5 and 6
due to the iterative backward reachable set computation (and the Hausdorff distance computation).

Another drawback is that Alg. 7 can only provide the upper bounds of d,, for finitely many p.

7.4 Model Predictive Control with Preview

In this section, we study the impact of preview to the feasible domain of constrained MPC. We
consider the class of discrete-time linear systems X as in (7.16) with p-step preview. Let the MPC
planning horizon be the preview time p and the constraints on state and input to be the safe set Sy, of
X for simplicity. Given the current state xp and preview information d., 1, a standard optimization
problem to be solved by MPC at each time step is:

p—1
min  Ir(xp,up 1)+ Y b,
xlip»"‘o;pﬂ F( 14 P 1) l; l( t t 1)
$:-x = Axi—1 +Buy_1 +Edy, (7.42)

(-xtfbul‘fl) S qu7VI € [p]a
RFC,

where /; and [F are the stage cost at time ¢ and the final cost, and RFC is a placeholder for constraints

that guarantee the recursive feasibility of (7.42).

Definition 7.2. The feasible domain .%# of the MPC in (7.42) is the set of initial conditions
(x0,do.p—1) that satisfy the constraints in (7.42).

To guarantee the recursive feasibility of the MPC, we need to impose certain recursive feasibility
constraints RFC in (7.42) such that the feasible domain .# is an RCIS of the p-augmented system
X, in Sy, . Depending on the choice of the RFC, the size of feasible domain can be very different.
Here we study two RFCs.

First, let RFC in (7.42) be

(.X] ,dz:p_l,dp) < Cma)(:,p,vdp € D. (7.43)

The constraints in (7.43) is the least conservative RFC, since the corresponding feasible domain is
the maximal RCIS Cpqy,p of £ in Sy p, the largest feasible domain any RFC can produce.
Since the maximal RCIS G4y, p is hard to compute as p increases, a more common RFC in

practice is to force the final state x,, to be in an RCIS C of the original system X in S, that is
xp €C. (7.44)
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The following theorem characterizes the relation between the terminal constraint set C and the

corresponding feasible domain.

Theorem 7.11. The feasible domain, denoted by #,(C), of the MPC corresponding to the RFC as
in (7.44) is the p-step backward reachable set of C X D? for X, in Sy, p. That is,

Fp(C) = Pref (Cx DP,Sup). (7.45)

Proof. Combining constraints in (7.42) and (7.44), it is easy to check that .%,(C) C Pregp (C x
DP Sy, p). It is remained to show the other inclusion direction.

Suppose (xo,do:.p—1) € Pregp (CxDP,Sy, p). Then, for arbitrary d,,.»,,—1 € DP, there exists u. 1
such that forallr =0,--- ,p—1,

(Xt7dlll‘+[)717ut) € qu7pa (7.46)
That is, (x;,u;) € Sy, fort =0,---,p—1and x, € C, which implies (xo,dp.,—1) € %,(C). O

By (7.45), .%#,(C) is an RCIS of X, in Sy, , and thus is a subset of Cpuuy p. Intuitively, .7, (C) is
the set of states where the system is guaranteed to stay in the safe set indefinitely even if no preview
is available after the first p steps, and thus is more conservative than Cy,4y -

We want to compare how the gap between .%,(C) and G4y, changes as p increases. Since the
dimensions of the two feasible domains Cynqy p and .%,(C) increases with p, a direct comparison is
intractable. Similar to Section 7.3, we instead compare the gap between the projections of .7, (C)

and Cpy,p onto the first n dimensions.

Lemma 7.12. The projection of .%,(C) is equal to the p-step backward reachable set of C with
respect to Z(X) in Sy, x D. That is,

71, (Fp(C)) = Prey s (C, Sxu x D). (7.48)

Proof. Let x(0) € 7y ,(Fp(C)). There exists di.,(0) € DP such that (x(0),d1.,(0)) € F,(C).
Since by Theorem 7.11 .%,(C) = Pregp (CxDP,Sy,p), for the system X, as in (7.2), there exist
inputs {u(t)}fz_ol such that (x(¢),u(t)) € Sy, fort =0,---,p—1 and x(p) € C for all possible
{d(t)}_, € D. That implies x(0) € Prel, . (C,Sy, x D). Thus, mpy ,)(:#,(C)) is a subset of
Pre;(z) (C,Sw x D).

Next, we want to prove the other direction. Let x(0) € Preé’j(z) (C,Sx x D). Then, for the
system Z(Z) as in (7.5) , there exist inputs {u(r)}’—) and {uy(t)}’~y C D such that (x(t),u(r)) €

(2)
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Sw fort=0,--- ,p—1 and x(p) € C. That implies (x(0),uy(0),--- ,uy(p— 1)) is contained by
Pregp (CXD,Sx,p) = F,(C) by Theorem 7.11. Thus, x(0) € 7y ,,(F,(C)). O

By (7.48), it is clear that the projection 7y ,) (% (C)) is a CIS of Z(X) in Sy, x D. Recall that
Cinax,co 18 the maximal CIS of Z(X) in Sy, x D. Thus, we have

7[[17n](§p(c)) g 77:[17;1} (Cmax,p) g Cmax,co- (749)

Following similar steps in Section 7.3, we can show the convergence rate of the projection
71 5 (Fp(C)) over the planning horizon p: First, we modify Assumptions 7.3 and 7.4 by re-
placing 7y (Cinax,p,) With the set C, and call the modified assumptions Assumption 7.3’ and 7.4 .
Let A be the maximal A such that AC4xco € C, which is greater than 0 under Assumption 7.4’.

Then, the following theorem shows that 7 (:#,(C)) converges to Cyax,co €xponentially fast.

Theorem 7.13. Under Assumptions 7.1, 7.2, 7.3 and 7.4’ (or Assumptions 7.2, 7.3 and 7.5), the
projection Ty, (Fp(C)) converges to the maximal RCIS Cyaxco of Z(X) in Hausdorff distance,
that is

p—reo

d(n[l,n](yp(c))acmax,co) — 0. (7.50)
Furthermore, there exist some constants ¢ > 0 and a € [0,1) such that for p > 0,
d(n[l,n](yp(c));cmax,co) <caP. (7.51)

Proof. By (7.48), we want to show that Pre’fg(z) (C,Sxu x D) converges to the maximal CIS Cyuay. co
exponentially fast under the assumptions. The arguments to show this convergence is very similar
to those in the proofs of Theorems 7.7 and 7.10 (by replacing Cpqy,p With .%#,(C)) and thus is
omitted. O

Remark 7.2. Since the proof of Theorem 7.13 is similar to those of Theorems 7.7 and 7.10, one may
expect that the upper bound on d (”[Ln] (Z#,(C)),Cax,co) is in form of (7.26), (7.27) or (7.40). It is
indeed the case, but we relax those tighter bounds to the RHS of (7.51) for simplicity. The tighter

upper bounds can be retrieved from Section 7.3 by replacing 7y (Cnax.p) there with C.

According to (7.49) and Theorem 7.13, we have

d(ﬂ[lvn} (ﬁp (C)>7 n[l,n] (Cmax7p))
< d<n[17n](ﬁp(c))7cmax,co) < ca®.
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That is, the gap between the projections of .%,(C) and Cy, , decays exponentially fast under the
conditions in Theorem 7.13. Thus, even if .%# p(C ) is more conservative than Cypqy, p» as the planning
horizon p is increased, this conservativeness decays fast. Thus, in practice, the RFC in (7.44) with a
long enough planning horizon p is usually a good choice. Also, the constants ¢ and a in Theorem
7.13 can be estimated by some modified Algs. 5 and 6 that replace 7y ) (Cax,p,) in both algorithms
by C. Once c and a are obtained, users can simply compute ca” to quantitatively evaluate the
conservativeness of the RFC in (7.44) with respect to the maximal feasible domain Cjy,, for any
given planning horizon p. Besides, similar to Section 7.3.5, the potential finite-time convergence of

the projections of .7, (C) can be detected by a modified Alg. 7 that replaces 7j; ;] (Cinax, p,) With C.

7.5 Illustrative Examples

7.5.1 One-dimensional systems

Consider the 1-dimensional system [78]
Lox(t+1) =ax(t)+u(t)+d(1), (7.52)

with x(¢), u(t) € R and d(t) € [~d,d]. The safe set Sy, = [—%,X] x [—#,].
Suppose that the parameters a, X, d, # and p satisfy a > 1,X> (#+d)/(a—1) and a’lu>d.
Then, it is shown in [78] that the maximal RCIS C,qy,p of the p-augmented system of X within the

augmented safe set [—X,X] x [—d,d|P x [—#,1] is

di| <d,vie{l,---,p},

Cmax,p = { <x7 d 317)

\x+2—| < d/“ } (7.53)

The projection of the maximal controlled invariant set onto the first coordinate is

i+d—2d/a? u+d—2d/a’
PROJ (Cpaxp) = | — [a” it /"] (7.54)
’ a—1 a—1
The disturbance-collaborative system with respect to (7.52) is
P2Z) x(t+1) =ax(t) +u, (7.55)
with the safe set Sy o = [—X,X] X [—u— d,u+d). The maximal controlled invariant set Conax,co of
P(X) in the safe set is [~ (#+d)/(a—1),(u+d)/(a—1)]. Thus, for any p such that a? 1 > d,
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the Hausdorff distance between PROJ| (Cinax,p) and Cpax,co Satisfies

2d

d(PROT\ (Coax.p), Cinaro) = 12—y

(7.56)
which decays to 0 with exponential rate 1/a as p goes to infinity.

Note that this one-dimensional system is simple enough for us to solve Alg. 6 by hands: Since
Pregs)(0,Sxu.co) = [—(@+d)/a, (@+d)/a], the value of ¥qy in Theorem 7.10 is (1 —1/a). We
pick any pq satisfying a?0~'% > d. Then, by (7.54), A is equal to

2d /aPo

=1 —. 7.57
Ao (u+d) (7.57)

The radius Y of Cyx co With respect to 0 is (@+d)/(a—1). Plugging ¥nax, Ao into (7.40), for all
P > po, the Hausdorff distance between PROJ| (Cpax,p) and Gy co satisfies

2d

d(PROJ Cmax 7Cmax.cr) S TN o

(7.58)

Comparing the right hand sides of (7.56) and (7.58), the upper bound of the Hausdorff distance d,,

obtained by Alg. 6 is equal to the actual value in this toy example.

7.5.2 Two-dimensional system with random safe set

We consider the following 2-dimensional system X:

1.
Yixt= > x+
0 1.1

0
1

1
u+ 1 d, (7.59)

with x € R?, u € R and d € [-0.3,0.3]. The safe set Sy, is randomly generated, shown by the
dark blue polytope in Fig. 7.3. Assume that the preview on d is available. We select pg = 1. The
projection of Cyay, p, Onto R? is shown by the yellow polytope in Fig. 7.3. The projections of
Conax,py+k for k =1,--- 8 are shown by the nested cyan polytopes in Fig. 7.3. The set Cyax co 18
equal to the projection of Cy,4y , With p =9, shown by the largest cyan polytope in Fig. 7.3.

Since X is controllable, we apply both Algs. 5 and 6 to this example. The parameters estimated
by Alg. 1 (with or without Step 4) and Alg. 2 (N =1 or 8) are listed in Table 7.1. Plugging the
parameters in Table 7.1 into (7.26), (7.27) and (7.40), we obtain four upper bounds of the Hausdorff
distance d), in (7.15), as depicted in Fig. 7.4a. Note that the red curve in Fig. 7.4a lies below the

blue curve, showing that the refinement step in Alg. 5 indeed helps us find a tighter upper bound on
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Figure 7.3: The projections of Cyuayx,p, (yellow polytope), Cpx p,+k (Cyan polytopes) with k =
1,---,8 and the safe set (dark blue polytope).

Table 7.1: Parameters estimated by Algs. 5 and 6

Ao YOI Yuax N A
Alg. 5w.o. Step4 | 0.6550 0.0402 1 0.0011
Alg. S5w. Step4 | 0.6550 0.0752 1 5.737x 104
Alg. 6(N=1) 0.6550 0.0752 1 0
Alg. 6 (N =8) 0.6550 09794 8 0

dp. The purple curve obtained by Alg. 6 is coarser than the other curves due to a larger step size
(N = 8), but is also decaying faster than the others as p increases. This observation implies that
selecting a larger N in Alg. 6 may lead to a coarser but faster decaying upper bound. Among all the
upper bounds in Fig. 7.4a, Alg. 5 with Step 4 and Alg. 6 (N = 1) find the tightest upper bounds
(red and yellow curves) when p is small; Alg. 6 (N = 8) finds the tightest bound (purple curve in
Fig. 7.4a) when p is large.

We also run Alg. 7 with k&, = 50, which terminates with p = . That indicates 1) (Cmax’ p)
may not converge to Cpy o for a finite p. The upper bound of d), obtained as the side product of
Alg. 7 is the tightest, coinciding with the actual d,, shown by the green curve in Fig. 7.4a. The

computation time of the three algorithms is listed in the first column of Table 7.2.

7.5.3 Lane-keeping control

We consider the linearized bicycle model with respect to the longitudinal velocity 30m/s in [112]
with the same parameters. The states x = (y,v, AW, r) are the lateral displacement y, lateral velocity
v, yaw angle A¥ and yaw rate r; the input is the steering angle Jy; the disturbance r, is the road

curvature, with |ry| < 0.05. The safe set of the system is the set of state-input pairs satisfying
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Table 7.2: Computation time of Algs. 5, 6 and 7

Time (s) 2D system Lane-keeping Biped
Alg. 5 w.o. Step 4 3.58 3.86 4.42
Alg. 5 w. Step 4 4.13 727.09 8.68
Alg. 6 (N =n) 0.58 13.22 0.84
Alg. 6 (N =28) 3.66 227.37 2.41
Alg. 7 (kypax = 50) 14.29 573.33 188.55
15 0.35 3
—Alg. 1w.0. Step 4 0377 ——Alg. 1 w.o. Step 4 2.5 ——Alg. 1 w.0. Step 4
—Alg. 1w. Step g 0.25 ——Alg. 1 w. Step 4 ——Alg. 1 w. Step 4
1 Alg. 2 (N=1) Alg. 2 (N=4) 2 Alg. 2 (N=4)
—Alg. 2 (N=8) 02 —Alg. 2 (N=8) ——Alg. 2 (N=8)
< —_Alg.3 (kmax=20) = ——Alg. 3 (k. =50) <15 ——Alg. 3 (kmax=50)
‘ Actual 0.15 Actual Actual
0.5 ‘ 0.1 1 \
\ 0.05 0504
oL \—\ 0 l\ 0 \, L L L I
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
p p p
(a) Two-dimensional example (b) Lane-keeping example (c) Biped example

Figure 7.4: The Hausdorff distance d,, (light blue dash curve) in (7.15) and its upper bounds
estimated by Alg. 5 (blue and red curves), Alg. 6 (yellow and purple curves), and Alg. 7 (green
curve) versus the preview time p.
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lv| <0.9, v| < 1.2, |A¥| <0.05, |r] <0.3 and |5¢| < /2.

The preview on the road curvature r,; is assumed to be available. We select pgp = 0 and run Algs.
5,6 and 7. Alg. 7 obtains p = 7, implying that 7; ;) (Cinax,p) converges to Cpax co at p = 7. This
observation suggests that the lane-keeping controller gains most from the first 7-step preview. The
upper bounds on d, from the three algorithms are shown in Fig. 7.4b. The upper bound obtained by
Alg. 7 is the tightest. The computation time of the three algorithms is listed in the second column of
Table 7.2.

7.5.4 Biped walking pattern generation

In [54, 118], preview of the zero-moment point (ZMP) reference is used to control the center of
mass (CoM) of biped robots. We consider the discrete-time lateral dynamics of the biped robot in
[118], with the same parameters. The states (x,x,X) are the lateral position x of the CoM and its
first and second derivatives; the input is the jerk x™ of x. The target is to control the lateral position
x such that the ZMP z = x + (hcop/g)X tracks a given reference closely, where hc,p and g are the
robot altitude and the acceleration of gravity. The ZMP reference is typically a periodic square
signal (see [54, 118]). Here we assume that the reference signal is a trajectory of the uncertain

system
Z(t+1) =0.15z(¢) + d(¢), (7.60)

with disturbance |d| < 0.085. This system can generate periodic signals with maximal magnitude up
to 0.1. We couple the biped lateral dynamics and the reference dynamics in (7.60), which leads to a
four-dimensional system with state-input pairs satisfying (x,x,x,Z). Based on the control target, we
select the safe set Sy, to be the set of state-input pairs satisfying |x+ (hcopr /)% —2Z| < 0.1, |x| <0.1,
x| <10, |¥] < 10, |z| < 0.1 and | X'| < 100.

The preview on the disturbance d in (7.60) is available, induced from the preview of ZMP

reference [118]. We select pp = 0. Alg. 7 returns p = 10, which implies that 7 (Cimax.p)
converges to Cyax,co at p = 10. This result suggests that the first 10-step preview on the ZMP
reference is most useful for maintaining the lateral position of the robot in the safe set. We also
depict the upper bounds of d), obtained by Algs. 5, 6 and 7 in Fig. 7.4c. The conservativeness of
those upper bounds are similar to the 2D example in Section 7.5.2. The computation time of the

three algorithms is listed in the last column of Table 7.2.
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7.5.5 Blade pitch control of wind turbine

Preview of incoming wind events can be measured by Lidar scanners, whose usage has been widely
studied in the literature of wind turbine control [89, 111]. In this section, we demonstrate the use of
our methods in analyzing the feasible domain of the preview-based constrained MPC in [111] for
blade pitch control of a wind turbine. We consider the discrete-time linear wind turbine dynamics in
[111] with states x = (0Q, [ 6Q, ), input AP and disturbance §v. The states 0€2, [ dQ and 63
are the rotor speed (rad/s) relative to a nominal speed, the integral of §Q and the pitch angle (deg)
relative to a nominal angle; the input Af is the increment of 83 in one step; the disturbance 6v is
the wind speed relative to a nominal wind speed. We use the same parameters in [111]. The safe
set Sy, is the set of state-input pairs satisfying the state-input constraints Jx + EAf < [ of the MPC
proposed in [111] (with J, E and / defined in [111]), and some large enough state bounds |6Q| < 5,
| [ 6Q| <100, and —4.53 < 68 < 10.47 to ensure the compactness of Sy,,.

The disturbance v on the wind speed can be previewed [111]. We select C to be the maximal
RCIS of the system without preview. Alg. 7 terminates with p = 4. Thatis, 7y ,) (% (C)) converges
t0 Cpax,co at p = 4, which suggests that the MPC benefits most from the first 4-step preview in
terms of feasible domain size. We also run Algs. 5 and 6 as in the previous examples. But since
Alg. 7 terminates quickly and provides the tightest bound, the results from the other algorithms are

omitted.

7.6 Conclusion

In this chapter, we study the impact of different preview time to the safety of discrete-time systems.
For general nonlinear system, we derive a novel outer bound on the maximal RCIS G4y . For
linear systems under mild conditions, we prove that the safety regret d,, decays to zero exponentially
fast, which indicates that the marginal value of the preview information decays to zero exponentially
fast with the preview time. We further develop algorithms that compute upper bounds on the safety
regret d,,. We also adapt the established theoretical and algorithmic tools to analyze the convergence
of the feasible domain of a preview-based robust MPC. The efficiency of the proposed algorithms
are verified with four numerical examples.

In this chapter, we assume that we have accurate preview of future disturbances for a finite
time horizon. Later in Section 8.3, we relax this assumption and study the safety control problem
for systems with uncertain preview (that is, the measurements of future disturbances are noisy).
Besides, our current work only deals with a single disturbance with a fixed preview time. As part of
the future work, we want to extend our results to systems with multiple disturbances, where each

disturbance may have a different preview time.
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CHAPTER 8

Scalable Computation of RCISs for Systems with
Preview: Three Cases

As shown in Chapter 7, safety control problem for systems with preview is equivalent to the safety
control problem for the corresponding augmented systems whose states contain the measurements
of the future disturbance (see Section 7.1 for details). Because of the high dimensionality of these
augmented systems, synthesizing safety controllers for systems with preview is computationally
demanding, and thus a challenging research problem. However, for certain classes of systems with
special structures, exploiting structural properties in dynamics can help us reduce the computational
cost in controller synthesis. In this chapter, we present three classes of systems where we can
efficiently synthesize safety controllers with preview.

The first class is called systems in Brunovsky canonical form. For this class of systems with
hyperbox safe sets, the maximal RCIS of the corresponding augmented system can be derived in
closed form.

The second class of systems is switched linear systems, where we assume that the mode switching
is uncontrolled but can by previewed. We further propose a novel modeling mechanism, called
preview automaton, to encode switching signals that can be previewed at run time. The product
of the switched system and the preview automaton yields a hybrid system, whose safety control
problem is challenging in general. But for this specific hybrid system, we show that its maximal
RCIS can be computed efficiently via iterative computations of BRSs of each linear subsystem.

The last class involves systems with uncertain preview, posing a special output-feedback safety
control problem. While the general solution to an output-feedback safety control problem involves
the maximal RCIS of a set dynamics, by leveraging a nilpotent structure inherent in systems with
uncertain preview, we demonstrate that the set dynamics can be reduced to a finite-dimensional

system, enabling efficient safety controller synthesis.

Chapter Overview. We first present our results for systems with Brunovsky canonical form in

Section 8.1, followed by the results for switched systems equipped with preview automaton in
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Section 8.2. In Section 8.3, we present the results for systems with uncertain preview.

8.1 Safety Control for Systems in Brunovsky Canonical Form

with Hyperbox Safe Sets

In this section, we study systems in Brunovsky canonical form with a single input'. Due to the
simple structure of the systems in Brunovsky canonical form, we can derive a closed-form expression
of the maximal RCIS within hyperbox safe sets and show some interesting properties of the maximal
RCIS based on the closed-form expression. In terms of generality, any controllable system can be
converted in a system in Brunovsky canonical form via an invertible transformation (see [11]), and

thus our results on systems in Brunovsky canonical form is also useful for controllable systems.

8.1.1 Problem Setup

The dynamics of a system Xp in Brunovsky canonical form is
Yp:x(t+1)=Ax(t)+Bu(t)+d(t), (8.1)

where x(r) € R", u(t) € R, d(r) € D CR", and

On-na Tt} g A O-npa | (8.2)
0 01(n1) 1

A=

The I and 0, in (8.2) represent the identity matrix in R¥*k and the matrix with all zero entries
in R/**. Suppose that D is a polytope in R”, and suppose B, = IT}_,[ck.1,¢k 2] is the smallest
hyperbox containing D. We consider a hyperbox safe set B x R, where the state x is constrained
within hyperbox B = IT]_, [by 1, by 2] and the input u is unconstrained.

Recall the definition of the p-augmented system in (7.2). We denote the p-augmented system
corresponding to Xp by Xp ,. The p-augmented safe set is B x D x R. We want to solve the
following problem in this section.

Problem 8.1. Compute the maximal RCIS of the p-augmented system X , with respect to p-
augmented safe set B x DP x R.

IThe results in this section applies to multiple-input case, since in Brunovsky canonical form, a system with multiple
inputs can be decoupled into several systems with single input [11].
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8.1.2 Closed-form Expression of the Maximal RCIS for X3 ,

In this subsection, we first show several core properties of the maximal RCIS Ciyqy,p of X , within
B x DP x R, built on which we derive a closed-form expression of the maximal RCIS .

First, we want to derive a necessary condition under which there exists nonempty RCISs of Xg ,
within B x D? x R. The idea is based on the following observation: given an input u(z) at time
t > 0, due to the special structure of A and B, we have the exact expression of x,, 1 (t +k) for k
with 1 < k <n as follows:

k—1
Xpir1(t k) =u(t) + Y dipi(t+i), (8.3)

i=0
where dj ,,;(t + i) is the n — i th entry of the vector d; (t +i) € R" for i from 0 to n — 1.
Suppose there exists a nonempty RCIS in B x D? x R. Then there must exist at least one safe
input u(7) € R such that for all k from 1 to n, the state x,,_; (¢ + k) in (8.3) satisfies the constraints

provided by B robust to all possible future disturbances, that is, for k from 1 to n,
k—1
u(t) + Z dip—i(t+1i) € [bp—ks1,1,bn—r+12]; (8.4)
i=0

for all possible values of Zf;ol di n—i(t +1); otherwise, for all u(¢) € R, we can find future distur-
bances such that the state x, g1 (f +k) & [bp—+1.1,Pn—k+12]-

Note that if i < p, dy ,—i(t +1i) is a fixed number known from preview at time ¢; otherwise
di n—i(t +1) takes arbitrary values in [c,—; 1,¢n—i2]. Based on this observation, the condition of the
existence of a safe input u(r) satisfying (8.4) is given in Theorem 8.1, which is necessary for the

existence of a nonempty controlled invariant set.

Theorem 8.1. There exists a nonempty RCIS of Xp ;, within B x DP x R only if the following

conditions are satisfied

n min(n—k+1,p)

WeVap () ([Ek,la/l;k,z] - Y Vp—i+1) #0 (8.5)

k=1 i=1

where Vy 5 is the set of vertices of the hyperbox B 5 =11 (k.15 ¢k 2], and p = min(p,n), and

-~ o e 7 Z:nfﬁJrl
by =bei— Yl cigand by =bio— Y. [l cip forkwithn—p <k <n.

In practice, if we want to compute a RCIS of X ,, unnecessary computation can be avoided
by checking the conditions provided by Theorem 8.1 first. However, the cardinality of V; ; can be
large, which prevents us from checking (8.5) efficiently. Fortunately, with some manipulation, the

condition in (8.5) can be simplified to n? inequalities, independent of the cardinality of V4 p, namely
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that for all j and k from 1 to n,

n—p
Vji=k bji—bea< Y (cin—cin),
i=k

n—p n—p max(k—1,n—p)
Vj<k bji—ba<) cii— Y, cia+ ) Cil, (8.6)
i=j i=k i=max(j,n—p+1)
n—p n—p max(j—1,n—p)
Vji>k bji—bia< Y cii— ) cia— ) Ci2-
i=j i=k i=max (k,n—p+1)

Next, suppose that there exists a nonempty RCIS , namely that (8.5) is satisfied. We want to
derive conditions under which states & = (x,d},da, ...,d)) € R(PTD7 are contained by the maximal
RCIS .

We use x;, dj ; to denote i th entry of x, di. According to the dynamics in (8.1), the first (n—t)
entries of the vector x(¢) for all # = 0,1,--- ,n — 1 are independent from the control inputs and
completely determined by the initial state x(0) and disturbances d(0), d(1) ..., d(n—2).

Thus, one necessary condition on §(0) = (x(0),d;.,(0)) € Cpax,p is that for all possible future
disturbances in D that are not previewed yet at the initial time, for all # from O to n — 1 and all k

from 1 to n —1, the state x(¢) satisfies

xi(t) € [br1,br 2] (8.7)

By expanding x(¢) using x(0) and d.,(0), we obtain the conditions stated in the following theorem.

Theorem 8.2. A state (x,d,.,) is contained in the maximal RCIS Cyqy,p only if
x€B,dy., € DP, (8.8)

and forallk, 2 <k <nandforall j, 1< j<k:

et Y digmi€binbio)— Y lekins il (8.9)
i=1 i=p+1

where d; ;_; is the k — i th entry of vector d;.

To make notation clear, in the case of k — j < p+ 1, the right hand set of (8.9) becomes
[bj1,bj2] —0=[bj1,b;>]. We denote the set of states (x,d.,) satisfying constraints in (8.8) and
(8.9) by Cp,. The following theorem states that the maximal RCIS of Xg , within B x D” x R is
exactly equal to Cp.
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Theorem 8.3. Suppose that (8.5) is satisfied. Define

Cp ={& = (x,d1.p) | § satisfies (8.8), (8.9)}. (8.10)

Then, C, is the maximal RCIS of Xp ;, within the safe set B x DP x R.

Corollary 8.3.1. The condition in (8.5) is the necessary and sufficient condition for the existence of
nonempty RCISs of X , within B x DP x R.

Corollary 8.3.2. If instead of Xp in (8.1), we consider a system in the following form:
Y, x(t+1) =Ax(t) + Bu(t) + Ed(t), (8.11)

for d(t) € D, C R! and some E € R"*!. Then, we first define system X} in Brunovsky canonical

form
Yp:x(t+1) =Ax(t) + Bu(t) +d(t), (8.12)

with d(¢) € ED, C R". We have the closed-form expression of the maximal RCIS C,, of the p-
augmented system of Xy within B x D” x R. The maximal RCIS C, of the p-augmented system of
Y, within B x D? x R is nonempty if and only if C,, is nonempty and

C, = {(x,d1,p) | (x,Edy,Edy,--- ,Edp) € Cp}. (8.13)

Remark 8.1. Adopting the idea from [8], if we have a more general safe set in form of P x R, where
P is a polytope, we can construct a RCIS of X , within P x DP x R in 2 moves: we first construct
a polytope in a lifted space that encodes all hyperboxes B in P and all states (x,d.,) within the
maximal RCIS within B x D? x R based on the nonemptyness condition (8.5) and the closed-form
expression of C,,. Then, we project this lifted set onto its first n(p + 1) coordinates, which is equal
to the union of the maximal RCIS within B x D? x R for all hyperboxes B contained by P. By
construction, this set is a RCIS in P x DP x R.

Furthermore, as pointed out by Remark 1 in [9], any controllable system with a polytopic safe
set (including input constraints) can be transformed into system in Brunovsky canonical form with
a safe set in form of P x R. Thus, our results in this section can be used to compute controlled

invariant sets for p-augmented systems of a controllable system. [

Directly obtained from the closed-form expression of the maximal RCIS C,, an interesting

property of C,, for p > n is revealed by the following theorem.

Theorem 8.4. For preview time p > n, the maximal RCIS C), is equal to the cartesian product of
the maximal RCIS C, of X, and the set DP™", that is C,, = C,, x DP™".
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Theorem 8.4 indicates that for system Xp in Brunovsky canonical form with a safe set B x R,
the preview time longer than p = n is not necessary. However, given a state (x,d;.,) in the maximal
RCIS C, x DP™", the admissible input set with the maximal size is obtained when preview is n+ 1,
that is

%(Cm (x7d1:n)> C %(Cn#—lv(xvdl:n—}—l)) = d(cp, (x7d1517))'

Finally, recall that we define safety regret as the Hausdorff distance between the maximal CIS of
the disturbance-collaborative system and the projection of the maximal RCIS of the p-augmented
system in Section 7.3. We wonder how the safety regret varies with preview time p for this class of

systems.

Theorem 8.5. For preview time p > n, if nonemptyness condition (8.5) holds, then the projection of
Cp, onto the first n coordinates is equal to the maximal RCIS Cyqx co 0f the disturbance-collaborative
system 9 (¥Lp) within safe set B x R, that is

Cmax7co = 71 ] (Cp) = 1.0 (Cn)

By Theorem 8.5, the safe regret for systems in Brunovsky canonical form with hyperbox safe

sets always converges to zero in n steps.

8.1.3 Illustrative Examples

In this section, we show the effect of preview information on safety control via concrete examples.

8.1.3.1 Impact of Preview on Disturbance Tolerance

First, we want to demonstrate the impact of preview on disturbance tolerance via our results
on systems in Brunovksy canonical form. We fix the state dimension n = 10 and the safe set
B =TII"_,[—1,1]. Then, we parametrize the disturbance set D =II"_,[—c,¢] by a positive number
¢ > 0. We are interested in the largest ¢ we can have such that the augmented system Xp , has
nonempty RCISs within B x D? x R. According to Corollary 8.3.1, we can utilize the condition on
nonempty RCIS given by (8.6) to determine the largest possible c.

By plugging by 1 = —1, by =1, ¢t;1 = —c and ¢, » = ¢ for all k from 1 to n into (8.6) , we can
obtain an upper bound on c¢ such that the nonemptyness condition in (8.6) holds. The largest ¢
computed for different preview time p are shown in Fig. 8.1. As we expect, as the preview time

increases, a larger disturbance set can be handled, due to the power of preview.
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Figure 8.1: The largest disturbance bound c versus preview time p for the system in Brunovsky
canonical form (n = 10) with hyperbox safe set.

In addition, we observe in Fig. 8.1 that the largest ¢ stops increasing after p > 6. This observation
suggests that a disturbance set with ¢ > 0.2222 may lead to an empty RCIS for any preview time p.
With some calculation, we can verify that for ¢ > 2/9, the necessary condition (8.6) does not hold

for all p > 0 and thus the maximal RCIS is always empty no matter how large the p is.

8.1.3.2 Lane Keeping Control with Preview

To show the usefulness of preview, we are going to present how preview helps the driver-assist
system to keep a vehicle within lanes. We use a 4-dimensional linearized bicycle model with respect
to constant longitudinal speed 30m /s from [112]. The state space consists of lateral displacement y,
lateral velocity v, yaw angle AW and yaw rate r. The disturbance r; with |r;| < 0.04 considered in
this simplified model is a quantity related to the road curvature that perturbs the yaw angle. The
control input  is the steering angle, with constraints u € [—7/2,7/2].

The safe set Sy, is the set of state-input pairs within bounds |y| < 0.9, |v| < 1.2, |A®| < 0.05
and |r| <0.3, and |u| < /2. We set the preview time p = 5. We first compute the maximal RCIS
within Sy, for system without preview, denoted by C,,4, 0. Then, we use the inside-out algorithm
(Alg. 2) to grow the seed set Cypar,0 X D’ for the p-augmented system over 10 iterations, the result
of which is denoted by C;, 5. Numerically we find that C;, 5 strictly contains Cyqyx,0 X D3. We also
try the idea in Remark 8.1 to obtain a RCIS based on our results in Section 8.1, but the resulting set
is contained by C,,,4x,0 X D, which is too conservative to be useful.

Next, we find a point (xo,di,--- ,ds) belonging to the set difference Ciy 5\ Cinax,0 X D3 and
simulate 2 trajectories starting at xo with the first 5 disturbances d;.5, using the two RCISs G410
and Cj, 5 respectively. The controller consists of two parts: First, we synthesize a nominal state
feedback controller, by solving the LQR problem for the p-augmented system. Then, at each time
instant, we supervise the control input from the nominal controller by projecting that input onto
the admissible input set at current state with respect to Cpx0 Or Cj 5. If the admissible input
set happens to be empty at some time instants, then we project the nominal input onto the input

constraint set [—7 /2, 7w /2]. The resulting vehicle maneuvers are shown by Fig. 8.2, where we find
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Figure 8.2: The vehicle maneuvers under the linearized bicycle model with supervised LQR
controller. The dark region indicates the safe region in the plane, that is the lane. The cyan curve is
the maneuver corresponding to C,; 5. The red curve is the maneuver corresponding to Gy 0.

that the trajectory under the supervision of the admissible input set with respect to C;, 5 stays within
the lane as required by the safety constraints during the simulation time span, but the trajectory under
the supervision with respect to Cpqy 0 violates the constraints on lateral displacement y and drives
out of the lane at the 2nd time step. This observation meets our expectation since we intentionally
pick an initial state that is not in G,y 0. This example demonstrates how the preview on future

disturbances enables controllers to deal with a larger set of initial states safely.

8.1.4 Summary

In this section, we study systems in Brunovsky canonical form with hyperbox safe sets, for which we
derive the maximal RCIS of the p-augmented system in closed form. The closed-form expression
enables us to directly see the impact of preview on the RCISs and lead us to some interesting
properties for this special systems and safe sets, such as a finite-step convergence of the safety

regret.

8.2 Safety Control with Preview Automaton

In this section, we consider discrete-time switched systems where the mode signal is controlled by
external factors. We assume the system is equipped with sensors that provide preview information
on the mode signal (i.e., some future values of the mode signal can be sensed/predicted at run-time).
To capture how the mode signal evolves and how it is sensed/predicted at run-time, we introduce

preview automaton. Then, we focus on safety specifications defined in terms of a safe set within
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Figure 8.3: A simple example on autonomous vehicle cruise control. The road grade alternates
between three ranges ry, 2, r3, modeled by a switched system X with three modes. The blue
shadows indicate the regions where the vehicle’s sensors are able to look ahead and upon the
detection of the upcoming change, a preview input is released.

each mode, and develop an algorithm that computes the maximal invariant set inside these safe sets
while incorporating the preview information. A simple example where such information can be
relevant is depicted in Fig. 8.3, where an autonomous vehicle can use its forward looking sensors or
GPS and map information to predict when the road grade will change. The proposed framework
provides a means to leverage such information to compute provably-safe controllers that are less
conservative compared to their preview agnostic counterparts.

Our work is related to [62, 49, 123] where synthesis from linear temporal logic or general
omega-regular specifications are considered for discrete-state systems. In [62], it is assumed that
a fixed horizon lookahead is available; whereas, in our work, the preview or lookahead time is
non-deterministic, and preview automaton can be composed with both discrete-state and continuous-
state systems. While we restrict our attention to safety control synthesis, extensions to other logic
specifications are also possible. Another main difference with [62] is that we use the preview
automaton also to capture constraints on mode switching. The idea of using automata or temporal
logics to capture assumptions on mode switching is used in [15] and [93]. In particular, the structure
of the RCISs we compute is similar to the invariant sets (for systems without control) in [15].
However, neither [15] nor [93] takes into account preview information.

The remainder of this section is organized as follows. After briefly introducing the basic notations
next, in Section 8.2.1, we describe the problem setup, define the preview automaton and formally
state the safety control problem. An algorithm to solve the safety control problem with preview is
proposed and analyzed in Section 8.2.2. In Section 8.2.3, we demonstrate the proposed algorithm
by two case studies one on vehicle cruise control and another on lane keeping before we conclude

this section in Section 8.2.4.
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Notation. The symbol N denotes the set NU {eo} of extended natural numbers. Given a set X, the
power set of X is denoted by 2.

8.2.1 Problem Setup

We consider switched systems X of the form:

xX(t41) € for(x(t),u(r)), (8.14)

where o (t) € {1,...,s} is the mode of the system, x(¢) € X is the state and u(r) € U is the control
input. We assume that the switching is uncontrolled (i.e., the mode &(¢) is determined by the
external environment) however o (¢) is known when choosing u(z) at time ¢. By defining each
fi: X x U — 2% to be set-valued, we capture potential disturbances and uncertainties in the system
dynamics that are not directly measured at run-time but that affect the system’s evolution.

We are particularly interested in scenarios where some preview information about the mode
signal is available at run-time. That is, the system has the ability to lookahead and get notified of
the value of mode signal before the mode signal switches value. More specifically, we assume that
for each pair of modes (i, j), if the switching from i to j takes place next, a sensor can detect this
switching for 7;; time steps ahead of the switching time, where 7;; > 0 is called the preview time
and belongs to a time interval 7;;. Mathematically, if o(t 4+ 7;; — 1) =i and o(t + 7;;) = J, then the
value (¢ + 7;;) is available before choosing u(t) at time #, for some 7;; € Tj;.

In many applications, switching is not arbitrarily fast. That is, there is a minimal holding time
(or, dwell time) between two consecutive switches. For each mode i of the switched system, we
associate a least holding time H; > 1 such that if the system switches to mode i at time 7, the
environment cannot switch to another mode at any time between ¢ and t + H; — 1. Note that H; = 1
for all i is the trivial case where the system does not have any constraints on the least holding time.
Moreover, there could be constraints on what modes can switch to what other modes.

Following example illustrates some of the concepts above.

Example 8.1. In Figure 8.3, a vehicle runs on a highway where the road grade can switch between
ranges r; = [—30.5,—29.5] and r, = [—0.5,0.5] and between r, and r3 = [29.5,30.5] (no direct
switching between r; and r3). We use a switched system X of 3 modes to model the three ranges r,
ro and r3. Thanks to the perception system on the vehicle, the switching from mode i to mode j
can be detected 7;; € T;; steps ahead, where T;; is a known interval of feasible preview times for
(i,7) € {(1,2),(2,1),(2,3),(3,2)}. Also, the least time steps for the vehicle in range r; is H; for
i=1,2,3. [

For simplicity, in the rest of the section, we will assume that the least holding time is greater
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than or equal to the least feasible preview time among all modes that the system can switched to
from mode i, i.e., H; > min(U;T;;) for any mode i. This assumption is justified in many applications
where switching is “slow” compared to the worst-case sensor range. For instance, the road curvature
or road grade does not change too frequently.

The main contribution of this section is two folds:

* to provide a new modeling mechanism for switched systems that can capture both the

constraints on the switching and the preview information,

* to develop algorithms that can compute controllers to guarantee safety with preview informa-

tion in a way that is less conservative compared to their preview agnostic counterparts.

8.2.1.1 Preview Automaton

Provided the prior knowledge on the preview time interval T;; and the least holding time H;, we
model the allowable switching sequences of a switched system with preview with a mathematical

construct we call preview automaton.

Definition 8.1. (Preview Automaton) A preview automaton G corresponding to a switched system
¥ with s modes is a tuple G = {Q,E,T,H }, where

0 =1{1,2,---,s} is a set of nodes (discrete states), where node ¢ € Q corresponds to the

mode ¢ in ¥;

E C O x Qis a set of transitions;

T:E —{[t1,n] :0<t; <tp,t; € N,t € N} labels each transition with the time interval of

possible preview times corresponding to that transition;

H:Q — (N\{0})U{eo} labels each node ¢ € Q with the least holding time corresponding to
that node.

We make a few remarks. First, we do not allow any self-loops, i.e., (¢,q) & E for all g € Q.
Second, the preview times 7' (g1,q2) for any (g1,42) € E is in one of the three forms: a singleton
set {t; } (interval [t1,1,]), or a finite interval [t ,2,] with #; < ,, or an infinite interval [t;,0). Finally,
if there is a state ¢ with no outgoing edges, that is {(¢,p) €E: p € Q} =0, we set H(q) = o to
indicate that once the system visits g, it remains in ¢ indefinitely, so the deadlocks are not allowed.

We call such a state a sink state. The set of sink states and the set of non-sink states in Q are denoted
by Qs and Q.
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Figure 8.4: This preview automaton corresponds to the switched system in Example 8.1.

In Definition 8.1, the nodes of the preview automaton are chosen to be the modes of the switched
system for simplicity. It is easy to extend the definition to allow multiple nodes in the preview
automaton to correspond to the same mode. Alternatively, redefining the switched system by

replicating certain modes and keeping the current definition can serve the same purpose.

Example 8.2. The preview automaton for the switched system in Example 8.1 has nodes Q =

{1,2,3} with transitions shown in Figure 8.4. The least holding mapping H(q) = H, for all ¢ € Q
and T(thZ) = TC]lth for (QIaQZ) S {(172)7 (27 1)7 (233)7 (3,2)} u

Any transition in the preview automaton is associated with an input in the form of the preview of
the switching mode. We assume that there is at most one preview between any two consecutive
switches. During the execution of the preview automaton, if a preview takes place at time ¢, there is a
corresponding preview input of the preview automaton, including the timestamp ¢ of the occurrence
of the preview, the destination state d € Q of the next transition and the remaining time steps (the
preview time) T from the current time ¢ up to the next transition. If no preview takes place before
the next switching time?, the preview input corresponding to that switch is trivially (z,0,q), where ¢
and g are the time instant and destination of the next transition. Note that ¢ + 7 is the time that the

system transits from the last mode to the mode d.

Definition 8.2. Given preview automaton G = {Q,E,T,H} and initial state g € Q, a sequence of
tuples {(fk, T, di) }Y_; (N < oo when the system remains in dy after 1 > ty + Ty) is a valid preview
input sequence of G if for all 1 <k < N, the sequence satisfies (with 7o = 0, 79 = 0, dg = qp) that
(D) Tr—1 > 0and t4_1 4+ Tr—1 <t and

(2) (di—1,dx) € E and . € T(dj_1,d)) and

) tx+m—1) = (tr—1+T—1) > H(dg1).

In above definition, conditions (1), (2) and (3) guarantee that only one preview input is received
between two consecutive switches, the mode switch constraints and preview time constraints are
met, and the holding time constraint is met, respectively. Once a valid input sequence is given, we

can uniquely identify the transitions of the preview automaton over time, that is, the execution of the

’This is possible when the lower bound of the time interval of possible preview times is 0.
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preview automaton with respect to that input sequence. In the rest of the section, we only consider

valid preview input sequences and drop the word valid when it is clear from the context.

Definition 8.3. Given preview automaton G = {Q,E,T,H} and a preview input sequence
{t, Tk;dk}g:p the execution of G with respect to the preview input sequence is a sequence of
tuples { (I, gx) }3_o. where

(DO Iy = [0,1‘1 + 71— 1] and [} = [tk—f— Tis b1 + Thr1 — 1] for all k > 0,

(2) gy = dy for all k > 1.

Note that two different valid preview input sequence may have the same execution. According
to Definition 8.2 and 8.3, the set of possible executions of one preview automaton is determined by
the set of valid preview input sequences of the preview automaton.

Once we have the preview automaton G corresponding to a switched system X, we have a model
of the allowable switching sequences for X, given by the executions of G. Therefore we can define

the runs of a switched system with respect to a preview automaton.

Definition 8.4. A sequence {(q(t),x(t))};>, is a run of the switched system ¥ of s modes with
preview automaton G under the control inputs {u(r)}:>, if (1) {g(¢)}7>, is an execution of G for

some preview input sequence and (2) x(t + 1) € f, ) (x(t),u(t)) fort > 0.

8.2.1.2 Problem Statement

Though the preview automaton can be useful in the existence of more general specification, we focus
only on safety specifications here. Suppose that each mode k is associated with a safe set Sy C X,
that is the set of states where we require the switched system to stay within when the system’s active
mode is k. Denote the collection of safe sets {S;}ico for each mode as a safety specification for
the switched system X. Then, given a safety specification {S;}ico, arun {(q(z),x(t)) }2, is safe if
(q(1),x(t)) € Uicp(i,S;) for all t > 0. Otherwise, this run is unsafe.

A controller is usually assumed to know the partial run of the system up to the current time
before making a control decision at each time instant. In our case, since the system can look ahead
and see the next transition, reflected by the preview input signal, the controller for a switched system
equipped with a preview automaton is assumed to have access to the preview inputs of the preview

automaton up to the current time.

Definition 8.5. Denote {(p(¢),x(t))}'_, and {(t¢, T, dx) }<_, as the partial run and preview inputs of
the switched system up to time t* (k* refers to the latest preview up to t*, i.e., k* = maxk s.t. f; < ).
A controller 7/ of the switched system X with preview automaton G is a function that maps the
partial run {(p(t),x(t))}'_, and the preview inputs { (¢, T,dx) }*_, to a control input u(¢*) of the
switched system for any t* > 0.
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Figure 8.5: A switched finite transition system with 2 modes f; and f;. The safe set (blue) is
{s1,s2} for each mode.

Definition 8.6. Given a switched system X and a safety specification {S;};co, a subset W; of the
state space of L is a single winning set with respect to mode i if there exists a controller %/ such that
any run of the closed-loop switched system with initial state in {i} x W; is safe. A winning set W; is
the maximal winning set with respect to the mode i if for any x € W;, for any controller %, there
exists an unsafe run with initial state (i,x). A winning set with respect to the switched system ¥ is

the collection {W;}”_, of single winning sets for all modes, which is called winning set for short.

We note that, by definition, arbitrary unions of winning sets with respect to one mode is still
a winning set, and therefore the maximal winning set is unique under mild conditions [20] and
contains all the winning sets with respect to that mode. Now, we are ready to state the problem of

interest.

Problem 8.2. Given a switched system ¥ with corresponding preview automaton and safety specifi-

cation {S;}ico, find the maximal winning set {W;}ico.

Before an algorithm that computes the maximal winning set is introduced, we first study the

following toy example to demonstrate the usefulness of preview information.

Example 8.3. A switched transition system with two modes is shown in Figure 8.5. The state
space and input space of the switched system are {sy,s,s3} and {u;,us} respectively. The safety
specification is S| = S, = {s1,s2}. To satisfy this safety specification, the system state has to be
s1 when fi is active and be s, when f5 is active. Thus by inspection, when there is no preview,
the winning sets are empty and when there is a preview for at least one-step ahead before each

transition, there is a non-empty winning set W; = {s;} and W, = {s»}. O

Example 8.3 suggests that a winning set is not the same as a RCIS of the switched system. When
the preview information is ignored or unavailable, they are the same and therefore Problem 8.2
can be solved by computing the RCISs within the safe sets. However, if the preview is available,

the RCISs can be conservative since their computation does not take advantage of the online
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preview information. Therefore, in Example 8.3, the maximal RCIS is empty, but the winning set is

non-empty.

8.2.2 Maximal Winning Set Computation with Preview Information

In this section, we propose an algorithm to solve Problem 8.2. Recall that in Definition 8.1, the
feasible preview time interval given by T can be unbounded from the right, which is difficult to
deal with in general because it essentially corresponds to a potentially unbounded clock. However,
the following theorem reveals an important property of the preview automaton, which allows us to

replace the preview time interval with its lower bound in the computation of winning sets.

Theorem 8.6. Let G={Q,E,T,H} and G= {O,E, T,H} be two preview automata of the switched
system ¥ with s modes, where T (q1,q2) = min(T (q1,¢2)) for any (q1,q2) € E. Then given a safety
specification {S;}ico, {Wi}ico is a winning set with respect to G if and only if {W;}ico is a winning

set with respect to G.

Proof. Note that G and G are the same except the feasible preview time interval 7. For each
transition (py, p2) € E, T(q1,42) is equal to the lower bound of T(q1,42).

To show the “only if” direction, suppose that W; is a winning set with respect to G for mode i.
Then by Definition 8.6, there exists a controller %/ such that any run of the closed-loop system
with initial state in {i} x W; with respect to any valid preview input sequence of G is safe. By
Definition 8.2 and 8.3, any preview input sequence and the corresponding execution of G are also
valid preview inputs and execution of G. Therefore, using the same controller U, any run of the
closed-loop system with initial state in {i} x W; with respect to any valid preview input sequence of
G is safe. Hence we conclude that each W;, for i € Q, is a winning set with respect to G for mode i.

To show the “if”” direction, suppose that W; is a winning set with respect to G for mode i, and
7 1is a controller such that any run of the closed-loop system with initial state in {i} x W; with
respect to any valid preview input sequence for G is safe. Note that any execution of G is also
an execution of G, but the corresponding preview input sequences of G and G can be different.
Suppose that {(#, T, qx) Q’Zl and { (7, 7, qx) ivzl are two preview input sequences of G and G
corresponding to the same execution & = { (I, gx) QJZO. Then by Definition 8.2, for all k£ > 1,
T, = T (qr: i) = min(T (qx, qis1)) and T € T(qe, grs1) and 1, + T, =ty + T = min(l;1 ). Hence
”L',i < 1, and t,’( > 1 for all kK > 1, which implies that for any transition in 7, a controller of G always
knows the next mode from the preview input of G earlier than a controller of G.

Since the preview input of the next transition is earlier in G than in G, given an execution

7 = {(It,qx) }3_,, for any k > 1, % can always infer’ the k'" preview input of G from the k' input

3Given the k" preview input (;, T, qis1) of G, the k’* preview input of G is (te + T — T, T, qr1) With T, =

~

T (qk qr+1)-
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of G before time ;. We force controller % to generate control inputs for the switched system X
with preview automaton G based on the inferred inputs of G. Then any run of £ when closing the
loop with the customized % and G is a run of the closed-loop system with respect to X, % and G,
which is safe if the initial state is in {i} x W;. Hence W; is a winning set of G for all i € Q. U

Thanks to Theorem 8.6, in terms of maximal winning set computation, it is enough to consider
the preview automaton whose preview time interval is a singleton set for all transitions without
introducing any conservatism. This property stated in Theorem 8.6 can reduce computation cost
and simplify the algorithms. Therefore, whenever there is a preview automaton G, we first convert
G into the form of G in Theorem 8.6. Algorithm 8 is designed to compute the maximal winning
set for the preview automaton in the form of G, whose result is equal to the maximal winning
set of G. We note that G can be expanded to a non-deterministic finite transition system with
Y.i(H; — (min; T; ;) + ¥ T; ;) states. Taking a product of this finite transition system with the
switched system, the problem can be reduced to an invariance computation (with measurable and
unmeasurable non-determinism) on the product system. However, the algorithms we propose avoid
product construction and directly define fixed-point operations on the switched system’s state space.

In Algorithm 8, lines 4-6 compute the maximal winning set for each sink state in G. Lines 7-12
compute the winning sets of the non-sink states iteratively, with updates given by Algorithm 9. The
main operators used in these algorithms are as follows. First, given a mode 7 of the switched system
with state space X and action space U, and a subset V of X, the one-step controlled predecessor of

V with respect to the dynamics f; is defined as
Prefi(V)Y={xe X :JuecU,fix,u) CV}, (8.15)

that is the set of states that can be guaranteed to reach the set V in one time step by some control
inputs in U.
Second, given a safe set S; C X, the one-step constrained controlled predecessors Prelnt(-) of

an arbitrary set V with respect to the dynamics f; as
Prelnt’i(V,S;) = Pre/i(V)NS;. (8.16)
Now define Vy = §; and update V} recursively for k > 0 by
Vip1 = Prelnt/i(Vi,S;). (8.17)

Note that {V;};>_, in (8.17) is monotonically non-increasing sequence of sets and the fixed point
(reached when Vy | = V}) is the maximal RCIS within the safe set S; with respect to the dynamics
fi» denoted as Inv/i(S;). Finally, given the preview automaton G = {Q, E,T,H}, the successors of
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some node i € Q is defined as Post®(i) = {j: (i,j) € E}.

Algorithm 8 Winning Set for Problem 1

1: function Conlnv(X,S = {Si}icg,G)

2: initialize {W;};co with W; = S;,Vi € Q.

3 initialize {V;};co with V; = 0.

4: for i € Q such that H(i) = oo (sink states) do
5: W; < Inv/i(S;)
6
7
8
9

end for
while Ji € Q such that W; #V; do
Vi<W, VieQ
: for i € Q such that H(i) < c do
10: Wi < InvPreli(G,{W;} jcposi (i) S)
11: end for
12 end while
13: return {W;}ico
14: end function

Some properties of these operators and the /nvPre operator defined by Algorithm 9 are analyzed
next. These properties are used later to prove the correctness of the main algorithm. In what follows
we use {Wi}ieQ C {Wi}ico to denote the element-wise set inclusion W: C W, forall i € Q. When

we talk about maximality, maximality is in (element-wise) set inclusion sense.

Lemma 8.7. Consider two collections of subsets W = {Wi}ieQ and W = {W,}ico of X. If WCwCs,
then W and W satisfy

InvPre’i(G,W,S) C InvPrefi(G,W,S) C S; (8.18)

for any non-sink state i € Q.

Lemma 8.8. W = {W,}c( is the maximal winning set with respect to the safe set S = {S,}ico if and
only if {W;}icq,, is the maximal solutions of the following equations:

W; = InvPre’i(G,W,S),Yi € O, (8.19)

where the components of the winning set W for sink states are chosen according to W; = Inv/i(S i)
for all j € Q.

The proofs of Lemma 1 and 2 are given in the appendix.
Let us illustrate how Algorithm 8 works, using the switched system shown in Fig. 8.5 with
preview automaton in Fig. 8.6 before proving that the proposed algorithm indeed computes the

maximal winning set.
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Algorithm 9 InvPre operator for Algorithm 8

1: function InvPre/i(G,W,S)

2 for j in Post“(i) do

3 C()J:Wj and Ej:T(i,j)

4 for/=1,2,3,...,T;; do

5: Cy.j = Prelnt/i(C;_ ;, ;)
6

7

8

9

end for
end for
Tinin = minjePostG(i) T(i, )
: & (mjePostG(i) Cr,5)
10: H; =H(i)
11: for k=T,;,,+1,--- H; do

12: Cy = Prelnt/i(Cy_y, ;)

13: if J = {j € Post9(i) : T;; > k} # 0 then
14: Ck:Ckm(ﬂjeJkCY}j7j)

15: end if

16: end for

17: return Cy;,

18: end function

Example 8.4. Since there are no sink nodes in the preview automaton in Fig. 8.6, lines 4-6 in
Algorithm 8 are skipped. We use pair (k,1) to indicate the k" iteration of the while loop and /"
iteration of the for loop in line 7 and 9 in Algorithm 8, and use WikJ to refer to the value of W; after
the (k,/) iteration. Note that at iteration (k,/), only W, is being updated and the other W; remains
unchanged for i # [.

Initially W = Wy"" = {s1,s,}. In the iteration (0,1), W' = InvPre/t (G, {W°, W)"0},5) =
{s1} and WZO’1 = WZO’O. In the iteration (0,2), WZO’2 = InvPre1 (G, {Wlo’],Wzo’l},S) = {s2} and
WIO’2 = Wl0 1 In the following iterations (1,1),(1,2), W!! and W!?2 are unchanged. Therefore,
the termination condition in line 7 is satisfied and the output of Algorithm 8 of this example is
Wy = {s1} and W, = {s2}. It is easy to verify that W; = {s} and W, = {s,} form the maximal

winning set for this problem. [
The main completeness result is provided next.

Theorem 8.9. If Algorithm 8 terminates, the tuple of sets {W;}!_, it returns is the maximal winning

set within the safe set S = {S;}icg of the switched system ¥ with the preview automaton G.

Proof. Suppose that {W;*};c( is the maximal winning set we are looking for. Let us partition the

discrete state space Q into the set of sink states Oy = {g € Q : H(g) = =} and the set of non-sink
states Qs = O\Qs = {qg € QO : H(q) < *}.
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Figure 8.6: The preview automaton corresponding to the switched system in Fig. 8.5. Hy = H, =3
is the least holding time for both modes, and 71, = T»; = 1 is the preview time for transitions (1,2)
and (2,1).

If g is a sink state, once the system enters the mode ¢, the system remains in mode g without any
future switching. Therefore, the maximal winning set W, is trivially the maximal RCIS within the
safe set S, with respect to the dynamics of mode ¢, that is W = Inv/a (S¢)- In line 4-6 of Algorithm
8, we compute the maximal winning sets for all the sink states.

We have solved W;* for sink state i € Q,. Let us consider the maximal winning sets for non-sink
states. We want to show that W being updated based on lines 7-12 of Algorithm 8 converges to W*.
Without loss of generality, assume that Q,,; = {1,2,...,s,5} and let the “for” loop in line 9 iterate
over the indices 1,2, ...,s,s in the natural order.

We use W/ to indicate the updated value of W after the k' iteration of the “while” loop (line
7) and the I'* iteration of the “for” loop (line 9). Then the initial value of W is wo0 — {Wl-o’o}ieQ
where WiO’O = §; foralli € O, and W]Q’O = WJT" for all j € Qs. According to line 9-10, forall k > 0
and 0 <[ <s,5—1, Wik’lH = InvPrel/i(G,Wk! S) for i =1+ 1 and Wf’lH = Wf’l forall j #£1+1
and W10 — ks

Now we want to prove that if W* C Wwk0 C § for some k > 0, then W* C Wk! C § for any
1 €{1,2,...,5,5} by induction. (Base case 1) Since we have W* C wko C s, by Lemma 1 and 2, we
have

W, = InvPre/i(G,W*,S) C InvPre (G,W*0,5) = Wl C §;

for i = 1. Since W* C WX9 and W;“l = W;"O for all j # 1, we have W* C wkl C §. (Induction
hypothesis 1) Suppose that W* C W5/ C S for some 0 < I < s,, — 1. Again, by Lemma 1 and 2,
W* C Whki+1 C §. Finally by induction, if W* C W0 C §, W* C WX! C Sforall I € {1,2,...,5,5}.

Then next we want to prove by induction that W* C WkO C § for all k> 0. (Base case 2)
W* C W90 C § by construction. (Induction hypothesis 2) Suppose W* C W59 C § for some k > 0.
Then, we have proven that W* C Wkisns — Wwk+1.0 C S Therefore by induction, W* C WwkO C S for
any k > 0.

The two induction arguments above prove that W* C Wkl for any k > 0and 0 <[ < s;.
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Now let us show that W0 w01 w02 wk0 whtll  iga non-expanding sequence. Since
Whsns = wk+1.0 for all k > 0, it suffices to show WK1 C Wk for any k > 0and 0 < I < 5,5 — 1.

(Base case 3) Note that InvPre/i(G,V,S) C S; for arbitrary V C X and i € Q. Thus by definition
W = InvPrefi(G,W0,5) € S; = ;" for i = 1. Note that W' =W} for all j # 1. Thus
wol € w00  Now consider W92, Note that W]Q’Z = W]Q’l for all j £ 2. For i =2, Wl.o’2 =
InvPrefi(G,WO1,8) C S; =W " Thus W02 C WO, Similarly, we have W0 C ... C WO C w00,

(Induction hypothesis 3) Suppose W5 C ... C WK1 € Wk for some k > 0. To show that
WkHLIFL C Wkt for all 1, we need another induction argument. (Base case 4) We know W 1.0 =
whsn and Wit = Wi for j £ 1. For i = 1, Wi = Wi =W = InvPrefi(G,WH05).

1

By induction hypothesis 3, W**» C W*0 and thus by Lemma 8.7 and 8.8,

W~k+1’1 _ InvPreﬁ(G,WkJrl’O,S) C InvPreﬁ(G, Wk’O,S) = W.k+170

1 1

for i = 1, and therefore Wkt1L.1 C wk+1.0,

(Induction hypothesis 4) Suppose that Wt/ C whtlLi=1 c C wkt1.0 By definition,
W = Wit for all j £ 1+ 1. Also, for i = 1+ 1, W = W™ = Invpre/i(G, W, 5). By
the induction hypothesis 3 and 4, wktLI C wkl and thus by Lemma 8.7 and 8.8 again, fori =1[+1,

W = yprefi(G, WY S) C InvPrefi(G, W, §) = w1

1 1

and therefore W5/+1 C W4!, Then by induction 4, we have W 1sws C .. C whk+1.1 C wk+1.0,

Therefore by the induction 3, we show that w0 WkO wktLL g non-expanding.

By far, we have shown that WO0WO!  wkOWk1 is a monotonic non-expanding sequence
within S, which implies that the limit of this sequence W*" (the output of Algorithm 8) exists and
is contained by S thus safe. By line 7-12 of Algorithm 8, W= is a solution of equations in (8.19).
Also, since for any k and [, W* C Wkl and W* is the maximal solution of equations in (8.19), we
have W=0 = W, [

Note that the above proof also guarantees termination if the switched system under consideration
has finitely many states. For switched systems with continuous state spaces, the non-expanding
property of the computed sets guarantees convergence but termination in finite number of steps is
not guaranteed, in general. For linear switched systems, termination can still be guaranteed using
algorithms from [32, 103] by slightly sacrificing maximality (see also [112]).

Once the maximal winning set (or a winning set) W* = {W/" },c( is obtained, a controller can
be extracted roughly as follows: for a sink node i € Q;, the allowable control inputs for each state
in the RCIS W;* can be obtained by applying the Pre operator to W;*. For a non-sink node j € Qys,

we need a “invariance” controller to make sure the system state remain in W;* before a preview
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happens, and a “reachability” controller for each transition (j,k) € E and each possible preview
time Tj, € T(j,k) such that from the time point a preview is received by the controller, system
state can guarantee to reach Wy in 7j; steps, where the allowable control input for each step can
be obtained by applying the Prelnt recursively for 7, times. For the “invariance” controller, we
also need to make sure that the system state reaches certain parts of the maximal winning set based
on the holding time (time steps elapsed since last transition) such that once a preview occurs, the
system state is within the domain of the corresponding “reachability” controller. The process of
computing the “reachability” controllers actually corresponds to line 2-7 in Algorithm 9, and the
process of computing the “invariance” controller corresponds to line 9 and 12-14, if the preview
automaton has a singleton preview time interval. The process can be generalized to general preview

time intervals from the Algorithm 9 based on the description above.

8.2.3 Illustrative Examples

In the following case studies, we apply the proposed algorithms to switched affine systems, where
the state space and safe set are polytopes. In this case Pre and Prelnv operators reduces to polytopic

operations, which we implement using the MPT3 toolbox [48].

8.2.3.1 Vehicle Cruise Control

Our first example is a cruise control problem for the scenario shown in Example 8.1. The longitudinal
dynamics of a vehicle with road grade is given by
fo fi | F

vV=—"—"yp4+ " _gsinf (8.20)
m m m

where v is the longitudinal speed, m is the vehicle mass, fy and f] are the coefficients related to
frictions, F,, is the wheel force, g is the gravitational acceleration and 6 is the road grade. We
choose F;, as the control input and 6 as a disturbance. We discretize (8.20) with time step Ar = 0.1s.
The discrete-time dynamics with disturbance ranges ry, r and r3 consist of the modes 1, 2, 3 in the
switched system defined in Example 8.1.

The safety specification is to keep the longitudinal speed within X = [31.95,32]m/s. The speed
range is intentionally picked small enough so that the change the road grade induces on the dynamics
makes the specification hard to be satisfied. The parameters are chosen as m = 1650kg, fo = 0.1N,
fi =5N-s/m, g = 10m/s>. The control input range is F, € [—0.65mg,0.66mg|. For the preview
automaton shown in Fig. 8.4, the holding time for each mode is 2 and the preview time for each
transition is 1.

To make a comparison, we compute the maximal RCIS for the dynamics discretized from (8.20)

147



with disturbance in [—30.5°,30.5°] (convex hull of ry, ry, r3). If such an invariant set exists, it is
a feasible winning set for our problem. However, the resulting RCIS is empty, which suggests
that the problem is infeasible if disturbance can vary arbitrarily in [—30.5°,30.5°]. In contrast, the
winning set obtained from Algorithm 8§ is {Wi}?:] with W) = W, = W3 = X. Therefore the preview

automaton is crucial in this case study for the existence of a safety controller.

8.2.3.2 Vehicle Lane Keeping Control

In the second example, we apply the proposed method to synthesize a lane-keeping controller,
which controls the steering to limit the lateral displacement of vehicle within the lane boundaries.

The lateral dynamics we use are from a linearized bicycle model [112]. The four states of the
model consist of the lateral displacement y, lateral velocity v, yaw angle AW and yaw rate r. The
vehicle is controlled by the steering input & in range [—7/2,7/2]. We assume that the longitudinal
velocity u of the vehicle is constant and equal to 30m/s. The disturbance r, is a function of the road
curvature, which is what we assume to have preview information on at run-time.

The maximal recommended range of r; on Michigan highways [1] with respect to u = 30m/s
is about [—0.06,0.06]. We divide [—0.06,0.06] evenly into 5 intervals d; = [—0.06,—0.036],
dy =[—0.036,—0.012], ..., ds = [0.036,0.06] and construct a switched system with 5 modes, where
eachmodei € Q ={1,2,3,4,5} corresponds to a lateral dynamics with r; bounded in d;, denoted by
fi- The corresponding preview automaton is shown in Fig. 8.7, where transitions are only between
any two modes with adjacent r, intervals. For simplicity, the preview time interval T (i, j) = 1, for
all (i, j) € E, and the least holding time H (i) = 1, for all i € Q for some constants 7. and 7.

The safe set is given by the constraints |y| < 0.9, |v| < 1.2, |A¥| < 0.05, |r| < 0.3 for all modes.

Table 8.1: Computation costs for different (7., 7;)

(t.,T4) #iterations time (min)

(1,2) 4 18.9
(2,2) 4 18.0
(1,1) 5 20.3
(5,5) 3 16.8

We apply Algorithm 8 to compute the maximal winning sets for various 7. and 7;. The values of
(7., T4) with corresponding numbers of iterations at termination and running time are listed in Table
8.1. Denote the maximal winning set with respect to mode 2 for each pair (7., 7;) in Table 8.1 as
WZ,(‘CC,‘L'd)'

As a comparison, we compute the maximal RCIS for the lateral dynamics with r; in [—0.06,0.06],
denoted by W;,,. The projections of Wa.(z.1) and W;,,, onto 3-dimensional subspaces are shown in
Figs. 8.8 and 8.9.
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Figure 8.7: Preview automaton for the lane-keeping case study
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Figure 8.8: Projections of Win,, W (1 2y, W5 (2.2) onto two subspaces. The red, blue and green regions
are the projection of Wj,,, the difference of projections of W, (1 5) and W;,, and the difference of
projections of W, (5 5) and W, (1 5).

Fig. 8.8 compares Win,, W, (1 2) and W, (5 5y, where the holding time 7, is fixed and the preview
time 7, are tuned to show the effect of preview time on winning set. In theory, Winy € Wz 1)
W(r{.,r;) for any 7. < 7. and 7, < 7, which is verified by the numerical result where Wi, C Wy (12) C
W,,(2,2)- The blue region in Fig. 8.8 shows the difference of W, (1 5) and Wy, indicating how much
we gain from the preview information with (7., 7;) = (1,2) compared to no preview. The green
region in Figure 8.8 shows the difference of W, (5 5) and W; (1 3), which indicates how much the
maximal winning set grows as the preview time 7, increases from 1 to 2 while the least holding
time 7; = 2 is fixed. As revealed by the size of the green region in Fig. 8.8, the growth of the
maximal winning set decreases as the preview time becomes one step longer. Understanding the
conditions under which a longer preview does or does not help the growth of the maximal winning
set is subject of our future work.

Fig. 8.9 compares Win, W, (1 1) and W, (1 5), where we fix the preview time 7, and change the
least holding time 7,. The blue and green regions show the difference of W; (1) and W;,, and the
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Figure 8.9: Projections of Winy, W5 (1 1), W2 (1 5) onto two subspaces. The red, blue and green regions
are the projection of Wj,,, the difference of projections of W, (1 1) and Wj,, and the difference of
projections of W, (1 5y and W, (q 1.

difference of W, (1 5y and W, (1 1. Therefore, the size of the green region indicates how much the
winning set grows as we increase the least holding time 7; from 1 to 5. Compared to Fig. 8.8,
the winning set is more sensitive to the change of the least holding time 7; than the change of the
preview time T,.

Finally, Winy, W5 (1.1), W5 (55) are compared in Fig. 8.9, where we increase 7, and 7; simul-
taneously. W, (s s5) is numerically equal to W, (1 5), and thus its projections are the same as the
projections of W, (1 5y shown in Fig. 8.9. In fact, the winning sets with respect to modes 2, 3, 4
for 7, = 1,7; =5 and 7, = 5, 7; = 5 are numerically equal; the winning set with respect to mode 1
and 5 slightly grows when (7., 7;) changes from (1,5) to (5,5), but the growth is too small to be
visualized. The observation in Fig. 8.8 and 8.9 reveals one theoretical conjecture: If the preview
time and the least holding time are large enough, a longer preview time and/or a longer holding
time will not increase the size of the maximal winning set. That is, the size of the maximal winning
set converges as the preview time and the least holding time increase. To verify this conjecture is

part of our future work.

8.2.4 Summary

In this section, we introduce preview automaton and provide an algorithm for safety control
synthesis in the existence of preview information. The proposed algorithm is shown to compute the
maximal winning set upon termination. These ideas are demonstrated with two examples from the
autonomous driving domain. As shown in these examples, incorporation of preview information
in control synthesis leads to less conservative safety guarantees compared to standard RCIS based

approaches. In the future, we will investigate the use of preview automaton for synthesizing
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controllers from more general specifications. We also have some ongoing work investigating the
connections of preview automaton with discrete-time I/0O hybrid automaton with clock variables

representing preview and holding times.

8.3 Safety Control with Uncertain Preview

In Chapter 7 and Section 8.1, we study the safety control problem for systems with preview under
the assumption that the preview on future disturbances is accurate. This assumption can be satisfied
in certain control applications, such as reference tracking [114, 28]. However, if the preview
information is obtained from a perception module, it is likely that the preview is corrupted by
measurement noise and thus becomes uncertain. Motivated by these applications, in this section,

we study how to synthesize safety controllers for systems with uncertain preview.

Notation. For a collection 2" = {Xk}f,{v:1 of sets, the union Uy¢ 2-X is denoted by U.Z" for short.

8.3.1 Problem Setup

8.3.1.1 Systems with uncertain preview

Consider a discrete-time dynamical system ¥ in form of
ox(r41) = f(x(2),u(r),d(1)), (8.21)

with state x € R”, input u € R™ and disturbance d € D C R’. The disturbance set D is assumed to
be compact. A system X in form of (8.21) is said to have p-step (uncertain) preview if at each time

step t, the controller has access to

* the current state x(¢), and

o~

* the noisy measurements (d(f + k))g;é of current and incoming disturbances (d(z + k))f;é in

p steps, denoted by d;. »(t) for short.

To simplify the problem setup, we only assume that the disturbance measurements are corrupted by
noise, while the state can be accurately measured at each time instance. Moreover, we assume that
there exist p measurement functions Ay : D — 2P\ 0 such that dy(t) € hy(di(1)).

In the next two subsections, we first introduce the output-feedback control problem for general
discrete-time systems, and then formulate the safety control problem for a system with uncertain

preview as a special output-feedback safety control problem.
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8.3.1.2 Output Feedback Safety Control Problem

A discrete-time system X with output function 4 is given by

(e 1) = fx(2),u(t),d(1)),

Y h): (8.22)
=0 (1) € h(x(1)),

where ¥ is a discrete-time system as in (8.21), y € Y C RY is the output of X, and /4 : R" — 2Y \0is a
function mapping each state x € R” to a nonempty subset i(x) of Y. The set ¥ contains all possible
outputs of the system. For any y € Y, we define the inverse of A by h~!(y) := {x € R" | y € h(x)}.

We make the following assumption on the output function A.
Assumption 8.1. For all y € Y, the inverse h™'(y) is nonempty.

Note that we can always make the output function £ satisfy Assumption 8.1 by redefining
Y = Uy,ecrnh(x). For a system in (8.22) , since its states cannot be directly observed, we can infer
where the current state is located based on the system outputs over time. Specifically, suppose that
the initial state x(0) is known to be within some subset X _; of R". Then, Xy :=X_1 NA~!(y(0))
is the set of all the initial state x(0) € X_; consistent with the output y(0). For t > 1, given y(0 : 7)
and u(0 : ¢ — 1), we define X; as the set of states x(¢) such that there exists x(0 :  — 1) satisfying

(a) x(0) € Xo;
(b) for all k from O tot — 1, x(k+ 1) € f(x(k),u(k),D) and y(k+ 1) € h(x(k+1)).

One can interpret X; as the set of state estimates of x(¢) consistent with the outputs y(0 : 7) and inputs
u(0:¢—1) observed up to time 7. In the remainder of this section, we call X; the belief set of the
state x(¢) (also known as information set in the literature [13]). Note that in our previous discussion,
the construction of Xj is different from X; with r > 1 due to the extra assumption x(0) € X_;. In
practice, this set X_| may be inferred from additional observations on x(0), and thus can vary with
the initial state x(0). The following assumption allows us to deal with all different X_; in an unified

manner.

Assumption 8.2. There exists a collection 2y of belief sets Xy of the initial state x(0) such that
given the output y(0) and any additional information on x(0) available at time t = 0, one can
identify at least one element Xo C h™'(yo) from 2 such that the actual initial state x(0) € X,.

A trivial collection 2 of initial belief sets satisfying Assumption 8.2 is {A~(y) |y € Y}. By
definition, given an initial belief set Xy € 2, the belief set X; on x(¢) can be determined by the
inputs u(0 : £ — 1) and the outputs y(1 : 7). The following lemma shows that X; is actually Markovian,
namely that X; is a function of X;_1, u(r — 1), and y(¢).
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Lemma 8.10. For all r > 1, the set X; is uniquely determined by X, 1, u(t — 1), and y(¢), satisfying
Xe = f(Xi—1,u(t —1),D) VA~ (0(1)) =2 F(Xp—1,u(r = 1),(t)). (8.23)

Proof. Let X, be the RHS of (8.23). We want to show that X; = X.

First, pick an arbitrary x(¢) € X;. By definition of X;, there exist x(0 : # — 1) such that x(k) € X}
for k from O to ¢t — 1, and x(t) € f(x(t —1),u(t —1),D) Nh~'(y(¢t)). Therefore, x(¢) € X;, and thus,
X; CX;.

Next, pick an arbitrary x(¢) € X,. Then, there exists x,_; € X;_| such that x(z) € f(x(t —
1),u(t—1),D) and y(t) € h(x(t)). If t = 1, it is obvious that x(¢) € X; by definition. If # > 1, since
x(t —1) € X;_1, there further exists x(0 : 7 — 2) satisfying the points (a) and (b) in the definition of
X;_1 with respect to x(¢ — 1). Then, it can be shown that x(0 : # — 1) satisfies the points (a) and (b)
in the definition of X; with respect to x(¢). Hence, x(¢) € X; and thus, X, C X;. O

Given the collection 2 of the initial belief sets, we denote the collection of all possible belief

sets of x(r) by Z;. By Lemma 8.10, we can characterize .2; with ¢ > 1 with the recursive equation
2 = {F(X,_l,u,y) | X, 1€ Zi 1 ue ]Rm,y S Ux*ef(X,_l,u,D)h(x—i_)}? (8.24)

where the set U+ sx, ,.4,p)(x") contains all possible outputs at time ¢ given that the state x(z — 1)
isin Z;_;. We call the set 2" := U;>0.Z; of all possible belief sets the belief space of the system.

Since the belief set X; is the minimal region containing the state x(¢) one can infer from the
historical inputs and outputs at time #, the control input u(¢) should be determined based on the
belief set X;. Therefore, the controllers considered in this section are functions u : 2~ — R from
the belief space 2~ to the input space R™. Specifically, given a controller u, the control input ()
at time ¢ is u(X; ), where X; is by definition determined by Xy, y(0: ), and u(0: 7 —1).

Remark 8.2. To implement a controller u : X — R”, we have to represent the belief set X; numerically.
One simple representation of X; is the tuple (Xo,y(0:#),u(0:¢— 1)), from which one can uniquely
determine X;. However, as ¢ goes to infinity, this representation of X; requires infinite memory.
Therefore, a output-feedback controller u : 2 — R™ in general requires infinite memory, unless

every element in 2~ can be represented with finite memory.

Now we are ready to define the output-feedback safety control problem. Let Sy, € R"*" be a
safe set of a system X with output 4. Given an initial belief set Xy € 2, a controlleru : Z~ — R™
is safe if all possible state-input trajectories (x(),u(r));>o starting from any x(0) € Xy under the
control of u stay in the safe set Sy, indefinitely. A set Xy € 2 is a winning belief set if there exists

a safe controller u with respect to X.
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Problem 8.3. Given a system X with output function h, safe set Sy,, and a collection % of initial

belief sets, identify the set Wax of all winning belief sets, and the corresponding safe controllers.

8.3.1.3 Problem Statement

Consider a system X with p-step uncertain preview, as described in Section 8.3.1.1. Let S, be a
safe set of X. Recall the p-augmented system X, of X and its safe set Sy, ,, defined in (7.2) and
(7.3). The safety control problem for a system ¥ with p-step uncertain preview can be formulated
as the output-feedback safety control problem for the p-augmented system X, with respect to the

safe set Sy,,p. The output function / of X, is given by
h(x,d1.p) = {x} x hi(di) x --- X hp(d,). (8.25)

We denote the output (x(t),c/l\lzp(t)) of £, at time ¢ by (x(t),c;’\l;p(t)) € h(x(t),dy.p(t)). We make the

following assumption to simplify the derivation later.

Assumption 8.3. At time t = 0, for each j from 1 to p, we have (p — j) additional measure-
ments (c;';Jrk(—k))f;lj of the state d;(0) of X, satisfying dAjH(—l) € hjr1(d;(0)), ..., dAp(j —p) €
hp(dj (0)).

Assumption 8.3 essentially states that we start previewing disturbances of X at timet = —(p —1).
This assumption can be easily fulfilled in real-world applications if we allow the perception module
that generates preview to start running p steps earlier than the control module. According to

Assumption 8.3, the collection 2 of the initial belief sets for X, is
20 =R"X D X Dy x -+ x Dy, (8.26)

where the collection Z; := Uycp {ﬂfz i h k) | e € hk(d)} contains all possible belief sets of
the state d;(0) given its (p — j+ 1) measurements dAj(O), - a’Ap( J— p). Atrun time, given the initial
output (x(0),d). »(0)) € h(x(0),d;.,(0)) and the additional preview information in Assumption 8.3,
the initial belief set Xy is

p P

Xo = {x(0)} x (Vg "(di(1 = k) x - x (I (di(G— k) x -+ x b, N (dyp(0)) € 2o, (8.27)
k=1 k=j

Now we have all the ingredients for the safety control problem of systems with uncertain preview.

Problem 8.4. Given a system ¥ with p-step uncertain preview and its safe set Sy, find a solution to
Problem 8.3 with respect to the system X, with output function h in (8.25), the safe set Sy, p, and
the collection 2y of initial belief sets in (8.26).
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Remark 8.3. Let 2 := {h’l(x,c;f\l;p) | (x,c?l;p) € Uh(R" x DP)}, that is, the collection of initial
belief sets determined only by the initial output (x(0),d). »(0)) € h(x(0),d,.,(0)) for all possible
(x(0),d1.5(0)) € R" x DP. It can be shown that 2 in (8.26) is equal to 27, where 2, is defined
according to the recursive equation in (8.24) with respect to 2. Furthermore, it can be shown that
any safe controller with respect to X € 2 can be extended from a safe controller with respect to

some Xy € 2. In this sense, we do not lose any generality by making Assumption 8.3.

8.3.2 Set-Invariance Based Approach

In this subsection, we first characterize the solution to Problem 8.3, addressing the output-feedback
safety control problem for any system. While computing the general solution for Problem 8.3 is
challenging, we present in the latter part of this subsection an efficient computation method for
the solution to Problem 8.4, a specific case of Problem 8.3. This approach leverages the inherent

structure within X,,.

8.3.2.1 General Approach

Consider a general system X as in (8.21) with output A, safe set Sy,, and a collection 2 of initial

belief sets. We define a set dynamics £ by
Lp:X(t+1) = F(X(2),u(r),dy(1)), (8.28)

with state X(r) € 2, input u(r) € R”, and disturbance d\(r) € Dy(X(1),u(t)) :=
Usterx()u(e),p)P(x7). Recall that F is defined in (8.23), and 2" is the belief space with re-
spect to Zp. It can be checked that for any X (1) € 2", u(t) € R™, and d,(t) € D,(X(t),u(t)),
X(t+1) € Z, and thus, X is well-defined over 2.

According to Lemma 8.10, any sequence (X;),>o of belief sets of ¥ with respect to inputs
(u(t));>0 and outputs (y(7));>0 must be the trajectory of £z with X(0) = Xj corresponding to the
same inputs (u());>0 and the disturbance sequence d,(r) = y(t + 1) for all # > 0, and vice versa.
We define the safe set Sr of X by

Spi={(X,u) | X € 2 .X x {u} C S} (8.29)

Definition 8.7. For a system x™ = f(x,u,d) with state-input-dependent disturbance set d € D(x,u),
a set C is an RCIS of this system with respect to a safe set Sy, if for all x € C, there exists u such
that (x,u) € Sy, and f(x,u,D(x,u)) C C. Given an RCIS of the system, its admissible input set at
state x is defined by .7 (x,C) := {u | (x,u) € Sxu, f (x,u,D(x,u)) C C}.
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Definition 8.7 extends Definition 2.3 for systems with state-input-dependent disturbance, such as
Yr. Let Gnax be the maximal RCIS of X with respect to Sg. The following theorem reveals the

relation between %, and the maximal winning set #},,, in Problem 8.3.

Theorem 8.11. Given a system (¥,h) with output function h, safe set Sy,, and a collection 2y of
initial belief sets, the maximal winning set Wpax is equal to the intersection of Z and the maximal
RCIS Gpax of Lr with respect to Sp. That is, Wymax = Cmax N Zo. Furthermore, any controller
u: 2 — R"satisfying u(X) € o (X, Gmax) for all X € Gpax is safe with respect to any Xo € Wpmax-

Proof. Pick any Xy € Gnax N Z0. By the definition of 6.y, there exists a controller u: 2 — R”
satisfying that for all X € €pux, u(X) € o7 (X, Gnax). Therefore, all feasible state-input trajectories
(X(t),u(t))r>0 of Zr from X (0) = Xy under the control of u stay within S¢ indefinitely, implying
that u is a safe controller of (X, ) with respect to Xo. Thus, Xo € #n4x. Since X is picked arbitrarily
from Gnax N 20, Gmax N 20 C Wmax-

Next, pick an arbitrary Xy € #.c. There exists a safe controller u : 2~ — R” with respect
to Xp. From the definition of safe controller, it can be shown that any closed-loop trajectory of
Yr from Xy under the control of u stays within S¢ indefinitely, implying that Xy € €,4y. Thus,
Winax C Cmas- [

According to Theorem 8.11, the maximal winning set of the output-feedback safety control
problem is exactly €. N Z0. In other words, to solve Problem 8.3, one only needs to find the
maximal RCIS of Xr with respect to Sr. Since the system Xr is a set dynamics, its maximal RCIS
is in general challenging to compute. However, in the next part of this subsection, we show that
when restricting to the system (X, /) defined in Section 8.3.1.3, the corresponding set dynamics
can be converted into a finite-dimensional nonlinear system, whose maximal RCIS can be more

efficiently computed.

8.3.2.2 Efficient Computation for Systems with Uncertain Preview

Consider the p-augmented X, with output function h, safe set Sy, ,, and the collection 2 of initial
belief sets in Section 8.3.1.3. We denote the system Xr in (8.28) and the safe set Sr in (8.29) defined
with respect to (Zp, h), Sxu, p»and 2o by Xr,, and Sf,,. The reminder of this subsection focuses on

the computation of the maximal RCIS of Xr,, with respect to S, ,, denoted by @ paxp-

Definition 8.8. Consider two discrete-time systems X, : x* = f(x,u,d) and X, : 7 = g(z,u,w)
with states x € X and z € Z, input u € U, and disturbances d € D(x,u), and w € W(z,u). The system
Y, emulates the system X, if there exists a surjective function 7 : X — Z such that for all x € X and
ucU, t(f(x,u,D(x,u))) = g(t(x),u, W(t(x),u)).

156



Lemma 8.12. For two systems X, and X, as in Definition 8.8, suppose that X, emulates X,. Then,
the maximal RCIS Cj,,4y ; Of the system X, with respect to a safe set Sz, is equal to T(Cypay ¢ ), Where
Cinax,x 1s the maximal RCIS of the system X, with respect to the safe set Sy, := {(x,u) | (t(x),u) €
S}

Proof. First, we want to show that T(Cinay x) is an RCIS of X, with respect to Sy,. Let z € T(Cpaxx)-
Then, there exists (x,u) € Sy, such that x € Cparx, T(x) =z, and f(x,u,D(x,u)) C Cpaxx. Since Xy
emulates X, we have g(7(x),u, W(t(x),u)) = t(f(x,u,D(x,u))) C T(Cpnax,x). By the definition of
Syus (x,u) € Sy, implies (z,u) = (7(x),u) € Sz,. Thus, T(Cpaxx) is an RCIS of X, with respect to
Szu, and thereby, T(Chnax.x) C Ciax.z-

Second, let x € 7! (Cmaxz)-  Then, 7(x) € Cuaxz and there exists u such that
g(t(x),u,W(7(x),u)) C Cpax,. Since X, emulates X,

FOru,D(x,u)) © o (o(fx,u, D(x,u)))) = 7 (g(7(x), 1, W (7(x), 1)) € T (Conaxz)-

Also, since (T(x),u) € Sy, (x,u) € Sy, by definition. Thus, 77! (Cyax ;) is an RCIS of T, with respect
to S,,, and thus, T*I(Cmam) C Cpaxx- Since 7 is surjective, ‘L'(‘L"I(Cmaxyz)) = Chaxz C T(Craxx)
which completes the proof. [

Recall that we want to compute the maximal RCIS 6,4y, of the set dynamics X ,. According
to Lemma 8.12, if we can find an auxiliary system X, that emulates X, ,, then the maximal RCIS
of Xr;, can be obtained from the maximal RCIS of the auxiliary system. Next, we show how to
construct such an auxiliary system.

First, note that due to the nilpotent structure in the dynamics of X, corresponding to the states dj.),
and the specific output function #, the belief set X; at time # only depend on x(¢), {dAk(t +1-k)}_,
(p measurements of dj(r)), {dAk(t +2—k)}_, ((p—1) measurements of d»(t)), ..., c;’;,(t) (the first

measurement of d,(¢)). Specifically, we have

X, = D)} x (Vg Wit +1=K)) x - x (Vb (di(t 4+ —K)) > x N (dp (1) (8.30)
k=1 k=j

Comparing (8.27) and (8.30), it can be shown that 2; = %2 (thanks to Assumption 8.3) and
thus 2" = 2. Furthermore, by (8.30), each X; € Z; = 2 can be uniquely determined by the
vector (x(1),d1.1.p(t),d22.p(t),- - ,dp »(1)), where d;;(1) denotes di(t + j — k), the (p+1—k) th
measurement of the state d(r) of £, (recall that the first measurement of d(t) is dA,,(t +j—p)). We
denote the set of all feasible (x(t),c;,’\l71:p(t),c?272;p(t), T ,c?,,_‘p(t)) by E, that is,

~

=R"x Dy x ---x Dy, (8.31)

[x]
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where D i = Uden H‘Z: jhk (d) is the set of all potential measurements dAj j:p of a disturbance d € D

obtained from the measurement functions #;.,. We define the function 7: E — 2" by

~

(6, di1ps e dpp) = ) X AL(dr 1) X X Aj(d) ) XX Apldp ), (8.32)

where A ](dAJ i) =Nk i h,:l (dAjk) is the belief set of the state d;. Based on the previous discussion,

it can be shown that 7 is surjective, that is, 7(E) = 2. Next, we define an auxiliary system X,

over E by
kD) ] [A)u0),800)]
flJ(H— 1) A51 (1)
dipp(t+1) dyp.p(t)
Saut | dra(t+1) | = 8(1) : (8.33)
d3iplt+1) d3 5:p(1)
_‘?17717(""1)_ i 8p(1) |

with the state & := (x,dAm;p,~~- ,dAp,p) € &, input u € R™, and disturbances &y, € Dyux(§) :=
Al(clALl:p) X I'I';:l1 Uhj(AJ-H(cZAjHJH;p)) x Uh,(D). Recall that for a subset X of R", Uh;(X)

denotes Uyexhj(x).

Lemma 8.13. The system X, in (8.33) emulates the system Xr .

Proof. According to Definition 8.8, we want to check that for all £ € Z, for all u € R,

T(faur(§s 1, Daux(G)) = fr.p(T(8), 1, Dy p(T(S), ), (8.34)

where fy,, is dynamics function of X, (that is, RHS of (8.33) ), and fF,, is the dynamics function
of Xf p, and Dy, is the disturbance set of Xf ), (that is, D) in (8.28) with respect to X, and h).
First, by plugging the dynamics f,,, and the disturbance D, into 7, it can be shown that

T(faur (S 1 Do ()
:f(xvuaAl(dALl:p)) X Hi':llAj(Uhj(AjH(dAj+1,j+1:p>) X {‘?j+1,j+1:p}) X Ap(Uhp(D)).  (8.35)

By the definition of A}, it can be shown that

Aj(Uhj(Aj1(djirjerp)) X {djst,j1:p )
={h; () NAj11(dji1js1p) | d € Uhj(Aji1(djsn jr1p)} (8.36)
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Next, by definition,

Dy p(7(8),u) = f(xaL‘?Al(dAl,lzp)) X H =1 | Uh; i( J+1(dAj+1,j+l:p)) X Uhp(D). (8.37)

Thus,

frp(T(€),u,Dy p(T(€), 1))

={fp,(Xe,u,D)Nh~ " (y) | y € Dy p(T(E),u)} (8.38)

={{x "} < T2 (0 (@) N A1 (dgr o) X By (@) | (xF,dy,) € Dy p(2(€),u)} - (8.39)

=/ (x,u, A1 (dy 1)) x T (d) N A (djrjarep) | d € URj(A i (dig j1:p)) X
Ap(Uhp(D)) (8.40)

=£(r,u,A1(d1 1)) X T A (URj(Aj 1 (dj j1p)) X {djs1 jrip}) X Ap(Uhp(D))  (8.:41)

The last equality above is due to (8.36). Since (8.41) is the same as (8.35), we have proven the
equality in (8.34). [

Theorem 8.14. The maximal winning set for the system ¥ with p-step uncertain preview is equal to
T(Cnax,aux), where the function 7 is defined in (8.32), and the set Cpax quy is the maximal RCIS of
Xaux with respect to the safe set {(&,u) | ©(&,u) € Sk}

Proof. By Lemmas 8.12 and 8.13, 7(Cpax,aux) is the maximal RCIS of X, with respect to Sg,,.

Then, by Theorem 8.11, the maximal winning set is equal to T(Cpax,aux) N 20 = T(Crax,aux), Since
T<Cmax7aux) - X = % O

Thanks to Theorem 8.14, the solution to Problem 8.4 can be obtained by computing the maximal
RCIS Cpax,aux 0f the auxiliary system X,,,. Compared with the set dynamics X, the auxiliary
system X, is of finite dimensions, and thus, its maximal RCIS can be approximated using existing

backward reachability toolboxes for nonlinear systems (such as [73]).

Remark 8.4. Since any belief set X € 2 can be represented by a finite-dimensional vector § € E,

output-feedback controllers for the p-augmented system X, only require finite amount of memory.

8.3.3 Summary

In this section, we study the safety control problem for systems with uncertain preview. We
first characterize the solution to the safety control problem for an arbitrary system with output,
establishing a connection between the maximal winning set and the maximal RCIS of a set dynamics.

Subsequently, we show that when dealing specifically with systems with uncertain preview, the
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maximal winning set can be derived from the maximal RCIS of a finite-dimensional nonlinear

system, which can be approximately more efficiently than the maximal RCIS of the set dynamics.
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CHAPTER 9

Opportunistic Safety Outside the Maximal Controlled

Invariant Set

Constraints are ubiquitous in control tasks for safety-critical systems, such as lane keeping for
autonomous vehicles, overload protection in power systems, and obstacle avoidance for mobile
robots. The goal of safety control is to synthesize controllers that can guarantee a system operates
under its safety constraints indefinitely. Many methods have been developed over the years that
can provide such safety guarantees, such as viability theory [16], reference governors [41], safety
supervisory control [91, 112], robust control barrier function [53], and Hamilton-Jacobi reachability
[19]. A common property shared by those methods is that they all yield an RCIS of the system with
respect to the safety constraints.

Recall that there exists a unique maximal RCIS that contains all possible RCISs given some
safety constraints. Controllers synthesized by the aforementioned methods are defined only if the
system initially operates in the maximal RCIS, since otherwise the worst-case disturbance is able to
force the system to violate the safety constraints in finite time. However, in practice, the system may
be initialized outside the maximal RCIS or exit the maximal RCIS due to unexpected disturbances.
In those cases, the system may still operate safely and even re-enter the maximal RCIS, as long
as the disturbance is not completely adversarial (or to put it differently, the disturbance behaves
collaboratively to some extent). The core question here is how to synthesize controllers that can
seize the opportunity to keep the system safe when the disturbance is not entirely adversarial.
Apparently the aforementioned methods do not answer this question since they become undefined
outside the maximal RCIS.

Similar issues also arise in the field of reactive synthesis for finite transition systems and have
been addressed by recent works [6, 37]. The main idea there is that if a winning strategy robust to
all disturbances does not exist, one should pick a strategy at least as good as the other strategies in
terms of the amount of disturbances it can be robust to. These ideas are also applied in the context
of abstraction-based control [106] and finite-horizon constrained optimal control [39]. Inspired by

this line of work, in this chapter, we present a novel safety control framework that finds control
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inputs that are safe against the largest possible disturbance set. Compared with the existing safety

control methods restricted by the maximal RCIS, our method has the following benefits:

* The proposed controller provides the same safety guarantees as the existing methods when

the system operates inside the maximal RCIS.

* When outside the maximal RCIS, the proposed controller is robustly safe against the largest

amount of disturbance within a predefined template set.

* The proposed controller is well-defined as long as a constraint violation is evitable with some

possible collaboration from the disturbance.

In addition, we show that the proposed controller can be synthesized by finding the maximal RCIS
(or its inner approximation) of an auxiliary system one dimension higher than the original system,
using a technique from [121]. Therefore, toolboxes developed for existing safety control methods
can be directly applied to synthesize the proposed controllers. Numerical examples show that our

method improve the safety of the system outside the maximal RCIS significantly.

Chapter Overview. In Section 9.1, we provide necessary definitions and the problem statement.
A solution to the proposed problem is presented in Section 9.2, followed by numerical examples in

Section 9.3 that illustrate the efficacy of our approach. We conclude our work in Section 9.4.

Notation. For two sets X and Y, f: X = Y denotes a set-valued function from X to Y. For
two sets X and Y, their set difference and symmetric set difference are denoted by X\Y and
XoY = (X\Y)U(Y\X) respectively. For a function f : X — R, the infinity norm of f is denoted
by || fl|es := sup,cx | f(x)|. For two functions f: X — Y and g : Y — Z, their composition is denoted
by go f.

9.1 Problem Setup

We consider a discrete-time linear system X
Y :x" =Ax+Bu+Ed, 9.1)

with state x € R”, input u € R, and disturbance d € D C R!. The disturbance set D contains all

possible disturbances. Let Sy, denote the set of desired state-input pairs, which we call the safe set

of the system. We assume that both D and Sy, are convex polytopes, and moreover D is compact.
A disturbance model A : R" = D is a function that assigns a subset A(x) of D to each x € R".

Given a disturbance model A, if the disturbance input satisfies the constraint d € A(x) at each time
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step, we say the disturbance is generated by A. Given a controller u : R” — R™ and a disturbance
model A, the k-step forward reachable set 9?;5 (x0,u,A) from the initial state x is defined recursively
by

‘%§+1(x07u7A) = {(x+,u(x+)) ’ El(xa Lt) S '@)Ié(x()?u?A)?
xt € Ax+Bu+EA(x)}, 9.2)

with Z2(x0,u,A) = {(xo,u(x0))}. Intuitively, %% (xo,u,A) contains all possible state-input pairs

reached at time k from xq by the closed-loop system when the disturbance d is generated by A.

9.1.1 Robust Safety Control Framework

Given the system X, the safe set Sy,, and a disturbance model A, the robust safety control problem

tries to solve for the set of all the initial states xy where there exists u : R” — R such that
P (x0,u,A) C Sy, Yk > 0. 9.3)

Indeed, the maximal set of such initial states is called the maximal RCIS C, . of X with respect
to Sy, and A. There is also an alternative characterization of the maximal RCIS C,,,,,: Given the
system X, the safe set Sy, and a disturbance model A, a set C C R" is an RCIS of X with respect to
Sxu and A if for all x € C, there exists an input u such that (x,u) € Sy, and Ax+ Bu+ EA(x) CC.
Then, the maximal RCIS C,,,, is the union of all RCIS of X with respect to Sy, and A. Given an
RCIS C with respect to Sy, and A, the admissible input set <7 (x,C) at a state x is defined as

o (x,C) ={u| (x,u) € Sxy, Ax+Bu+EA(x) CC}. (9.4)

A controller u satisfies the condition in (9.3) for any initial state xo € Cy,, if and only if for all
x € Cax,

u(x) € o (x,Cpax)- 9.5)

Most of existing works on safety control consider a special case of the robust safety control
problem, which we denote as Problem 9.1, where the disturbance model A, is such that A, (x) = D
for all x € R". We denote the corresponding maximal RCIS as C.x 1 [20]. As an application of (9.5),

if a reference controller u,, is given, a robust safety supervisor u that satisfies (9.3) with respect to
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Ay for all xg € Cpay,1 can be synthesized by minimally modifying the reference controller,

u(x) = Medr(;ljgml) [t — e (%)]13, VX € G 1 (9.6)
Note that the robust safety supervisor in (9.6) is not defined for states outside Cy,4y,1. In particular,
the admissible input set .27 (x, Cpay,1) is empty for any x & Cyuay1. This is not problematic if the
system starts from Cp,,1 and the disturbance is always in D, ensuring that the system stays in
Cinax,1 indefinitely. But those assumptions may be unreliable in practice, potentially causing an
inadvertent exit from G,y 1. As a result, the safety control framework described in this subsection

is exceedingly susceptible to potential violations of those assumptions.

9.1.2 An Opportunistic Safety Control Problem

Let 2 be a collection of Borel subsets of the disturbance set D, with D € 2. We call & the
disturbance template set. For a given controller u and an initial state xo, let Z(u,xp) be the
collection of disturbance models A : R” — & for which the safety specification in (9.3) is satisfied,
that is

P(u,x0) := {A:R" = 2| Z%(x,u,A) C Sy, Yk > 0}.

We further define 22(xg) := Uy Z(u,x0), that is the set of disturbance models a controller can
possibly be robust to when the system starts at xg.

With these new notations, Problem 9.1 can be rephrased as finding u such that the worst-case
disturbance model A, is in & (u,x() for a given xy. Note that A, is the worst-case disturbance
model in the sense that if the safety specification in (9.3) is satisfied for Ay, it is satisfied for any
A:R" — 2 with respect to the same xj and u. Then, it is clear that when A,j; is not contained by
P (xo) (that is when x & Cinax,1), Problem 9.1 has no solutions. Apparently, a better strategy is to
find a controller u robust to the worst-case disturbance model available in &2 (xg) (if Ay is not)!.
In this case, we synthesize a controller that is doing its best to keep the system within the safety
constraints, as long as &?(xg) is nonempty.

To formalize this idea, we need to identify the worst-case disturbance model in Z(xy). Here we
use a simple criterion. Let (t be a Borel measure on D. For any disturbance models A; and A;, we
define Y(A1,A2)(x) := sup,cpn |U(A1(x) ©Az(x))|. This function ¥ is a pseudometric in the space
of disturbance models, measuring the distance between two disturbance models. Then, since we
know A,j; is the worst-case disturbance model among all disturbance models, we simply consider a

nearest point in & (xg) to A, with respect to v as a worst-case disturbance model in Z(xg). As

"Under the partial order given by A; < Ay iff Aj(x) C Ay (x),Vx € R”, it can be shown that A, is the unique maximal
element in the set of disturbance models, and &2 (u,x) is a lower set with respect to this partial order. Thus, being safe
against one disturbance model A € & (x) implies being safe against all disturbance models less than A.
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a result, finding a controller robust to a worst-case disturbance model in & (xp) is equivalent to
finding u that minimizes the distance y(Z(0,x0),Au1) = infac (4 xy) Y(A, Aair) between the set
P (u,xp) and A,y (by default y(Z2(w,x0),Au;) = +oo if P (u,xp) is empty). Based on the above

discussion, we pose an opportunistic safety control problem.

Problem 9.2. Given the system ¥ with its safe set Sx,, synthesize a controller u* : R" — R"™ such
that

(i) Ay € ,@(u*,x) fOl’X € Cmax,l,'

(ii) W* minimizes® the distance between P(-,x) and Ay with respect to the pseudometric Y
for x & Cpax,1.

Point (i) above assures that any solution u* to Problem 9.2 provides safety guarantees as strong
as that to Problem 9.1 when the system operates in the maximal RCIS Cjqx,1. When outside Gy 1,
point (ii) assures that u* provides extra robustness guarantees compared with solutions to Problem
9.1. Besides, if Cy4x,1 is empty, Problem 9.1 has no solution, but a solution u* to Problem 9.2 may

still exist.

Remark 9.1. The conservativeness and computational tractability of the solutions u* to Problem 9.2
depend on the measure u over D and the disturbance template set Z. A trivial choice is 2 = {D},
under which Problem 9.2 degrades to Problem 9.1 .

9.2 Construction of u*

In this section, we show how to construct a solution u* to Problem 9.2. As noted in Remark 9.1, we
need to first specify the measure p and the disturbance template set . We choose the measure y to
be the Lebesgue measure on R! but restrict it to D. We assume that p(D) > 0 3. The disturbance

template set is chosen to be
P ={ug+aD|u; € (l1—a)D, o €10,1]}. 9.7)

That is, the disturbance template set & contains all the subsets of D that have the same shape as D.
This collection of disturbance sets is rich enough since it contains uncountably many subsets of D
scaled to different sizes and positioned at various places, as demonstrated in Fig. 9.1a. At the same

time, & is simple enough for constructing u*, which is shown next.

ZPoint (ii) does not necessarily imply point (i) since ¥(Z(u,x),Ay;) = 0 does not imply A, € & (u,x) (unless
P (u,x) is closed).
30therwise, D lies in a subspace of R!, which implies we should lower .
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Figure 9.1: Demonstration of the disturbance template set & in (9.7) and the maximal RCIS G4y,
Of Za .

For each o € [0, 1], we define an auxiliary system X
Yo: x =Ax+Bu+E(us+d), 9.8)

with A, B, and E the same as in (9.1), and uy, d € R’. In addition to u, we introduce a new control
input u,;. The maximal RCIS of X, with respect to the safe set Sy, ¢ := Sy, X (I — @)D and the
disturbance model Ay := A,y is denoted by Cpgyx, -

Intuitively, in X, we split the disturbance input in X into two parts, namely that u; € (1 — @)D
and d € aD, and turn u, into a control input. When & = 1, Gy 15 just the maximal RCIS Cpqx 1
of ¥ with respect to Sy, and A,;; defined in Section 9.1.1. As o goes to 0, £, has more control
power and less uncertainty, and thus C,,r,o monotonically expands as o goes to 0, as demonstrated
in Fig. 9.1b . When a = 0, we have full control of the disturbances in D. Hence for any initial state
xo not in Cypqy 0, We cannot find a controller and a disturbance model such that (9.3) is satisfied. In
other words, Z(x) is empty if and only if x & G4 0. The following theorem draws a connection

between Cyqx,q and solutions u* to Problem 9.2.

Theorem 9.1. For any state x € Cpay, let a*(x) be the maximal o € [0, 1] such that x € Cpay .
Then, a controller w* is a solution to Problem 9.2 if and only if for all x € Cypqx 0, there exists uy € R!
such that

(U*(x)’ud) < JZ{()C, Cmax,oc*(x))v 9.9
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where < (x, Cmax,a*(x)) is the admissible input set of the system Lo with respect to Sy, .o and Ag,
with o« = o*(x). In addition, the distance between & (0*,x) and Ay satisfies

EEPNLYSAY)
P (", x), Ay) = (1= @IRD)  x€ Cnaro, (9.10)

o0 ow.

The proof of Theorem 9.1 is in the appendix. Intuitively, if a state x is in Cpqy, o, We can find
u:R"” — R” and u, : R* — R such that the disturbance model u; + A is in Z(u,x). It can be
shown that by taking o0 = o*(x), ug + Ag is actually a worst-case disturbance model in &?(xg) and
is contained by & (u*,x) for any u* satisfying (9.9). Furthermore, when o (x) = 1, uy + Ay = Ayyy-
Thus, both points in Problem 9.2 are fulfilled by u*. Applying Theorem 9.1, given a reference

controller u,. s, we propose an opportunistic safety supervisor

i 2
B i 9.11
U= el e B o1

This opportunistic safety supervisor is defined over Cpy 0, larger than the domain C,,4y 1 of the
robust safety supervisor in (9.6). Recall that when xg is not in G,y 0, it becomes inevitable to
violate the safety constraints no matter what the controller and the disturbance do. The opportunistic

safety supervisor becomes undefined only in this extreme case.

Remark 9.2. Our results also hold for Problem 9.2 with discretized a: Let ¢; for i from O to N be

an increasing sequence of scalars such that 0 = o < o) < --- < ay = 1. Let
.@:{ud—I—OCiD|ud€(l—Oti)D,iE{O,'“,N}}. 9.12)

We redefine a*(x) to be the maximal ¢; such that x € Cpqy,¢;. Theorem 9.1 with this redefined
o*(x) holds for the disturbance set Z in (9.12). The only benefit for using 2 in (9.12) instead of
(9.7) is that to construct u*, we only need Cy ¢ for finitely many o (versus a continuum of o in

[0, 1)).

9.2.1 The One-shot Computation of C,,,x «

In this subsection, we show how to compute G4y, for all a € [0, 1] in one shot. Consider a new

xt

auxiliary system Xy j

Ax+Bu+E(ug+d)
(04

: (9.13)
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where we introduce a new state o € [0, 1] and a new control input u; € R'. Define the safe set

qu,[O,l] of z"[0,1] by
S jo,1] = {(x; 06, u,ug) [(x,u,u4) € Syua, @ € [0,1]}. (9.14)

Let Ay, be the disturbance model such that Ay ;)(x, @) = aD for all (x,a) € R" x [0,1]. We
denote the maximal RCIS of Xy ;; with respect to Sy, jo,1] and Ajg 1] by Gy [0,1)- Since Sy, and D
are both polytopes, it can be shown that S, o 1) is a polytope and the maximal RCIS G, [o,1] can
be approximated by the standard iterative method [20]. The implementation details of this method
are outlined in [91, 121]. Once we have G, 0.1)> Ciax,or 18 just equal to the slice of Gy [0,1]
through o = o/, for any o € [0, 1], as shown in Fig. 9.1b. Furthermore, given C,, [o,1] and x, the

value a*(x) can be easily obtained by solving a linear program:

R e (9.15)
S.t. (x,a) € meﬂ[o_‘]].

Remark 9.3 (Computational cost). Compared with the robust safety control framework, our method
needs to compute the maximal RCIS C,,,, [0,1) for a system with one additional state & € R and one
extra control input uy; € R (cf., (9.13) vs. (9.1)) and thus has a higher offline computational cost.
At runtime, given the current state x and G4 [o,1], We first solve the linear program in (9.15) to
check if x € Cpqx 0 and find a* (x), and then solve the quadratic program in (9.11). For a comparison,
the robust safety control framework solves one linear program to check if x € C,,4x,1 and then solve
the quadratic program in (9.6). The runtime computational cost of the two frameworks should be

similar.

Remark 9.4. 1f the maximal RCIS G, [0,1] cannot be computed exactly, one can use any controlled

invariant inner approximation of C,,,, [0.1) in (9.11), with the cost of extra conservativeness.

9.3 Numerical Examples

The maximal RCISs C,,,, [0,1) In the examples are computed using MPT3 [48] equipped with
GUROBI [44] in MATLAB. The code and video can be accessed from https://ozay—-group.
github.io/OppSafe/.
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9.3.1 Adaptive Cruise Control

We consider the car-following example in [69]. The goal is to maintain the relative distance As
and the relative velocity Av between the ego vehicle and the front vehicle within a safe range. The
system is modeled by a discretized double integrator with states x = (As, Av). The model parameters
can be found in [69]. The control input and the disturbance are the acceleration u of the ego vehicle
and the acceleration d € [—dyuqx, dmay] Of the front vehicle respectively. The safe set is given by
|As —15] <5, |Av| < 5, and |u| < 2.

The reference controller u,,r = 0.2842As + 0.8056Av, with a saturation limit at +=2. We im-

plemented the robust and the opportunistic safety supervisors in (9.6) and (9.11) and the safety
protection and extension governor outlined in Section V of [69], assuming d,,,x = 1. To evaluate
those three safety supervisors at states with different values of a*(x), we generated 10 groups 2
of initial states, where 2y ; contains 1000 states uniformly sampled in C,,4x 0. 14(i— 1)\Cmax70.1*,- for
i from 1 to 10. That is, each xg € Zo,; has o*(xo) between 0.1(i — 1) and 0.1i. Note that 2
is disjoint from the maximal RCIS G, 1 for all i, since we want to evaluate how the controllers
perform outside the maximal RCIS.

For each initial state xo in 2y ;, we generate a random disturbance sequence from a uniform
distribution in the interval [—d,; 4y, dmax| and then run simulations for each safety supervisor for 500
steps. During the simulation, if a safety supervisor becomes undefined, we switch to the reference
controller. Thus, for each group index i and dy,4x, we have 1000 trajectories starting from 2 ;
under each safety supervisor. We evaluate the performance with two metrics: the average exit time
the system first exits the safe set (taken to be 500 when the system never exits Sy, ), and the safety
rate, the ratio of trajectories remaining in Sy, through the entire simulation period out of a total
of 1000 trajectories. The average exit time and the safety rates of the three safety supervisors for
dmax = 1 and 1.05 are shown in Fig. 9.2. First note that both metrics of all the safety supervisors
grow with the group index i. This is expected since the initial states with a higher value of o* (x)
have worst-case disturbances in &?(xp) closer to A, and thus are easier to be kept within the safe
set. Comparing curves in different colors in Fig. 9.2, we observe that the performance of the safety
supervisors degrade as the disturbances is sampled in a range larger than the assumed one. Finally,
comparing curves in the same color, we observe that the proposed safety supervisor outperforms the
safety supervisors in (9.6) and in [69] in both metrics for all groups of initial states and all dj;4y. In
particular, when unexpected disturbances appear (by increasing d,,,, from 1 to 1.05), the proposed
safety supervisor has much larger average exit time than the other two, as shown in Fig.9.2a, and
is the only one among the three that has nonzero safety rates, as shown in Fig. 9.2b, showing that
the proposed method enhances the safety of the system significantly when the system operates
outside the maximal RCIS. Similar results are observed when we repeat this experiment with

disturbances generated by nonuniform distributions, suggesting that our approach works well across
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Figure 9.2: The average exit time and safety rates of the safety supervisors in (9.6) (robust) and
(9.11) (opportunistic), and the safety governor in [69] in the adaptive cruise control example.

different disturbance distributions. We omit the results for these other experiments but the code for

reproducing them is available in our code repository.

9.3.2 Lane Keeping Control

We consider a highway driving scenario where we want to keep the lateral position of a vehicle
within given lane boundaries. We use the 4-dimensional linearized bicycle model in [112] with
respect to the constant longitudinal velocity 30m/s, discretized with time step 0.1s. The states are
the lateral displacement y, the lateral velocity v, the yaw angle AW, and the yaw rate r. The control
input is the steering angle u. The safe set is given by constraints |y| < 0.9, |[v| < 1.2, |A¥| < 0.05,
|r| <0.3, and |u| < 7 /2. The disturbance of the system is the road curvature d with |d| < dygy.
The reference controller w,. s is w,.f = —Kx subject to a saturation limit at +7 /2, where K is
determined through solving an LQR problem (with Q = I and R = 0). Then, we implement the
proposed safety supervisor in (9.11) and the robust safety supervisor in (9.6), assuming d,,,, = 0.08.
For this example, our implementation of the approach in Section V of [69] fails to find a nonempty
RCIS and thus its simulation results are omitted. We assess the safety supervisors in the same
manner as in Section 9.3.1. Fig. 9.3 illustrates the average exit time and the safety rate for both
safety supervisors under simulations with d,,, = 0.08, 0.12, and 0.16. Similar to the previous
example, the performance of the safety supervisors is improved as the initial states have a higher
value of a*(x), and degrades as the disturbance range used in the simulation exceeds that used in

control synthesis. Comparing curves in the same color in Fig. 9.3 , the proposed safety supervisor
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Figure 9.3: The average exit time and the safety rate of the robust safety supervisor in (9.6) and the
opportunistic safety supervisor in (9.11) in the lane keeping example.

consistently outperforms the robust safety supervisor across all groups of initial states and all d,;,,.
Notably, the performance of our approach at d,,, = 0.12 (50% larger than the assumed d,,4y) 1S
even better than the performance of the robust safety supervisor at d,,,,, = 0.08, highlighting its
enhanced safety and resilience to unexpected disturbances when the system operates beyond the
maximal RCIS G4y 1.

9.3.3 Safe Tracking for Aerial Vehicle

We tested our approach on the drone platform Crazyflie 2.1 in a task of cruising around designated
waypoints in the horizontal plane while avoiding entering hazardous region (red region in Fig.
9.4). We use a built-in controller to keep the altitude of the drone constant, and then control its
horizontal motion by sending the reference velocities u, and u, in the x, y axes to a lower-level
controller in the period of 0.1s. Validated by the flight data, the drone dynamics in x and y axes
under the lower-level controller are decoupled, homogeneous, and linear. Thus, we model the
dynamics in x and y by two identical 3-dimensional linear systems with states s, = (x, vy, uy 1) (Or
Sy = (¥, vy, uy, 1), respectively), where x and v, are the position and velocity in x axis, and u, _; is
the previous reference velocity u,. The system matrices are learned from data via least square with
the disturbance set the convex hull of the prediction error. The safe set of X, is given by constraints
X <1,

We synthesize one reference tracking controller for each subsystem in form of ¢ . = —K(s —

ve| <1, Jux] <1, and |u, 1 —uyx| <0.5. The setup for the system in y axis is the same.

Sref ) (¥ is a placeholder for x or y) subject to a saturation limit of 41, where K is determined
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Figure 9.4: The drone trajectories in x-y plane under the safety supervisors in (9.6) (yellow-red) and
(9.11) (blue-dark blue). The color of the curves reflects the value of a*(x) along the trajectories.

through solving a LQR problem (with Q = 31 and R = I). We then implement the safety supervisors
in (9.6) and (9.11) to supervise U, s .. For the experiments, we pick 24 waypoints to form a big “M”,
as shown by the checkmarks in Figure 9.4. Part of the waypoints is picked outside the safe region
such that the reference controller without any supervision would steer the drone to the unsafe region.
During the experiments, we switch to the reference controller whenever the safety supervisor is
undefined. Since the drone is initialized within C,,,1, both safety supervisors are able to maintain
the drone within the safe region, as shown by Fig. 9.4a. To make this task more challenging,
we repeat this experiment with the state measurements corrupted by an additional Gaussian noise
with standard deviation 0.05. Subject to this unexpected measurement noise, our opportunistic
safety supervisor still successfully keeps the drone within the safe region, while the robust safety

supervisor in (9.6) fails as shown in Fig. 9.4b.

9.4 Conclusion

In this chapter, we present an opportunistic safety control framework that extends the domain of
safety controllers beyond the maximal RCIS. This is achieved by designing a controller that is
robustly safe against as much disturbance as possible. Our approach can be trivially extended for
nonlinear systems, which we consider in future. We also want to extend these results to probabilistic
settings, by using a given or learned probability measure u instead of the Lebesgue measure used in

this chapter.
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CHAPTER 10

Summary and Outlook

10.1 Summary

This dissertation addresses challenging safety control problems for discrete-time systems, by
leveraging inherent structures in system dynamics, controllers, and disturbances.

The first part of the dissertation develops scalable safety controller synthesis algorithms. It first
analyzes the convergence properties of the inside-out algorithm for computing inner approximations
of the maximal RCIS. Then, efficient methods for computing implicit RCISs are introduced, making
use of an eventually periodic or automaton-based structure in control. Compared with existing
methods of computing implicit RCIS, our approach does not need a “seed” RCIS, and provide
weak completeness and performance guarantees. Lastly, we reveal a key structural property of the
maximal RCIS of input-delayed systems. Based on this property, we propose an efficient method
for computing the maximal RCIS of input-delayed systems that scales well with delay time.

The second part of this dissertation focuses on reducing conservativeness in safety control by
utilizing the structure of disturbance, particularly preview information on disturbance. We introduce
the concept of safety regret, which measures the incremental value of preview information in
safety control. Then we prove the exponential convergence of safety regret with preview horizon
for discrete-time linear systems and provides numerical algorithms to estimate the convergence
rate. For three classes of systems with preview, we develop efficient methods for computing the
maximal RCIS for systems with preview, by exploiting the structural properties in the system model.
Finally, we propose the opportunistic safety control framework that works both inside and outside
the maximal RCIS without relying on preview information. By steering the system against the
worst-case disturbance that can be tolerant at each state, this opportunistic safety control framework
outperforms the existing safety control frameworks in experiments, and shows great resilience to

unexpected disturbance.
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10.2 Future Work

In this section, we discuss a few research directions that extend the works presented in this

dissertation.

10.2.1 Safety Control for Systems with Uncertain Preview

In Section 8.3, we study the safety control problem for systems with uncertain preview. While we
have shown that the maximal winning set for such a problem can be derived from the maximal RCIS
of a finite-dimensional auxiliary system, the computational cost for approximating this maximal
RCIS can be high due to the nonlinearity and the high dimensionality of the auxiliary system. It
would be of interest to develop approaches that can efficiently approximate the maximal winning

set, and moreover, synthesize safe controllers for systems with uncertain preview.

10.2.2 Opportunistic Safety for Nonlinear Systems

In Chapter 9, we propose the opportunistic safety control framework for discrete-time linear systems.
It is straightforward to extend this approach for nonlinear systems either in continuous time or
discrete time. The main challenge in these extensions is how to approximate the maximal RCIS
Cinax,0,1] of the auxiliary system Xy jj in (9.13), which would be a nonlinear system with state-
dependent disturbance constraints. One potential solution is to use existing toolboxes such as
helperOC [19] for continuous-time systems and ROCS [73] for discrete-time systems. Furthermore,
our current framework does not utilize any statistics regarding the disturbance. Another interesting
research direction is to investigate how to incorporate disturbance statistics into our framework

when they are available.

10.2.3 Safety Control for Nonlinear Systems Based on Koopman Operator
Theory

The safety control methods presented in this dissertation are mainly developed for discrete-time
linear systems, limiting their applicability. Recent results in applied Koopman operator theory have
shown that many nonlinear control systems can be approximated well by high-dimensional linear
systems via a nonlinear lifting function [60, 61, 87]. This high-dimensional linear representation
of a nonlinear system allows one to use methods developed for linear systems, such as LQR or
linear MPC, to control nonlinear systems. However, there are few works that combine Koopman
operation theory with safety control. The main challenge is that many safety control methods are

developed for linear systems with polytopic constraints, but the lifting function that maps states
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of the nonlinear system to states of its linear representation is typically nonlinear and does not
preserve linear inequality constraints. Our recent work [18] shows that if the lifting function has
a linear left inverse, we can map polytopic constraints on the nonlinear system to some polytopic
constraints on its linear representation, enabling efficient BRS computation for nonlinear systems.
However, experiments in [18] also show that the conservativeness of the resulting BRS highly
depends on the choice of the lifting function. One open research problem is how to design or learn
a lifting function that can systematically reduce the conservativeness in BRS computation. Another
interesting research direction is to investigate if we can compute RCIS for nonlinear systems using

similar ideas.
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APPENDIX A

Complementary Materials for Chapter 3

A.1 On the existence of stationary points

The work [27, Theorem 12] considers disturbance-free systems with decoupled safe set Sy, = X x U
for a convex compact X C R" and a closed convex U C R™. To apply [27, Theorem 12] to our

setting, given the system X of the form (3.1), we construct the disturbance-free system ¥':

£

where (x,u) is the state and vy, v, are two inputs of the system ¥’. Given a compact convex RCIS

x(t)

u(t) *

va (1), (A.D)

Cp of X in Sy, construct the set C(’) as
Cy={(x,u) € Sy | x € Cy,Id € D,Ax+ Bu+Ed € Cy}. (A.2)

It is easy to check that C{) is a compact convex controlled invariant set[27] of the system X’ in the
decoupled safe set Sy, X R™ x D. Then, by [27, Theorem 12], there exists (x.,u.) € Cj, v, € R”

and v, , € D such that
Xe| A B
uel |00

Define d, = v, .. By (A.3), x, = Ax, + Bu, + Ed,. By construction of C), we have x, € Cy and
(Xe,Ue) € Syu-

0

Xe
Vie+
1

E
0 V2. (A.3)

_I_

Ue

A.2 Proofs of Theorems 3.2-3.5

The following lemmas reveal properties of the BRS, which are crucial for proving Theorems 3.2-3.5.
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Lemma A.1. For a linear system X in form of (3.1),
Prey (X1 + X2, 8,1+ Sxu2,D1+D2) 2 Pres(X1,Sxw,1,D1) + Pres (X2, 8w, D2). (A.4)

Proof. Let x; € Prex(X;,Sxui,D;) for i = 1,2. Then, there exists u; such that (x;,u;) € Sy,; and
Ax; +Bu; + ED; C X;, for i = 1,2. Thus, we have

(x1,u1) 4 (x2,u2) € Sy, 1 4 Sxu2 (A5)
A(x1+x2) +B(uy +uz) + ED; + EDy C X + Xo. (A.6)
Thus, x| +x2 € Prex (X1 +X2,8w,1 +Sw2,D1+D3). L]

Lemma A.2. For alinear system X in form of (3.1), if X, Sy, and D are convex, then for any a € [0, 1],
b€ [0,1] and k > 1, we have

Pre.(X,Su,D) D Prek(aX,bSy,bD) + Pref((1 —a)X, (1 —b)Syu, (1 — b)D).
Proof. For any convex set C, C = aC + (1 — a)C for any o € [0, 1]. Thus, by Lemma A.1,
Prex(X,Sw,D) DPrex(aX,bSy,,bD) + Prex((1 —a)X, (1 —b)Sx,, (1 —D)D).

Now assume that (A.7) holds for k = N — 1. By applying Lemma A.1 again, it can be easily proven
that (A.7) holds for k = N. Thus, by induction that (A.7) holds for all k. [

Lemma A.3. For a linear system X in form of (3.1) and any a > 0,
Prey(aX,aSy,,aD) = aPrex (X, Sy, D). (A7)

Proof. Let x € Prex(X, Sy, D). Then, there exists u such that (x,u) € Sy, and Ax+Bu+ED C X.
Thus, (ax,au) € aSy, and Aax+ Bau+ aED C aX. That is, ax € Pres(aX,aSy,,aD). Therefore,
aPrex (XS, D) C Pres(aX,aSy,,aD).

Next, let ax € Prex(aX,aSy,,aD). Then, there exists au such that (ax,au) € aSy, and Aax +
Bau+aED C aX. Thus, (x,u) € Sy, and Ax+Bu+ED C X. That is, x € Prex(X, Sy, D). Therefore,
Prey(aX,aSy,,aD) C aPrex (X, Sy, D). O

Lemma A4. Let {C;}, be an expanding family of nonempty compact convex set. That is, C; C C;
for any i, j such that i < j. Suppose that int(C;) # 0 for all i > iy for some iy > 0, and Co, = U7 ,C;
is bounded. Then, for any closed set U C int(Cw), there exists i such that C; D U.
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Proof. Without loss of generality, we assume iy = 0. Since C; is convex and compact, it is easy to
check that cl(int(C;)) = C;.
Define Coo = limy_. UX_int(C;). Thus, C.o is an open convex set. Note that

cl(Cw) D cl(Cw) D cl(int(C;)) = C;, Vi > 0. (A.8)
Thus,
cl(C) D cl(Co) D Jim U Ci = Cwe. (A.9)

Thus, c/(C.) is the closure of C... By convexity of C.., C.. is the interior of c/(C.), and also the
interior of C.

Next, let U be a closed subset of int(C..) = C.. Since C.. is bounded, U is compact. Also, since
U C Coo = U2 ,int (Cy), {int(C;)}7., forms a open cover of U. By compactness, there exists a finite
subcover {C;, }X_, of U for some K > 0. Then, U C int(C;y). O

Lemma A.5. Let X be a nonempty compact convex set in R”. Under Assumption 3.1, Prex (X, Sy,, D)

is compact and convex.

Proof. A proof for similar results can be found in [22]. We provide a separate proof here for
completeness.

Define Cy, = {(x,u) € Sxu | Ax+Bu+ ED C X}. By definition of backward reachable set,
Pres(X,Sw,D) = Ty ) (Cyy). For now, we assume that Cy, is compact and convex. Since projection
71 5 (+) is continuous and Cy, is compact, Prex (X, Sy, D) is compact. Since the projection of a
convex set is convex, Prex (X, Sy, D) is convex. It is left to show the convexity and compactness of
Cyy.

We first show that Cy, is convex. Let (x1,u1), (x2,u2) be two points in Cy, and & be a constant
in (0,1). Denote (x,u) = ot(xj,u;)+ (1 — a)(x2,up). Since Sy, is convex, (x,u) is in Sy,. For
any d € D and i € {1,2}, xl-+ = Ax; + Bu; + Ed € X. Since X is convex, for the same d € D,
Ax+Bu+Ed = ax{ + (1 —a)xy isin X. Thus, (x,u) € Cy,. That is, Cy, is convex.

Next, we show that Cy, is compact. Let {(x;,, un)},"::1 be an arbitrary convergent sequence in Cyy,.
Suppose that (x,,u,) — (x,u). Since Sy, is compact, (x,u) € Sy,. Forany d € D, Ax,, + Bu, + Ed —
Ax+ Bu+ Ed. Since X is compact and Ax,, + Bu, + Ed € X, Ax+Bu+ Ed € X. Since (x,u) € Sy,
and Ax+Bu+ED C X, (x,u) € Cy,. Thus, Cy, is closed. Since Cy, is closed subset of the compact
set Sy, Cxy 1S compact.

O
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Lemma A.6. Suppose Assumption 3.1 holds. Let Cy be a compact convex RCIS of X in Sy,. Define
C = Pre’(Co,Swu, D) and Coo = U Cy.. Then, C. satisfies the following properties:

(@) {Ck}r_, is an expanding family of compact convex RCISs;
(b) C is bounded and convex;
(c) If int(C) is nonempty, then there exists a finite k > 0 such that int(Cy,) is nonempty;

(d) For any compact subset C contained in the interior of C., there exists an € > 0 such that

Proof. We first prove (a): Since Cy is an RCIS in Sy, by definition, Cy C Prex(Co, Sy, D) = C}.
Since Cy is compact and convex, by Lemma A.5, C; is compact and convex. Now suppose that
Cr—1 € Cy, and both C;_1 and C; are compact and convex. Then, C; = Prex(Cy_1,Sw,D) C
Prex(Cy,Sxu,D) = Cr+1. Since Ci is compact and convex, by Lemma A.5, Cy, is compact
and convex. By induction, {Cy}{?_, is an expanding family of nonempty compact convex sets.
Furthermore, since Cy C Cy | = Prex(Cy,Sxu, D), Cy is an RCIS of X in Sy, for all k > 0.

(b) Since Sy, is bounded and Cy, C 7y (Syy) for all k > 0, C is bounded. Let x; and x, be two
points in Co.. Since {Cy}7_; is an expanding family of sets and Co. = U;?_,Cy, there exists ko such
that x1,x, € Cy,. According to (a), Cy, is convex. Thus, any convex combination of x; and x; is in
Ci, € Cw. Hence, Cw is convex.

(¢) Since int(Cw) is nonempty, we can fit a small hypercube in the interior of C. By definition
of C.., each vertex of this hypercube is contained by Cj for some finite k. Since the hypbercube has
finitely many vertices, there exists a finite ko such that Cy, contains all the vertices of the hypercube.
Since Cy, is convex, Cy, contains the hypercube and thus has nonempty interior.

(d) Suppose that for all € > 0, C+ B¢(0) £ Cw. Then there exists x, € C such that By /,(x) € C.
Since C is compact, there exists a convergent subsequence (x,,)7 ; such that x,, — x for some x € C.
Since C is contained by the interior of C., there exists a constant € > 0 such that By (x) C C.
Since n; — e and x,, — x, there exists /' such that 1/n; < &'/2 and ||x,, —x|]2 < €'/2. Thus,
By /n, (Xn,) C Ber(x) C Coo. However, by construction, By /,,, (Xn,) € Ce, contradiction! Thus, there
exists € > 0 such that C+ B¢(0) C Ce. O

Proof of Theorem 3.2. 1f C is contained in the interior of Cy,, for some Ly > 0, it is trivial that Cy
is contained in the interior of Ce.. Now suppose that Cy is contained in the interior of C.. By Lemma
A.6 (d), there exists € > 0 such that ¢/(Cy+ B¢ (0)) C int(Cw). Also, by Lemma A.6 (c), there exists
ko such that int(Cy, ) is nonempty. Thus by Lemma A.4, there exists k such that C 2 cI(Cp+ B¢(0)).
For the same k, it is clear that Cy C int(Cy). O
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Proof of Theorem 3.3. We first show that there exists a constant o € (0, 1) such that @Cpqy + (1 —
a)Cy is contained by the interior of Cw.. Since Cj is contained in the interior of Cs, by Lemma A.6,
there exists € > 0 such that Cp + B¢(0) C Cw.. Then, Cy + B, /2(0) is in the interior of C.. Since
Sy 18 compact, Gy, 1s bounded, and thus there exists o > 0 such that aC,,,x C B, /2(0). Thus,
Co+ ACpyx C int(Cw). Since 0 € Cp, (1 — a)Co+ ACpax € Co + 0Cpax C int(Ceo).

Next, it can be easily shown that for any RCIS C in the compact convex safe set Sy, the
convex hull of C and the closure of C are also RCIS in Sy, (a special case is proven by [32,
Proposition 20]). Thus, the maximal RCIS C,,,, is compact and convex. Since both C,,, and Cy are
compact and convex, ACpux + (1 — @)Cp is compact and convex. By Lemmas A.4 and A.6, since
OCnax + (1 — o) Cp is a closed subset of int(C.), there exists ko such that 0¢Cax + (1 — @)Co C Cy,.

We denote Cyp = ACpuax + (1 — &)Cp. Since Gy and Cy are RCISs, it is easy to check that Cy is

also an RCIS in S,,. Define C; = Prelfz(a),qu,D). Then, by Lemmas A.1 and A.3,

Cy = Prek(Co, Sy, D) D0Pres(Coax, Sxu, D)+

(1—a)Prek(Co, Sy, D) (A.10)
=0Cpax + (1 — &) Prek (Co, Sy, D)

Define Co, = U;":O(_fk. Then,
Coo 2 Ug_o(0Cpax + (1 — )Cy) (A.12)
= ACpax + (1 — &) C. (A.14)

Since by construction of kg, Co C Cy,,

Coo C U Pref(Cryy Sius D) = Up_ | Chy ik = Coo. (A.15)

Thus, by (A.14) and (A.15),
ACpax + (1 — @)Coo € Coo C Cwv (A.16)
cl(0Cax + (1 — &) Cao) C ¢l (Co) C cl(Cwv). (A.17)

Since Cqy and cl(Cu) are compact, oCpax + (1 — @) cl(Cw) is compact. Thus,

(0 Comax + (1 — @)Ca) C ACar + (1 — &)l (Cun).
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Let x € Cax + (1 — @)cl(Cw). Then, there exist points x| € Cpyy and x; € ¢l(Cw) such that
x = ax; + (1 — o)xz. Since x; € cl(Cw), there exists {xz 4} ; € Co such that x; x — x. Since
oxi;+ (1 — a)xox € 0Cpax + (1 — )Co and otxy + (1 — a)xz p — X, x € cl(ACpax + (1 — 1) Co)
and thus c/(QCpax + (1 — &¢)Cs) is equal to otCpuax + (1 — @)cl(Cw). Hence, (A.17) implies

ACmar + (1 — @) cl(C) C cl(Cos) = atcl(Cuo) + (1 — @) cl(Cao). (A.18)

Since ¢l(Cx) is convex and compact, by order cancellation theorem [42, Theorem 4], (A.18) implies
0 Cpax C 0cl(Co) and thus Cpax C ¢l(Cw). Also, since Cygy is the maximal RCIS, Coo C Cpyy-
Thus, Cyax = ¢l(Cw). O

Proof of Theorem 3.4. Let By be the infimum f such that Cp C Bcl(C.). We first want to show
that By < 1. By Lemma A.6, ¢/(C) is a compact and convex set and there exists € > 0 such that
Co+B¢(0) C cl(C). Since cl(Cx) is bounded, there exists o > 0 such that atcl(Cs) C B¢ (0). Thus,
Co+ 0cl(Co) C cl(Co) = acl(Co) + (1 — a)cl(Cw). Since atcl(Cs) is a nonempty compact set and
(I —a)cl(Cw) is convex, by the order cancellation theorem (Theorem 4 in [42]), Cy C (1 — a)cl(Cw).
Thus, fy<1—a < 1.

Pick B; in (Po, 1). For now, let us assume that there exists a N > 0 such that

Cn = PreY (Co,Sw,D) D Bicl(Cw). (A.19)

Then, Pre (Bocl(Cw),Sxus D) 2 Bicl(Cw). Let A = Bo/Bi. Then, Bicl(Cw) is an N-step A-
contractive set.

Now it is left to show that there exists a N > 0 such that (A.19) holds. It is easy to show that
(i) {Ck}7, is an expanding family of convex compact sets. (ii) Since C.. = U;?_,Cy contains 0
in the interior, by Lemma A.6 (c), there exists ko such that C;, contains O in the interior. (iii)
C is bounded since Sy, is bounded. Finally, since cl/(Cs) contains O in the interior, c/(Cw) =
Bicl(Cw) + (1 = B1)cl(Co) 2 Bicl(Cos) + Be(0) for some small €. Thus, fBcl(C.) is a compact set
in the interior int(cl(C)). In the proof of Lemma A.4, we have shown that int(cl(Cw)) = int(Ce).
Thus, (iv) Bicl(Cs) is a compact set in the interior of Cw. Then, by Lemma A 4, there exists N such
that Cy 2 Bicl(Cw). O

Proof of Theorem 3.5 . Define

Ao — Ay
1-Ay’

_Av(l—%)

Ao = Aop=—1— 7 (A.20)

It is easy to check that Ag; >0, g2 >0, A9 = A9,1 + A2 and 1 — Ag1 = A92/(A7). Thus, by
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Lemmas A.2 and A.3, we have

Prejzv(loC, Sxu, D)

DPreY (2.1C, Ao.1Sxus 20.1D) + Prey (22C, %Sm, %D)
=201 Prel (C, S, D) + %Prefg (AYC, Sy, D)
220,1C+ %YC =g(A)C.

The inclusion in last row above holds since yC is N-step A-contractive.
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APPENDIX B

Complementary Materials for Chapter 4

B.1 Claims of Theorem 4.12

Proof of Claim I: Since S, contains the origin, we have W., x {0} C Sy,. Since 0 € W, it is
easy to verify from (4.2) and (4.3) that W, C W, for all k > 1. Thus, W x {0} C Sy, for all
k > 1. According to (4.4), if x =0 and u, = O for all r > 0, the reachable set (Z%x(x, {ui}'=y) ) =
W, x {0} C Sy Thus, 0 € G0

Proof of Claim 2: Recall from (4.30) that G,zer,y is:

Couery ={ ¥ €R" | H{u} € R™,
('@Z‘,(xy {ui I;;(])) 7ut)nguat = 07 o,V 17
%E(xy {uz}y:z)l) - ?max +Woo}-

Due to Lemma 4.9, %Z(x, {ui}}’:_ol) C €max + W if and only if Z}':_OIA"’I*"BW € G pmax. Based
on this observation, it is easy to verify that Courer.y = Tn(Crvmax) Where Gy maxr = Crvo N (R” X
U (Cmax))-

Proof of Claim 3: We show that ‘é)\cv’(r’l) = Ttntvim (v, (z,2))- Using the matrices H and P as in
(4.16), the definition of €}, (7 3), and Lemma 4.9, we write €}, (7 ) as:

Con(er) ={ (Ko, tose 2 1) | (B.1)
(%X(X,{Ml}i;(l)) ;ut) - qu7t = 07' V= 17

14
(‘%E(ZAl_lBuV—iv {MV‘H‘}f:_Ol )7 ”v—i—k) € S)Clh
=1

1

k=0,---,r+/1—1}.
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By (B.1), the projection 7yt vm(Cy,(c,2)) is:

nnJrvm((ng,(r,)L)) = {(XOMO:V—I) | Juy.cia1, (B.2)
(%E()@ {ul}f;é) 7”1) - qu;t = 07 e,V 17

v
(%f(ZAI_IBMV—ia {MV—H}f:_()l)v uv—i—k) € S,
=

1

k:O,---,r+)L—1}.

Again, using the matrices H and P as in (4.16), by the definition of ?xj(f_w 1)> we have:

Cr(t-v.2) :{Xo € R™ | ug:c—y42 (B.3)
(%E(X(), {ul}i;(%)a ul) S E)6147
[:O’... ’T_i_k_l}.

Comparing the right hand sides of (B.2) and (B.3), we have:

Tontvm(Cry(z,0)) = {(XO,Mo;vq) | (B.4)
('@):()(:7{1’” i;é) 7ul‘) g SXLht - 07 ,V— 1,

v
ZAHIBMV,,' € (gx,(r—v,k) }
i=1

Note that €,,o and % (ng,(r—v,l)) respectively impose the first and second constraints on

(x0,up:y—1) on the right hand side of (B.4). Thus, ﬂn+Vm((5xv,(r,,1)) is equal to the intersection

of G and % (€)y (r—v2)- Thatis:

-~

Con(1.4) = Tntvm (G (2.0))- (B.5)

Since (B.5) implies (4.41), the third claim is proven.
Proof of Claim 4: We define the k-step null-controllable set %}, as the set of states of X that reach
the origin at kth step under the state-input constraints Sy,
% = {x € R" | Jugy_; € R¥™, (B.6)
(%f(x? {ui};;é)aut) S quat = O; e 7k_ 17
Rs(x, {ui}r ")) = O}.
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Obviously, %y = {0}. Since AY = 0 and the fixed point (0,0) € R" x R™ is in the interior of S,
there exists an € > 0 such that the g-ball B¢(0) at the origin satisfies that for up.,—; = 0 € R¥" and
forallt € [0,k—1]:

(Z5(Be(0), {ui}iZg),us) = (A'B¢(0),0) C S,

(B.7)
Rs(x, {u;}} -} = AVBe(0) = 0.

By (B.7) and the definition of %, B¢(0) is contained by %, and thus 6y = {0} is contained in the

interior of %). Then, by Theorem 3.1, since % is contained in the interior of %), there exists 7, > 0,

c2 € [0,1] and a € [0, 1) such that for all k > 1, the Hausdorff distance d(%6}, € max) satisfies that:
d(cglm?max) < C2ak~ (B.3)

Furthermore, let k = 7. For any x € 47 and the corresponding u.;_; satisfying the constraints on
the right hand side of (B.6), it is easy to check that (x,ug.;—1,0) € R" X R(*+A)m is contained in
?xv,(f,l)' Thus, we have for all 7 > O:

Ce CCr(en) C Cmax (B.9)
Thus, by (B.8) and (B.9), for any 7 > 7,, the Hausdorff distance d (?%(13 ;L),?max) satisfies:
d(€ . (12), Cmax) < 20" (B.10)
From the properties of Hausdorff distance, (B.10) implies that:
Cmax C C e (1.2) + Berar (0), (B.11)

where B,,7(0) is the ball at origin with radius c2a”. Recall that €, contains a €-ball B¢(0) for
some € > 0. Since Gy C € pmax» We have (c2a"/€)C max 2 Bc,q7(0). Thus, by (B.11), we have for
any T > T:

ca®—

?max g ?x,(r.,/l) + Tctoﬂmax (B.IZ)

Select a big enough 7y such that 7| > 1, and c;a™ < €. Then, by Lemma 4.9 and (B.12), we have
for any T > 1;:

?L(@)L) 2 (1 - COar)?maxa
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where co = Ce—z Thus, the fourth claim is proven.
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APPENDIX C
Complementary Materials for Chapter S

Proof of Proposition 5.2 . Letx € Cand d € D. By the Definition 5.2, Z (L, f (x,d)) C Z(X4,x) C S
and thus f(x,d) € C. Hence, C is an RPIS by definition.

Suppose x belongs to an arbitrary RPIS within S. By definition, Z(X,,x) C S. Thus, x € C and
C is the maximal RPIS. O

Proof of Proposition 5.1. The “only if” direction is obvious. It is left to show the ”if” direction.
Suppose the safe set is S. Let C be an RCIS for the system ¥’ in S and x be a point in C. We want
to show that for all d € D, there exists u such that Ax+ Bu+d € S. Since D = conv(D,), there
exists a finite K > 0 such that d = ZZKZ1 o;d; for some dy, ..., dg € D, and some ¢, ..., Qg > 0
satisfying Zszl o; = 1. Since C is controlled invariant for ¥, for each d; € D,, there exists u; such
that (x,u;) € S and Ax+ Bu; + Ed; € C. Define u = Zlel ou;. It is easy to show that (x,u) € S and
Ax+ Bu+ Ed € C, by the convexity of S and C. Thus, C is an RCIS within § for X. [

Proof of Theorem 5.3. Denote conv(7; ,(Cer)) by Cp. Let x € Cj and d € D. We want to show
that there exists u such that (x,u) € S and Ax+Bu+d € C),.

By definition of convex hull, there exist a positive integer k > 0, k vectors x; € 7y ,;(C) and k
scalars o € [0, 1] for i from 1 to k such that Z{;l a; =1 and Zi‘(:l a;x; = x. For each i, there exists 6;
and s; such that (x;, 6;,s;) € C.;. We define u; = o(s;,d). Note that by the definition of S.;, (x;,u;) € S.
Also, since C,; is an RPIS, (Ax; +Bu;+d, 6;, 7 (si,d)) € C and thus Ax; +Bu; +d € Cpy,j. We
define u = Y'X_; oyu;. Since S is convex and (x;,u;) € S, (x,u) = Y*_, ot:(x;,u;) € S. Since Cp, is
convex and Ax; + Bu;+d € Cp, Ax+Bu+d = Y*_, a;(Ax; +Bu; +d) € C,. Thus, C, is an RCIS
for the system X in S. O

Proof of Theorem 5.4. We want to show Z (X, (x,0,s)) is finite. Let ((x(¢),0(t),s(t)));>, be the
trajectory of X with initial state (x(0),6(0),s(0)) = (x,0,s). Let (d(r));>, be the disturbance
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sequence. Given A is nilpotent, that is A" = 0 for some h > 0, we have that

t t—1 At—1—i . .
(1) = Ax+Z bA "=i[Bo(s(i),d(i);0) +d(i)] t<h, .
AT [Bo(s(i),d(i); 0) +d ()] t>h

Since s(¢) and d(t) belong to finite sets Q and D, o(s(t),d(t); ) belongs to the finite set U(0) =

{o(s,d;0)}sc.acp- Thus, according to (C.1), x(t), as a function of o(s(t),d(t);0) and d(t) for
t > h, must belongs to a finite set, denoted by X (0). Thus, the reachable set Z(X, (x,0,s)) C
X(0) x {0} x Q is a finite set. O

Proof of Theorem 5.5. We want to derive a sufficient condition under which 7y ;) (Cyup(s1)) 2
71 (Csup(s2))- Note that if for all (x,602) € Cyyp(s2), there exists 8; such that (x,61) € Cyup(s1),
then we have 7(; ;| (Coup (51)) 2 7)1 ) (Coun(52))-

Similar to how we define o*(s,d), we define the parametrized nested output function as

(s, (1)) = O8O k=0 c2)
o (S, t=0> = B .
o(T*(s,(d(1)); =), d(k):0) k>0,

Given s and 6, the parametrized nested output function o* (s, ; @) becomes a function of (d(z))_,
in U‘I."’:lDi. If for any 6>, we can always find a 6, such that the functions 0*(s2,-; 6>) = 0™ (s1,; 61),
then for all (x,6;) € Csp(s2), (x,01) € Cyup(sy). Intuitively, recall that (x,60:) € Cyyp(s2) if
(x(k),0* (s2,(d(t))k_,)) € S for all k > 0 and (d(t))*_, € D. If we know that

(x(k),0" (52, (d(1))k_g;82)) € S for all k > 0, then we know (x(k),0* (s2, (d(t))*_;62)) € S for all
k > 0 since 0*(s3,+;602) = 0*(s1,+;01). Thus, (x,0;) € Cyp(s1)-

Now our goal is to derive a sufficient condition under which there exists a 0; such that
0*(s1,+301) = 0" (s2,;62) for all 6,.

Lemma C.1. Given sy, 55 € Q and 6y, 6,, the functions o*(sy,-;01) = 0*(s2,-; 6,) if and only if
0*(s1,(d(1))k_g; 01) = 0* (52, (d(1))k_; 82) for all k < |Q|? and all (d(r))*_, € D*.

According to Lemma C.1, given any 6,, we can directly solve for a 0; satisfying
0*(s1,(d(t))*_;01) = 0*(s2,(d(t))*_:62) for all k < |Q|* and all (d(t))*_, € D, which is a
system of linear equations on 0. It can be checked that given any 6,, the solvability of the
system of equations on 0; is guaranteed if for all (d(z )) and (da(t ))t o With k1, k» < |0,
o*(s1, (di(t ))t o) = 0%(s1, (daft ))fio) implies o* (s2, (di (¢ ))f 0) = 0*(s2, (da(t )) o)» thatis s > s,
by definition. [

Proof of Lemma C.1 . Given the mealy machine (Q,D,.7,0,0), we can construct a product mealy
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machine (Q X Q,D, 7,4,0 x ©,0,4) where for all 5;, s; € Qandd € D

Tral(50,5),d) = (7 (s51,d), T (5;,d), (€3)
0pa((si,55),d) = (0(si,d),0(sj,d)). (C4)

Given 0 and 6, as two value assignments of ®, we define the parametrized output function
0pa((si,5),d;01,602) = (0(si,d;01),0(s},d;62)).

Given s1, 52 € Q and 0; and 6, by construction, o}‘;d((sl ,82),+;0) is equal to
(0*(s1,361),0%(s2,6)). Thus, 0*(s1,-;601) # 0*(s2,+6,) if and only if there exists a (d(t))*_,
such that (s},s}) = %Z((sl,sz),(d(t))f;(}) and 0,4((s,55),d(k);01,62) = (uy,uz) for some uy,
up € ©, 1y # . Since there are only |Q|? states in the product mealy machine, if (s},s5) can be
visited from (s1,s) under action sequence (d (t))f;ol, the smallest k we need is less than or equal
to |Q|*. Thus, if 0*(s1,-;61) # 0% (52, 62), there must exists a (d(¢))k_, with k < |Q|? such that
0" (51, (@(1))}_:01) 7 0" (2, (d(1))f_: ) s

Proof of Theorem 5.6. Denote C;, = mj; ,)(C"). Suppose C' is an RCIS of X' in § x R™. Let x € Cp,.
We want to show that there exist u such that (x,u) € S and for all d € D, Ax+ Bu+d € C),.

By definition of C,, there exists u € R” such that (x,u) € C’ C S. Furthermore, since C’ is
controlled invariant, there exists v € R” such that (Ax+ Bu+d,v) € C' for all d € D. Thus,
Ax+Bu+d € Cp for all d € D. Thus, we showed that C,, is an RCIS for the system X in S.

Next, suppose that C’ is the maximal RCIS for ¥’ in § x R™. Also, suppose that Cy, is the
maximal RCIS for X in S. We want to show that 7 (C') = Cpax- Note that 71 ) (C') C Cpax as
71, (C") is controlled invariant for X in S. We need to show that 7;; ,; (C') 2 Cynax, which is done
in 3 steps.

First, define the set C,,,, = {(x,u) | (x,u) € S,Ax+Bu+d € Cpyyx,¥d € D}. We want to show
that C,,, is controlled invariant for ¥/ in § x R™. Let (x,u) € C,,,. and d € D. By construction,
(x,u) € S and xT = Ax+ Bu+d € Cpyy. Since Cpyy is controlled invariant for X, there exists
v € R™ such that (x,v) € S and Ax" + Bu+d* € Cyyy for all d € D. Thus, by definition of C,,,,,
(x*,v) = (Ax+Bu+d,v) € C),,,- Thus, C,,,, is an RCIS for X’ in § x R".

Second, as C' is the maximal RCIS for X' in § x R™, C' > Gy, Thus, 77y, (C") 2 71 1) (Crae)-

Finally, note that for all x € C,, there exists u such that (x,u) € S and Ax+ Bu+d € Cyqy for all
d € D, namely that (x,u) € C,,,,- Hence, Cinax C (1 5 (Craar) € 771 (C'). That is, 75 ) (C') = Cinax
is the maximal RCIS for ¥ in S. [
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APPENDIX D
Complementary Materials for Chapter 7

Proof of Theorem 7.2. First, we want to show the set Cyqx pco in (7.11) is a CIS of the system
2(X,,) within the safe set Sy, , x D. Let (x(0),d;.,(0)) be any point in Cpay p.co- By (7.11) , there
exists #(0), ..., u(p — 1) such that (x(¢),u(r)) is in Sy, for f from 0 to p — 1 and x(p) is in Ciax.co-
Since Cyax,co 1s controlled invariant for Z(X), there exists u(p) and v(0) € D such that (x(p),u(p))
isin Sy, and x(p+ 1) = f(x(p),u(p),v(0)) is in Cyax,co- Thus, for control inputs #(0) and v(0), it
is easy to check that

((0),d15p(0), 4(0), ¥(0)) € Sup X D

and the next state
(x(l)adZ:p(O) , V(O)) € Cmax,pmo»

where x(1) = f(x(0),u(0),d;(0)). Thus, Cpax pco is a CIS of Z(X,,) within Sy, p co-

Next, denote the maximal CIS of Z(X,) in Sy, x D by Conax, p.co- Suppose that Cpax p co 15
strictly contained in Cyuaypco- Then, there exists at least one point (x(0),d;(0),---,d,(0)) in
Z’maxyp,w but not in Cpax,p,co- That implies for all u(0), ..., u(p — 1) satisfying (x(z),u(t)) € Sy, for
t from 0 to p — 1, we have x(p) & Cuax,co- AS Ciaxco is the maximal CIS of Z(X) in Sy, x D, for
all input sequence (u(t));2, and (v(t));Z, with v(#) € D, there always exists a finite time instant
T > p such that (x(T),u(T)) ¢ Sx,. That implies that any state-input trajectory of Z(X,) from
(x(0),d1.5(0)) always leaves the safe set Sy, , x D in finite time for any input sequence, contradicting
to the assumption that (x(0),d;.,(0)) is in the maximal CIS Conax, p.co- Thus, Cpax, p.co must be the
maximal RCIS E’max’ p.co and thereby (7.11) is proven.

Finally, by the construction of S, p, it is easy to check that C,4x p co € R" x DP. Thus, to prove

(7.12) is equivalent to prove that

77:[1 ] (Cmax,p,co) - Cmax,co- (D.1)
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Let x(0) be any point in 1 ] (Crmax,p,co)- By (7.11), it is easy to check that
x(0) € Pre;(z) (Cimax.corSxu X D). (D.2)
Since Cpgx. o is the maximal CIS of Z(X) in Sy, x D, we have
Pre?@(z) (Crmax.co, Sxu X D) = Cinax.co- (D.3)

Thus, x(0) € Cipax,co- That is, (D.1) is proven. O

Proof of Lemma 7.3. We first show that 7 (Cinax,p) is convex and compact. Note that Assumption
7.2 implies that the safe set Sy, , is convex and compact. Thus, the maximal RCIS G4y, is compact.
Also, for linear systems, the convex hull of any RCIS is also a RCIS. Thus, the maximal RCIS
of X, in Sy, , must be convex (otherwise we can take the convex hull of the maximal RCIS and
obtain a larger RCIS). Since Cy,4y 18 convex and compact, the projection 1) (Crnax, p) is convex
and compact.

Next, we show that 7 ) (Cyax,p) is @ CIS of Z(X) within Sy, x D by definition. Let x be an
arbitrary point in 7y (Cmax,p)- There exists dy., € DP such that (x,d\.,) € Cpax,p- AS Cpax,p is an
RCIS of £, there exists ug such that (x,uq) € Sy, such that (Ax+Bug+Ed,,d>.,d) € Cipax, p for any
d € D. Thus, there exists u and uy such that (x,u ug) € Sy, x D and Ax+ Bu+ Eu, € M1 ) (Cimax.p)
(one feasible choice is u = ug, ug = dy). Thus, by definition, 7 (Cimax,p) is a CIS of Z(X) in
S X D.

Finally, [9, Proof of Theorem 3.3] shows' that for any nonempty convex compact CIS C of a
linear system X in safe set Sy, there always exists a forced equilibrium (x,,u,) € Sy, of the system
such that x, € C. Thus, (1) implies (i1). L]

Proof of Lemma 7.4. We first show the 1-step backward reachable set of the projection 7 (Cimax,p)

is contained in the projection 7[; ,j (Cax,p+1), that is

Preg(z) (PROJ[L,,] (Cmax,p)ysxu X D)
C 71 ) (Conax p+1)- (D.4)

119, Proof of Theorem 3.3] only proves the case without input constraints, which can be easily extended to the case
with state-input constraints according to [9, Remark 1]. Also, though [9] mainly considers controllable systems, the
part used to prove (ii) holds for any linear systems.

191



By Theorem 7.1, Cipax,p X D C Cipax,p+1, Which implies

PreZp+1 (Cmax,p X D;qu,p—i—l)

C PreZp+1 (Cmax,p—i-lasxu,p—i-l) = Cmax,p—i—l . (D.5)

Thus, to prove (D.4), it is sufficient to show

Pre@(g(ﬂ'[l’n} (Cmax,p),qu X D)
C 71 ) (Pre):p+1 (Cmax,p X Dasxmp—kl))- (D.6)

We select an arbitrary point xy such that

x0 € Pregs) (71 n)(Cinax,p) s Sxu X D).

By the definition of Pre, there exists ug, dp such that the point (xo,uo,dp) is in Sy, X D and the point
x1 = f(x0,up,dp) is in PROJ; (Ciax,p)- Also, there exists dy., € DP such that (x1,d};p) € Ciax,p-
That is, (f(xO,u(),d()),dl;p,D) - Cmax,p x D. Thus, (X(),d(),dl;p) c Presz(Cm%p X D), which
implies

X € 1 n) (Presz (Cma)@p X D))

Thus, (D.4) is proven.
Next, by taking Pre on both sides of (D.4), we have

Pre, (2)(PROJ}1 1) (Crax p) S X D)

- Pre.@(Z)(n[l,n} (Cmax,erl)vau x D)
C 71 ) (Cmax,p+2)7 D.7)

where the second inclusion is due to (D.4). Following the pattern in (D.4) and D.7, (7.18) can be
easily proven by induction. [
To prove Theorem 7.5, we need the following lemma.

Lemma D.1. Under the same conditions of Theorem 7.5, for any & € (0, 1], the N-step backward
reachable set of &Cynax o satisfies that for & < A7,

& U

Preg(z)(écmax,cmsxu X D) 2 Cmax,co; (D.8)
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for & > 17,

Preg(z)(écmax,cmeu X D)

;;(y-g-@)(fi%%))cmmm,

(D.9)

Proof. First, it can be easily checked that for any ¥ < ¥, ¥Cpax.co is an N-step A-contractive CIS

of 2(X) in ¥ /y(Sw x D), which is a subset of Sy, x D.

Case 1: & < Ay. Since {/A <7, (§/A)Ciax,co is an N-step A-contractive CIS of Z(X) in

Sy X D, which implies (D.8).
Case 2: & > Ay. We first separate £ into two parts, that is

E=C1+1&

where

§—Ay 1-¢
&1 = iy 5227(m)'

Since Cax,co is convex, we can separate &Cax,co into two parts, that is
gcmax,co - ‘glcmax,co + AéZCmax.,co-
It can be shown that for any convex set C, and any a, b € [0, 1],

Preys)(C, S x D) 2 Prey s (aC,b(Sw x D))+
Pret) s (1—a)C, (1—b)(Sx x D)).

By (D.10) and (D.13), we have

Preg():)(écmax,cmsxu x D) 2
Preg(Z) (’YI Cmax7c0: il (qu X D))+
Preg(Z) (A'}/Zcmax,cm (1 - '}’1)(qu X D))

Since ¥1Cinax,co is a CIS of Z(X) in Y1 (Sx, x D), we have that

Preg(z)(%cmax,cm N (qu X D)) 2 ’)/lcmax,co-
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Note that 1 — y; = 1»/7. Also, for a linear 2(X), we have that for any set C and a > 0, we have
1
Pre]\_é(z) (C7qu X D) = EPre%(E) (aC,a(qu X D)) (D]6)
Thus, by (D.16),

Prelé(z) (AY2Cnax,co, (1 = 71)(Sxu X D))
=Preg s (AY2Crax.cor 12/ V(Swu X D))
:(?’2/?’>Pr€g(z) (AYChax,corSxu X D)
2(12/7)YCmax.co = Y2Crmax.co- (D.17)

By (D.14), (D.15) and (D.17), we have

Preg(z)(écmax,cmsxu X D) ) (71 + YZ)Cmax,co (D.18)

It is easy to check that
-7
1 (1—&)—
N+7% (1-5) 1~
which proves (D.9). L]

Now we are ready to prove Theorem 7.5.

Proof of Theorem 7.5. We only prove the case of Ay < A7, since the case of Ay > Ay can be easily
extended from this proof. Given Ay < A7, by (D.8), we have

Ao
Pre%():)(locmax,coasxu X D) ) Tcmax,cw (D.19)

If 4o/A < A7, we can compute the N-step backward reachable sets of both sides of (D.19) and
apply (D.8) again, which leads to

Cmax,co )

>|3

Pre_Z@I\Ez) (AOCmax,coanu X D) 2 ]\_o;(z)(

U

Pre
Ao
ﬁcmax,co' (D20)

Following the pattern of (D.19) and (D.20), as long as Ag/Af~! < A7, we can easily prove by
induction that

Ao
Prek@AEZ) (AOC”ZWC?CU?SXM X D) 2 ﬂcmax,co' (D.21)
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We denote the minimal k such that Ay/AX > Ay by ko. Then,

(D.22)

_ [logAo —logy
ko= [ log A b

By (D.21) and (D.22), we have proven (7.20) for k < ko. Note that when k = ko, we have Ay/ Ako >
A7v. Thus,

Ao

Pregj(\;) ()'Ocmax,cmsxu X D) 2 %Cmax,co
2 AYCrnax co- (D.23)
We define a function g : R — R by
_ -7
&) =1-0-9(;=%). D24)
Then, we define g*() recursively by
g'(§) =2(8), (D.25)
g'(8) = (g 1(&)). (D.26)

By taking N-step backward reachable sets on both sides of (D.23) and applying (D.9), we have

(Qlj?;‘,_)l )N(A()Cmax,cm Sy X D)

Ao
2 Preg(z) <%Cmax,cmsxu XD

Pre

D g(A0/A*)Craxco- (D.27)

It can be checked that if & > A7y, then g€(§) > Ay for all k > 1. Thus, g¥(Ay/Ak0) > Ay for all
k > 1. Following the pattern of (D.27), we can prove by induction that

ko+1
Pre( 0 )N()LOCmax,cmeu x D)

7(2)
D g(0/A%)Crax.co (D.28)
Finally, it can be checked that
1—y k—ko
k P —_— JE——
g(g)=1-(1 5)(1_?,/1) : (D.29)
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By (D.28) and (D.29), we have proven (7.21) for k > k.
The proof for the case of Ay > Ay follows exactly the same arguments from (D.23) to (D.29),
with kg = 0. [

Proof of Lemma 7.6. By the proof of Proposition 23 of [32], since the system Z(X) is stabilizable
and the safe set Sy, X D contains the origin in the interior, there exists a A,-contractive ellipsoidal
CIS & within the safe set Sy, x D for some A, € [0,1). Clearly, & C Cnax,co, and thereby Cpax co
contains the origin in the interior.

Let A;, be the maximal A such that ACy4x 0 C &. As & contains the origin in the interior,
Ain > 0. Since & is A-contractive, we have

AinCrnax.co C € C Preys) (Ag &, Suu X D). (D.30)

Let A be an arbitrary number in (0, 1). Since A, € [0,1) and & C Cypax o, there exists N > 0 such
that A/‘]lvg g llinCmax7C(). ThUS,

AinCinax,co © Prely s (A3 €, S x D) (D.31)
C Preg(z) (AinCinax.cos Sxu X D). (D.32)
Thus, AinCax,co is an N-step A-contractive CIS of Z(X) in Sy, x D. O

Proof of Theorem 7.8. By the definition of cg, &(cg) is a A,-contractive CIS of Z(X) in Sy, x D.
Therefore, & (co) is a subset of Cpay co- AlSO, YCpax,co € & (Ycour) = & (co). Thus, we have

YCmax7co - éa<c0) C Cmax,co- (D33)
Since & (cp) is A4-contractive, we have for any k > 1
Préy 5y (A4 € (c0),Sw x D) 2 &(c0) 2 YCaco (D.34)
Since Ciax.co 2 & (co),

Prey v (A4 Cmax.co»Suu X D)
D Prely (A& (c0); S x D) (D.35)

By (D.34) and (D.35),

Pre%(z) (Afgcmax,coasxu X D) 2 '}/Cmax,co- (D36)
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By definition of N, Y < y. Thus, A =AY /y < 1.

Preg(z) (AYConax.cos Sxu X D)
:Preg():) (lévcmax,cmsxu X D) ) }'Cmax,cw (D.37)

That is, YCpnaxco is N-step A-contractive. ]

Proof of Lemma 7.9. To prove the lemma, it suffices to show that Pre"@(z) (0, Sxu x D) contains the
origin in the interior. Since the system is controllable, there exists a feedback gain K = [K; K3] such
that the closed-loop system matrix A, = A+ KB+ K>FE has all eigenvalues equal to zero. That
implies A? = 0. In other words, under the control of u = Kjx, u; = Kx, the closed-loop system
reaches the origin 0 at step » for all initial states xo € R". Now let us consider the unit ball & in
R”. Since Sy, x D contains the origin in the interior, there exists a positive scalar & > 0 such that
E(AK% x KAK %) is contained in Sy, x D for k from 0 to n — 1. That implies that &2 is a subset of
Pre”@(z) ({0}, Sy x D). Thus, Pref, s, (0,Sxu x D) contains the origin in the interior.

Since Pre?@(z) (0,84, x D) is a CIS of Z(X) in Sy, x D, the maximal CIS Cyqy ¢, must contain
Prey, ) (0, Sy, x D) and thus contain the origin in the interior. Thus, there exists a positive scalar y

such that YCax co is contained in Pre"@(z) (0,84, x D). O
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APPENDIX E

Complementary Materials for Chapter 9

E.1 Proof of Theorem 9.1

In this section, we denote the distance y(Z(u,x),Ay;) between &?(u,x) and A,y by r(x,u) for

short.

Lemma E.1. For any given (x, &) € R"*!, the minimal distance infy 7(x,u) at x is less than or equal to
(1—a")u(D) if and only if x € Cpay o Furthermore, a controller u satisfies (x,u) < (1 —a!)u(D)
for all x € Gyx,¢ 1f and only if for all x € Cpax,as

u(x) € & (x,Cax,a) (E.1)

where o7 (x, Cipax,.) is the admissible input set of L.

Proof. We first show the “if”” direction. Pick an arbitrary x € Cpx,¢. Since Gy o 1s the maximal
RCIS of X, there exist u : R” — R" and uy : R” — (1 — o¢)D such that

‘gg)lga((xv OC)» (u,ud),Aa) - qu,aa vk > 0. (E2)

Define the disturbance model A(X) := uy(X) + aD € Z for all ¥ € R". By the construction of Xy
and Sy, o, (E.2) implies that %g( ,A) C Sy, for all k > 0. That is, A € & (u,x). Hence,

igfr<x7ﬁ) SV(X, ll) < Y(A7Aall) = (1 o OCZ).u(D), (E.3)

where the last equality uses the property of Lebesgue measure (D) = o/ (D) (recall that D C RY).
Also, by Section 9.1.1, we know that u satisfies (E.1). Hence, we proved the “if”” direction of both
statements in Lemma E.1.
Next, we pick an arbitrary (x, ) such that infgr(x,u) < (1 — a')u(D). By the definition of
r(x,u), for any integer i > 1/, there exist u; : R” — R™ and A; : R” — & such that A; € &2 (u;,x)
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and Y(Ai, Agy) < (1 — o) (D), with @; := a — 1 /i > 0. By the definition of & in (9.7), there exists
u, : R" — (1 — o;)D such that uy(x) + ozD C A;(x) for all x € R". Hence, A; € & (u,x) implies
that the disturbance model u; + ;D is in &?(u,x) as well. That is, %g(x, u;,uy + o;D) C Sy, for
all k£ > 0, which is further equivalent to

R (%, (8,04),Aq;) C Suug Yk > 0. (E.4)

By definition, (E.4) implies that x € Cp4y o, that is, (x, @;) € Conax,0,1]- Since G4 [0,1] 18 closed, we
know that (x, &) = lim; e (X, &) € Cpyy,[0,1) @s Well. This completes the proof for the first statement
in Lemma E.1.

Now suppose that u is a controller satisfying r(x,u) < (1 —a')u(D) for all x € Cpay,o- We pick
an arbitrary x € Cpgy . Clearly, (x,u(x)) € Sy,. For all i > 1/, there exists A; : R” — & such that
A; € P(u,x) and Y(A;, Au) < (1 — o) (D). Thus, for all d € A;(x),

P (Ax+ Bu(x) + Ed,u,A;) C Sy, Yk >0, (E.5)

which implies that r(Ax + Bu(x) + Ed,u) < (1 — o/ )u(D) for all d € A;(x). Based on the first
statement of Lemma E.1, we have (Ax+ Bu(x) + Ed, ;) € Cpyuy 0,1] for all d € Ai(x). Since
Y(Ai, Aar) < (D) — u(oyD), there exists uy; € (1 — ;) D such that ug ; + 0D C A;(x). Thus, we
have (Ax + Bu(x) + E(uq,; +d), 0) € Cpay [0,1) for all d € a;D. Since D is compact, there exists
a subsequence of u, ; that converges to a point u; € (1 — or)D. We abuse the notation a bit and
denote this subsequence by u,; again. Then, we have Ax + Bu(x) + E(ug + oD) C Cpay,q and
(x,u(x)) € Sy, which implies u(x) € <7 (x, Cpax.a)- O

Proof of Theorem 9.1 . Point (i) of Problem 9.2 is trivially satisfied by u#* since (9.9) implies (9.5)
with respect to Cypqyx,1 for x € Cpuqy,1. For point (ii), according to (9.10), a controller u* minimizes
r(x,-) for all x € R" if and only if r(x,u*) < (1 —a*(x)")u(D) for all x € Cpax 0, Which is equivalent
to the condition in (E.1) due to Lemma E.1. Equation (9.10) is just a direct application of Lemma
E.1. ]
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