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Foreword

It is my distinct pleasure to write a foreword for the wonderful research monograph
Formal Methods for Discrete-Time Dynamical Systems written by Calin Belta,
Boyan Yordanov, and Ebru Aydin Gol.

In the era of internet of things and cyber-physical systems, it is becoming evident
that computation is increasingly interacting with safety-critical control systems. In
the absence of software, control theory has provided many tools for the rigorous
design of closed loop systems. In the absence of physical models, the formal
methods community has provided powerful tools for verifying the safe operation of
software (or hardware). As computation and control systems are tightly intercon-
nected in modern complex systems, simply bringing tools from control theory and
formal methods together does not suffice in understanding the software-controlled
system. There are many new safety problems that are created when software
interacts with control systems. Furthermore, a new science needs to be developed
focusing on the rapprochement between formal methods and control.

Over the last two decades, there has been intense research activity on the
interface between formal methods and control systems, under the broader research
agenda of hybrid systems, embedded systems, and now cyber-physical systems.
This is a very challenging area that has the ultimate goal of creating a modern
systems science for systems that include both physical and computational elements.
Researchers from formal methods have introduced notions of physicality into
automata leading to so-called hybrid automata, which are systems that are heavy on
the logic side and light on the physical side. The challenge in this approach is
verifying the discrete side of the hybrid systems regardless of the simple control
dynamics. On the other hand, researchers in control systems have introduced
elements of switching logic in control systems, resulting in switched control sys-
tems, which are heavy on the physical side and light on the discrete side. The
challenge in this approach is ensuring that the control system is stable regardless
of the switching logic.

While both these approaches are very useful, only in the past decade we have
seen truly hybrid approaches where formal method ideas are applied in complex
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viii Foreword

control systems. This is the approach that is presented in this research monograph
by the authors who have significantly contributed to the development of this new
theory. While the fundamental system that is being considered in this monograph is
that of a discrete-time linear system, the specification for the systems is no longer
classical stability or controllability, but rather a specification that is formally
described in a suitable temporal logic. This is very important for two reasons. First
we depart from classical control requirements towards requirement that are closer to
software requirements. And second, specifying control system requirements in
temporal logic is formal, rigorous, and compositional, something that is not the case
with classical requirements (such as rise-time, overshoot requirements).

In order to address the problem of analyzing or designing control systems with
specifications expressed in temporal logic, one needs to be very well educated on
both control systems and formal methods. The monograph does an excellent
exposition of relevant topics from formal methods and control systems. The fun-
damental concept that semantically bridges the world of control systems and formal
methods is the concept of simulation and bisimulation, where a discrete-time linear
system is abstracted by a transition system (automaton), which is equivalent from
the perspective of the temporal logic property being considered. The notions of
simulation and bisimulation are fundamental concepts that formally relate systems
across discrete and continuous domains, bridging control systems and software
systems in a formal and rigorous manner.

I have known Calin Belta since his graduate student days here at Penn, and we
have collaborated on many of these topics over the years. Over the past decade he
and his students, two of them being co-authors, have been pushing the state of the
art in the development of a science for formal methods for control systems.
Leveraging much of their outstanding research, the authors are ideal for this
research monograph. While they focus on discrete-time linear systems, the inter-
ested reader will easily see connections to continuous-time systems, nonlinear
systems, or different logics.

The timing of the book is excellent. Over the past decade, the theory in this area
has matured and stabilized to a set of concepts and the authors have captured some
important ones. Readers from formal methods can read this book to get a brief
introduction to control systems and see how formal methods ideas can be expanded
to address these modern challenges. Readers from control theory will get a much
needed introduction to specifying system behavior using temporal logics, and how
to connect their models to discrete models through the notions of simulation and
bisimulation. But I project the biggest impact will be with new graduate students
interested in entering this area that has limited textbook or monograph options. This
wonderful research monograph will serve as fundamental and foundational intro-
duction to this emerging new field.

George J. Pappas
University of Pennsylvania
Philadelphia, USA



Preface

Motivation and Objectives

In control theory, complex models of physical processes, such as systems of
differential or difference equations, are usually checked against simple specifica-
tions, such as stability and set invariance. In formal methods, rich specifications,
such as languages and formulas of temporal logics, are checked against simple
models of software programs and digital circuits, such as finite transition systems.
With the development and integration of cyber-physical and safety-critical systems,
there is an increasing need for computational tools for verification and control of
complex systems from rich, temporal logic specifications. For example, in a per-
sistent surveillance application, an unmanned aerial vehicle might be required to
“take photos of areas A and B infinitely often while always avoiding unsafe areas
C and D.” In the emergent area of synthetic biology, the goal is to design small
gene networks from specifications that are naturally given as temporal logic
statements about the concentrations of species of interest, e.g., “if inducer u; is low
and inducer u, is high, then protein y should eventually be expressed and remain in
this state for all future times.”

Central to the existing approaches for formal verification and control of
infinite-state systems is the notion of abstraction. Roughly, an abstract model can be
seen as a finite transition graph, whose states label equivalent sets of states of the
original system, and whose transitions match the trajectories of the original system
among the equivalence classes. Once constructed, such an abstraction can be used
for verification (using off-the-shelf model checking tools) or control (using auto-
mata game techniques) in lieu of the original system.

The main objective of this book is to present formal verification and control
algorithms for a class of discrete-time systems generically referred to as linear.
Most of the results are formulated for piecewise linear (or affine) systems, which are
described by a collection of linear (affine) dynamics associated to the regions of a
polytopic partition of the state space. Such systems are quite general, as they have
been shown to approximate nonlinear system with arbitrary accuracy. There also
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X Preface

exist computational tools for identifying such systems (both the polytopes and the
corresponding dynamics) from experimental data.

This book is based on the work of the authors, and is, as a result, biased and
non-comprehensive. The specifications are restricted to formulas of Linear
Temporal Logic (LTL) and fragments of LTL, even though other temporal logics
have been used by other authors. While some of the results can be extended to
continuous-time systems, the focus is on discrete-time systems only. We only cover
deterministic and purely non-deterministic systems, even though existing results,
including ours, show that extensions to stochastic systems and probabilistic tem-
poral logics are possible. The equivalence notion that we use is classical bisimu-
lation—extensions to approximate bisimulations and probabilistic bisimulations
have been developed recently.

Intended Audience

This book is intended to a broad audience of scientists and engineers with interest in
formal methods and controls. In particular, it is our hope that this book will help
bridge the gap between the computer science and control theory communities.
Computer scientists are shown that simulations and bisimulations, normally used to
reduce the size of finite models of computer programs, can be used to abstract
infinite-state systems. The book also provides a self-contained exposition of tem-
poral logic control for finite non-deterministic systems, which is useful even for
seasoned formal methods researchers. Control theorists are introduced to notions
such as abstractions, temporal logics, formal verification, and formal synthesis, and
are shown that such techniques can be used for classical systems such as
discrete-time linear systems.

Book Outline and Usage

This book is self-contained. While some level of mathematical maturity is expected,
no mathematical background in control or automata theory is necessary. Most of the
formal definitions and algorithms are explained in plain language and illustrated
with several examples. Most examples include explanatory illustrations.

The book is organized in three parts. Part I covers the types of systems and
specifications used throughout the rest of the book. Specifically, it introduces
(non-deterministic) transition systems, a formalism that can be used to model a
large spectrum of dynamical systems. Simulation and bisimulations relations and
corresponding abstractions for transitions systems are defined. The syntax and
semantics of Linear Temporal Logic (LTL) and one of its fragments, called syn-
tactically co-safe LTL (scLTL), are introduced and illustrated with several
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examples. Finite state automata, Biichi automata, and Rabin automata accepting
languages satisfying LTL formulas are also defined.

Part II focuses on finite systems, i.e., transition systems with finitely many states,
inputs, and observations. After reviewing the classical LTL model checking
problem, we solve the problem of finding the largest set of states from which all
trajectories of a system satisfy an LTL formula. We show that the control version of
this problem can be mapped to a Biichi game, a Rabin game, or a graph reachability
problem depending on the structure of the specification formula. We present ready
to implement solutions to all these problems and include illustrative examples.

In Part III, which is the most involved part of the book, we bring together the
concepts and techniques introduced in Parts I and II and present computational
frameworks for verification and control of (infinite) discrete-time linear and
piecewise affine systems from LTL specifications. We cover LTL verification
problems for systems with fixed and uncertain parameters, parameter synthesis
problems, and control synthesis problems. We also provide algorithms for the
construction of finite bisimulations for some classes of discrete-time linear systems.
Finally, we establish a connection between optimality and correctness by requiring
a linear system to satisfy a temporal logic correctness requirement while optimizing
a cost function.

This book can be read and used in two ways. First, by covering Parts I and II
(excluding Sect. 1.2 from Chap. 1 in Part I), it can be used as a stand-alone
introduction to verification and control for finite non-deterministic transition sys-
tems from LTL formulas. This can be used as a first mini-course on formal methods
for engineers and computer scientists. It can also be useful for formal methods
researchers who have expertise in verification only. Second, the whole book can be
used as a graduate level course on formal methods for dynamical systems, with
particular focus on discrete-time linear and piecewise affine systems. Most of the
algorithms presented in this book were implemented as user-friendly software
packages that can be downloaded from the first author’s webpage or can be pro-
vided on request.

Related Books

The related books on formal methods for dynamical systems are [123, 5, 162, 144]:
[123, 5] are comprehensive expositions of theory and practice of embedded and
cyber-physical systems, together with corresponding verification and synthesis
techniques; [162, 144] are research monographs on formal methods for hybrid
systems, which combine continuous and discrete dynamics. The focus in [144] is on
theorem proving. The closest related to this book is [162].

There are three main features that set this book apart from [123, 5, 162, 144].
First, we provide a complete and self-contained treatment of the formal synthesis
problem from specifications given as LTL formulas. This can be, for example,
combined with the partition-based abstraction method from [162] to implement a
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computational tool for LTL synthesis for a quite large class of dynamical systems.
Second, we focus on particular types of dynamical systems (i.e., discrete-time
piecewise affine systems) and exploit their geometry to efficiently construct
abstractions. Third, we explore the connection between optimality and correctness
in control.
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Notations

xni=1,2,...

[a b]

T and L
-, A, V, —, and <

S XsTg)

Empty set

Cardinality of a finite set ~

Power set (set of all subsets) of a set X
Cartesian product of sets 2; and 2,
Word over set X

Infinitely many repetitions of sequence
w(l)w(2)...w(k)

Set of finite words over X

Set of infinite words over X

Set of finite words over 2 excluding the
empty word

Set of real numbers

Set of integer numbers

Set of natural numbers (including 0)
Set of positive natural numbers
Euclidean space of dimension N
States in a finite set of states of a
transition system or components of the
state x of a dynamical system

Row or column vector in R? (exact
meaning determined from the context)
Boolean constants True and False
Boolean operators negation, conjunc-
tion, disjunction, implication, and
equivalence

“Next” temporal operator

“Until” temporal operator
“Eventually” (“Future”) temporal
operator
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“Always” (“Globally”) temporal
operator

Observational equivalence relation
Observation preserving bisimulation
¢-equivalent relation

Equivalence relation that is both
¢-equivalent and —¢-equivalent
Closure of polytope X

Interior of polytope X

Set of vertices of polytope X

Convex hull of set ~

Minkowski (set) sum

Product between transition systems or
between a transition system and an
automaton

Transpose of matrix A

Image and pre-image of set S through
function f

(scalar) zero and zero vector
Complexity class
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Chapter 1
Transition Systems

In this book, we focus on transition systems as a modeling formalism for a wide
range of processes. Although mathematically simple, transition systems are general
enough to capture the behavior of systems defined over discrete (finite or infinite)
or continuous (infinite) spaces. In subsequent chapters, this richness will allow us
to use transition systems as a unifying framework for modeling both (infinite-state)
discrete-time systems and their (finite-state) abstractions. In the following chapters
we will also describe techniques for the analysis and control of finite and infinite
transition systems, which are inspired by automata-theoretic model checking.

In this chapter, we define the syntax and semantics of transition systems, and pro-
vide several illustrative examples. In particular, we present different (deterministic,
nondeterministic, finite, and infinite) transition system representations for discrete-
time dynamical systems. We also introduce simulation and bisimulation relations,
which are central for the construction of finite abstractions throughout the book.

1.1 Definitions and Examples

Definition 1.1 (Transition system) A transition system is a tuple
T =(X, X,4, 0,0), where

X is a (possibly infinite) set of states,

X is a (possibly infinite) set of inputs (controls or actions),
8 : X x ¥ — 2% is a transition function,

O is a (possibly infinite) set of observations, and

0 : X — O is an observation map.

© Springer International Publishing AG 2017 3
C. Belta et al., Formal Methods for Discrete-Time Dynamical Systems,
Studies in Systems, Decision and Control 89, DOI 10.1007/978-3-319-50763-7_1



4 1 Transition Systems

A subset X, C X is called a region of T. A transition § (x, o) = X, indicates that,
while the system is in state x, it can make a transition to any state x’ € X, in region
X, € X under input 0. We denote the set of inputs available at state x € X by

I ={o e X|8x, 0)#0). (1.1)

A transition § (x, o) is deterministic if |6(x, o)| = 1 and the transition system 7 is
deterministic if for all states x € X and all inputs o € X*, §(x, o) is deterministic.
T is non-blocking if, for every state x € X, X* # (). Throughout this book, only
non-blocking transition systems are considered. Transition system 7 is called finite
if its sets of states X, inputs X', and observations O are all finite.

An input word of the system is defined as an infinite sequence wy = wx (1)wx (2)
wx3)... e X Atrajectory or run of T produced by input word wx and originating
at state x; € X is an infinite sequence wxy = wx ()wx (2)wx (3) ... with the property
that wy (k) € X, wx(1) = x;, and wy(k + 1) € §(wx (k), wx(k)), for all k > 1. We
denote the set of all trajectories of a transition system 7" originating at x by T (x).
We use T(X,) = Uyex, T (x') to denote the set of all trajectories of T originating in
region X, € X. As a consequence, T (X) will denote the set of all trajectories of 7.

A run wy = wx(D)wx(2)wx(3) ... defines an output word (which we will refer
to simply as word) wo = wo()wo 2)wp(3) ... € O®, where wo (k) = o(wx (k))
for all k£ > 1. The set of all words generated by the set of all trajectories starting at
x € X is called the language of T originating at x and is denoted by Zr(x). The
language of T originating at a region X, C X is Z7(X,) = U, cx Z1r(x’). The
language of 7 is defined as .27 (X), which for simplicity is also denoted as .Zr.
We often represent an infinite word as a finite prefix followed by an infinite suffix as
shown in Example 1.1.

For an arbitrary region X, C X and set of inputs X’ C X, we define the set of
states Posty(X,, X') that can be reached from X, in one step by applying an input
in X’ (called successors of X, under X) as

Postr(X,, X)={xe X | € X,, o€ X', x €8(x',0)} (1.2)

Similarly, the set of states that reach some X, C X in one step under the application
of some input from X’ C X (called predecessors of X, under X’) can be defined as

Prer(X,, X )={xeX|3Ix' € X,, o € X', ¥’ €8(x,0)} (1.3)

For a deterministic 7, each state x has a single successor under a given input
o, ie. Postr(x,0) =8(x,0)! is a singleton, but, in general, can have multiple
predecessors, i.e., Prer(x, o) is a region of T. However, for a nondeterministic 7
it is possible that both Postr(x, o) and Prer(x, o) are regions of 7.

ISince the Post operator was defined for a set of inputs, the correct notation here is Postr (x, {o}).
For simplicity, and with a slight abuse of notation, we omit the set notation when only a singleton
input is considered. The same observation applies to the Pre operator.
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Fig. 1.1 Graphical
representation of the
transition system defined in
Example 1.1. Each state is
represented by a circle
containing the state label.
The observation of each state
is shown close to its circle
and transitions are
represented by arrows
between states. The input
enabling a transition is
shown on top of the
corresponding arrow

Example 1.1 The finite, non-deterministic transition system 7 =
(X, X, 4, 0, 0) shown in Fig. 1.1 is defined formally by

X = {x1, x2, X3, x4},

X ={o1,02},

3(x1,01) = {x2, x3}, 8(x2,01) = {x2, x3}, 8(x2,02) = {x4}, 8(x3,02) =
{x2, x3}, 8 (x4, 01) = {x2, x4},

0 = {01, 02, 03},

o(x1) = 01, 0(x2) = 0(x4) = 02, 0(x3) = 03.

The set of inputs available at the states of the system are X' = {0},
X% ={oy, 00}, X% = {0y}, and X = {0,}. States x| and x3 form a region
X, = {x1, x3}. Region X, can be reached from states x; and x, under o1, and,
therefore, Prer(X,, 01) = {x1, x»}. Similarly, states x, and x3 are reachable
from region X, under o}, and therefore Postr (X,, o1) = {x2, x3}.

Starting from x;, under input word wy = o10102(07)®, one possible run
of the system is wy = x;x2x5(x4)®. Sequences 00,03, XXX, are prefixes
(repeated once) and oy, x4 are suffixes (repeated infinitely many times) for
input word and run, respectively. This run originates in region X, and defines an
infinite (output) word wp = 01(02)® € Zr(X,). There is an infinite number of
infinite words in the language %7 (X,) = {01(02)%, 0102(03)®, 01(03)%, (03)®,
0303(02)0), oo }



6 1 Transition Systems

A transition system T = (X, X, §, O, o) is usually referred to as a control tran-
sition system. It is used as a model in control problems, where the goal is to generate
a control strategy from a control specification, possibly given as a temporal logic
statement over the observations of the system. This topic will be addressed in detail
later in the book. For example, a control strategy enforcing the specification “if o; is
satisfied initially, then eventually reach and remain in a region where either o; or 0,
are satisfied, or o3 is satisfied” is derived in Chap.5 for the transition system from
Example 1.1. In analysis problems, we are usually interested in checking whether all
the trajectories of a system satisfy such a specification, under arbitrary input choices.
Since the input is irrelevant, the input set X' is a singleton, where the only input
enables all transitions available at all states. For simplicity of notation, this input set
can be omitted completely, leading to a simpler (autonomous, uncontrolled) transi-
tion system 7 = (X, §, O, 0), where X, O, and o are as given in Definition 1.1 and
the transition function assumes the simpler form & : X — 2. In the uncontrolled
case, the definitions of the successor and predecessor sets (Egs. (1.2) and (1.3)) also
assume simpler forms:

Posty(X,)) ={x' e X|Ix € X,, x' €s(x)} = U 8(x), (1.4)
xeX,
Prer(X,) ={x e X|3Ix' € X,, x' € §(x)}, (1.5)

where X, € X isaregion. We will use both control transition systems and (autonomous)
transition systems throughout the book. We will refer to both simply as transition
systems and we will use the same symbols to denote their states, transitions, outputs,
and output maps. The exact meaning of the transition function and of the Post and
Pre operators will be clear from the context. In particular, a transition system with
no inputs is deterministic if it has at most one transition from each state.

Example 1.2 An example of a finite, non-deterministic transition system
(without inputs) T = (X, §, O, o) is given in Fig. 1.2. It is characterized by

X = {x1, x2, X3, x4},

3(x1) = {x1, X2}, §(x2) = {x4}, (x4) = {x3}, 6(x3) = {x3, x1},
O = {o1, 03, 03},

o(x1) = 0o(x2) = 01, 0(x3) = 03, 0(x4) = 03.

For region X, = {x;, x3}, we have Prey(X,) = {x|, x3, x4} and Postr(X,) =
{x1, x2, x3}.
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Fig. 1.2 Graphical representation of the transition system from Example 1.2. Unlike the control
transition system from Fig. 1.1, there are no inputs labeling the transitions between the states

+ +
Fig. 1.3 Graphical representation of the transition system defined in Example 1.3

Example 1.3 The infinite, deterministic transition system 7 = (X, §, O, o)
shown in Fig. 1.3 is defined formally by

e X =17,
e d(x)=x+1,VxeZ
o O0={-0+},

+ ifx >0
eo(x)=13— ifx <0

0 otherwise

At each state, only the sign of the integer labeling the state is observed.

Example 1.4 Consider a messenger robot moving in the environment depicted
in Fig. 1.4a. The robot (black disk) starts at the base B. When it detects a current
region of interest (base B, data gather region G, recharge regions R, dangerous
region D) or an intersection /, the robot is required to stop and choose the next
immediate direction of motion (West, East, South, North). Then the robot turns
towards the chosen direction and keeps following the road. We assume that
the robot’s actuators and sensors are unreliable, and as a result, the transition
to a next intersection is not guaranteed. For example, while driving East from
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B, the robot can end up at either of the two intersections to the right of B in
Fig. 1.4a, i.e., it can fail to stop at the first intersection. The motion of the robot
in this environment can be modeled as the nondeterministic transition system
T shown in Fig. 1.4b, which is described by

X = {x1, x2, X3, X4, X5, X6, X7, Xg};
Y ={W,E,S,N};

O ={B,G,R,D,I}; and

8 and o as shown in Fig. 1.4b.

Example 1.5 A simple gene network is represented schematically in Fig. 1.5a.
The network consist of three genes A, B and C expressed from separate pro-
moters. When expressed, each gene produces a different protein (also denoted
respectively by A, B and C). Protein C acts as a repressor and binds to the pro-
moters of genes A and B. Therefore, whenever protein C is present, proteins
A and B are not produced. Similarly, proteins A and B act as activators for the
promoter of gene C, which can be expressed only if either protein A or B is
present.

W N
B E | E |
X1 ) W X, W X3
E
N s N S
R N
B w I R~
| " w X, Xs Xg D
. | | N1 N1
E
N S N S
s
RR v
| | G\ % E Xg
G | . {
(a) A robot in an indoor
environment (b) The corresponding transition system

Fig. 1.4 A finite nondeterministic transition system representation for the motion of a robot in an
indoor environment (see Example 1.4)
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The regulatory interactions of this simple gene network can be captured
using the Boolean network model represented schematically in Fig. 1.5b. The
model consists of 3 Boolean variables signifying that each gene can be in one
of two possible states (i.e., expressed (on) or not expressed (off)). At each
step, the model evolves dynamically according to the following rules: the next
state of variable A (denoted by A’) is given by the Boolean formula A" = =C
and, similarly, B’ = —C and C’ = A Vv B. At each discrete time step, all the
variables are updated simultaneously.

The Boolean network model from Fig. 1.5b can be translated into the finite,
deterministic transition system 7 = (X, §, O, o) shown in Fig. 1.5c. The set
of states of the system X = {xj, xp, ..., xg} captures all possible valuation of
the Boolean variables from the model (i.e., x; ;== (A= 1, B=1,C = 1),
X2 =(A=1,B=1,C=T),etc.,, where 1. and T denotes the Boolean
“false” and “true”, respectively). Transitions between states of 7 are assigned
using the dynamics of the Boolean network (i.e., § (x;) = x7 since at state x;

e |
L [ ]

(a) Schematic representation of a simple  (b) Boolean network model of the
gene network consisting of genes A,Band  gene network from (a).
C.

(C) Transition system representation of
the Boolean network from (b) where only
the state of geneC (on/off) is observed.

Fig. 1.5 Gene networks can be modeled as Boolean networks, which in turn can be described by
finite, deterministic transition systems (see Example 1.5 for additional details)
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wehave (A = L, B =1, C = 1)andtherefore atthenextstep(A' =T, B’ =
T,C" = 1), which defines state x;). Assuming that we can only observe
whether gene C is expressed or not, the set of observations can be given by
O = {“on”, “off”’} where the observation map of T is defined for all states
x € X by o(x) =“on” if and only if C = T at state x and o(x) =“off” oth-
erwise. Throughout this book, we use quotes around observations defined as
strings (such as “on”,“off””) but not when the observations are symbols (such
as 01, 03, 03 in Example 1.2 or —, 0, 4+ in Example 1.3).

green yeIIow walk don t walk
(a) Car traffic light system (7}) (b) Pedestrian traffic
light system (7,)
yellow,
don’t walk

green, red,

walk walk
red @ @ green, —
e don’t walk ——
don’t walk —
—

yellow,
walk (d) Graphical representation
(¢) Overall crossing traffic light system of the pedestrian crossing
(T=T.®T),)

Fig.1.6 A finite transition system representation of the pedestrian intersection traffic light described
in Example 1.6



1.1

Definitions and Examples

Example 1.6 Consider the model of a traffic light at a pedestrian crossing
(Fig. 1.6) shown graphically in Fig. 1.6d.
The system consists of two components:

(1) a car traffic light with a “red”, “yellow” and a “green” signal, and
(i1) a pedestrian light with a “walk” and “don’t walk” signal.

Initially, the car and pedestrian traffic light components are modeled as sep-
arate transition systems 7, and 7, (shown respectively in Fig. 1.6a,b), where
each signal is captured by an observation (i.e., O, ={*red”, “yellow”, “green”}
and O, ={“walk”, “don’t walk”}). For both transition systems, each state
has a unique observation (i.e., in each state, each traffic light is displaying a
unique signal). To distinguish between states of 7. and 7,, we denote them by
X, = {x{, x5, x5} and X, = {x!, xJ'}, respectively.

By assuming that the transitions of the two systems are perfectly synchro-
nized (i.e., transitions are taken at the same time), the overall model of the
crossing is obtained by constructing the product 7 = 7, ® T, (Fig.1.6¢) of
the car and pedestrian traffic light components. Each state of the product T
specifies the entire state of the crossing. The observations are obtained by col-
lecting the individual observations and the transitions are obtained by matching
the transitions of the individual systems. For example, in state (x§, x{) the car
traffic light displays the “red” signal (i.e., transition system 7. is in state x5 ) and
the pedestrian traffic light displays the “walk” signal (i.e., transition system
T, is in state x7).

Note that the pedestrian crossing is modeled as an autonomous, deter-
ministic transition system. In other words, it is assumed that this system is
not influenced by the environment or any external inputs (i.e., the system is
autonomous) and, instead, it keeps changing the signals according to a pre-
determined program, always following the same sequence (i.e., the system is
deterministic).

The traffic light model from this example includes a dangerous state (x¢, x!')
with the observation “green”, “walk”. Approaches for identifying such unsafe
behaviors will be presented in Part II of this book (Examples 3.1 and 4.3).

Example 1.7 We further complicate Example 1.6 by considering a crossing
where a pedestrian must push a button to request the “walk” signal. As in
Example 1.6, we model the overall crossing as the composition of the car and
pedestrian traffic light components, where the car traffic light component 7,
remains unchanged as in Fig. 1.6a.
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To capture the behavior of the pedestrian traffic light, we use the nonde-
terministic transition system Tz; shown in Fig. 1.7a. Whenever this system is
in state x5 (showing the “don’t walk” signal), a nondeterministic transition to
either states xf (“walk”) or xé’ (“‘don’t walk”) can be taken, depending if a
pedestrian pushes the button. An explicit input is not considered in this case
to represent whether the button is pressed. Instead, this action is considered as
a nondeterministic event.

The pedestrian and car traffic light components are synchronized as in
Example 1.6 by constructing the product 7’ = 7. ® T, shown in Fig. 1.7b,
which is nondeterministic since TIQ is nondeterministic. The product 7"’ cap-
tures all possible behavior of the traffic light system — at any discrete time
step, a “walk” request might or might not occur depending on the behavior of
a pedestrian, which results in the nondeterministic transitions in 7"'.

Note that the dangerous state (xf, xf’ ) with observation “green”, “walk”
from the initial traffic light model described in Example 1.6 is not eliminated by
considering a “walk” request button. In fact, the set of states remains unchanged
and only additional (nondeterministic) transitions are introduced.

yellow,
don’t walk

green, red,
walk walk
' d

walk don’t walk don’t walk @ on’t walk
Q‘Q‘ yellow,

walk

(a) Pedestrian controlled (b) Overall crossing traffic light system (T' =T, ® T;)
traffic light system (7})

Fig.1.7 A finite transition system representation of the pedestrian intersection traffic light described
in Example 1.7
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1.2 Discrete-Time Dynamical Systems
as Transition Systems

Consider the following discrete-time control system:

x(k+1) = fx(k),utk)), k=0,1,2,...,

75 0 = ge(h),

(1.6)

where x (k) € RY is the state at time k, u(k) € U € R is the control input at time k
(U is the control constraint set), f : RN x R — R¥ is a vector function describing
the dynamics of the system, y(k) € R” is the output at time k, and g : R¥Y — R is
the output function.

The discrete-time system from Eq. (1.6) can be easily represented as an infinite
transition system Té’c = (X, 2.6, 0,0), where

e the set of states X = RY,

e the set of inputs ¥ = U,

e the transition function § = f 2

e the set of observations O = R”, and
e the observation map o = g.

The transition system Té’" is called the one-step embedding of 2, since it captures
all the transitions that & can take in one discrete-time step. It is also a timed and
controlled embedding, because it preserves the time and control information from the
original system. This is the most natural embedding of &, since T;f and Z include
exactly the same amount of information. It is easy to see that Té’c is non-blocking
and deterministic.

Other types of embeddings can also be defined for Z. For example, in an analysis
problem, we might be interested in capturing all the possible runs of &, and we are
not interested in recording the controls. The one-step, control-abstract embedding of
2 is defined as a transition system T). = (X, 8, 0, 0) where X, O, and o are defined
exactly as above. The transition function § is defined as x = §(x) if and only if there
exists u € U such that x’ = f(x, u).

Transition system Té is a particular case of another timed, control-abstract embed-
ding of 7. This embedding, which we will denote by Tg =(X,2,6,0,0),1is a
transition system whose X, O, and o are inherited from Té (and Té’c). Its set of
inputs X = N and its transition function § is defined as x’ = §(x, k) if and only
if there exist u(0), u(1),...,u(k — 1) € U driving system (1.6) from x(0) = x
to x’ = x(k). Finally, a time-abstract, control abstract embedding of %, denoted
simply by Ty = (X, 8, O, 0), is a transition system that can be defined by tak-
ing the transition function § as x’ = §(x) if and only if there exist k € N and
u(0),u(1),...,u(k — 1) € U driving system (1.6) from x(0) = x to x" = x (k).

2 As before, without the risk of confusion, and to keep the notation simple, we slightly abuse the
notation when we refer to singletons and sets made of just one element. Formally, § outputs a set,
while f outputs a singleton. In this case, the set produced by § has just one element.
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There are several situations in which only a finite number of properties that the
states can satisfy are of interest. Such properties, or predicates, can be given as a
set of functions over the state space and can be accommodated by our definition of
an embedding transition system. For example, assume that we have a set of scalar
polynomials {py, p2, ..., pr} defined in R”. Each p; defines a partition of R” into
three regions, which correspond to p; < 0, p; =0, and p; > 0, and which can be
labeled simply as n, z, and p, respectively. If all L polynomials are considered, the
state space is partitioned into 3% regions that are labeled as (p¢, ps, ..., p%), with
piefn,z,pli =1,2,..., L.If we are interested in how the trajectories of 2 move
among these regions, the set of observations can be defined as

O={(p}.p5....P0) I pfelnzpli=12,...,L}. (1.7)

The observation map is given by:

o(x) = (p{, p5. .-, P1), (1.8)

where p! =n if p;(x) <0, p{ =z if p;(x) =0, and p{ = p if p;(x) > 0, for all
i=1,2,...,L.
Alternatively, polynomials p;,i = 1,2, ..., L can be used to define a set of pred-
icates, e.g.,
m:pi<0,i=12,...,L. (1.9)

The set of observations is then the power set of the set of predicates

0 = 2{7{,,i=1,2,...,L} (110)

and the observation map o : X — O is defined as
o(x) = {m; | pi(x) <0} (1.11)

Finally, in several practical applications, the observations are defined as labels
{P1, P>, ..., P.}forasetof possibly overlapping “regions” that cover the state space
@i.e., Ui—1.. . P, = X). In this case, with the observation set O = 2{1:P2 P} the
observation map o : X — O is defined as

o(x) ={P|x € P} (1.12)

Example 1.8 Consider a planar, discrete-time affine control system described
by

x(k+1) = Ax(k) + Bu(k) + b, k=0,1,2, ...,
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where

0.95 —0.5 | 0.5
Az[o.s 0.65:|’ Bz[ 2 } b:|:_1.3]’ C=[10]. (119

The one-step timed controlled embedding Té}i = (X, X, 6, O, 0)isdefined
by

the set of states X = R2,

the set of inputs ¥ = R,

the transition function 8 (x, u) = Ax + Bu + b,
the set of observations O = R, and

the observation map o(x) = Cx.

The input word 0, 0, O, ... determines the (autonomous) run
|:8.0:| |:5.600i| |:2.8450:| [0.5190] [—0.8126] [—0.9255] [ 0.0492 ]
5.0 7]5950 "] 53675 | [3.6114 |’ | 1.3069 |[’| —0.8568 [’ | —2.3197 | "*~
shown in blue in Fig. 1.8 (left) and the output word
8.0000, 5.6000, 2.8450, 0.5190, —0.8126, —0.9255, 0.0492, . ..
The input word u(0)u(l), ..., u(100) with u(k) = 0.04k for £ < 50 and

u(k) = —0.04k + 4 for 50 < k < 100, shown in Fig. 1.8 (right), produces the
run

8.0 5.600 2.8042 0.3578 —1.1862 —1.5894 —0.9503
50 [5950 |°| 54491 |’|3.8073 || 1.5985 |’ [ —0.5275 || —2.0294 |* "~
shown in red in Fig. 1.8 (left) and the output word

8.0000, 5.6000, 2.8042, 0.3578, —1.1862, —1.5894, —0.9503, . ..

Assume now that we are only interested in how the runs of the system
behave with respect to a set of affine functions, e.g.,

pi(x) =[1—-11"x+ 1.8,
pax) =[11]"x —6,

p3(x) =[0.6 —1]"x — 3.5,
pa(x) =[0.51]"x + 1.7.

If the approach described in Eqs. (1.7) and (1.8) is used, then the word generated
by the blue run from the left of Fig. 1.8 is
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(p, p,n, p), (p, p.n, p), (n, p,n, p), (n,n,n, p), (n,n,n, p), (p,n,n, p),
(p,n,n,n), (p,n,p,n),.... (1.15)

The word generated by the red run coincides with the above word in the first
7 entries; the 8th entry is replaced by (p, n, n, n).

If the properties of interest are formulated in terms of a set of predicates,
as in Eqgs. (1.9), (1.10), and (1.11), then the word of the blue run is

{73}, (w3}, {71, w3}, {71, w2, w3}, {7y, w2, w3}, {m2, 73}, {m2, 73, w4}, {72, 74}, .. ..
(1.16)

In the red run, the 8th entry is replaced by {m,, 773, 4}

1.3 Simulation and Bisimulation

A number of analysis and control techniques, such as the ones presented in Part II,
have been developed to handle only finite transition systems (e.g. when an explicit
representation of all system states is required). In addition, these methods become
computationally challenging as the size of the state set of the system increases, which
limits the applicability of these methods due to the infamous “curse of dimension-
ality”. In this section, we introduce finite abstractions, which can be used to reduce
the size of a finite system or map an infinite system to a finite one for the purpose of
analysis and control.

Intuitively, an abstraction of a transition system 7' preserves some of its details
required for analysis and control but ignores aspects that do not influence the results.

10 20 30 40 50 60 70 80 90 100
step

Fig. 1.8 Sample runs of the discrete-time system from Egs. (1.13), (1.14) are shown on the left the
blue run corresponds to the autonomous system (u(k) =0, k =0, 1,2, ...), while the red run is
produced by the input shown on the right. The two components of the state vector x are denoted by
x1 and xp
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Fig. 1.9 An abstraction of the infinite transition system 7" with a set of states X = Z from Exam-

ple 1.3 might preserve only the observation of a state (the sign of a number) but ignore the other

details (the exact value). All states x € X with the property that o(x) = “—" (o(x) = “+”) are
equivalent and are grouped in an equivalence class X (X3)

More specifically, a state of the abstract model represents a large or infinite set of states
in the original, concrete model that are somehow equivalent (e.g. all equivalent states
might have the same observation). An abstraction could be equivalent to the concrete
model with respect to the satisfaction of all specifications. Alternatively, it could
provide an approximation, guaranteeing that satisfaction of a specification in the
abstract model implies satisfaction in the original system. Equivalent abstractions are
based on the notion of bisimulation, while approximate abstractions are constructed
using simulation relations. In Sect. 4.5 we will also explore the idea of constructing
abstractions which are equivalent only with respect to a given specification, and are
therefore coarser than bisimulation. In all these cases, analysis or control of the large
or infinite system can then be performed instead on its finite abstract model (see
Fig.1.9).

The observation map o of a transition system 7 = (X, X, §, O, o) induces an
equivalence relation ~C X x X over the set of states X of T'.

Definition 1.2 (Observational equivalence) States xi, x, € X are observationally
equivalent (written as x; ~ x,) if and only if 0(x) = o(x3).

Definition 1.3 (Quotient transition system) The observational equivalence relation
~ naturally induces a quotient transition systemT /. = (X /~, X, ~, O, 0..), where

e the set of states X /.. is the quotient space (i.e., the set of all equivalence classes),

e the set of inputs X' is inherited from the original system,

o the transition relation §.., is defined as follows: for states X;, X; € X/ and input
o € X, we include transition X; € §.(X;, o) if and only if there exist states x;
and x, of T' in equivalence classes X; and X ;, respectively, such that x, is reachable
from x| in one step under input o (i.e., x € 6(x1, 0)),

e the set of observations O is inherited from 7', and

e the observation o (X) of a state X; € X/ is given by o~ (X;) = o(x) for all
states x from equivalence class X;.

Given an equivalence class X; € X/.., we denote the set of all equivalent states
of T in that class by con(X;) € X, where con stands for concretization map. For
a state X; of T/ the set con(X;) is, in general, a region of 7" and if X C X/ is
a region of 7T/, then con(X) = Ux,ex con(X;) is a region of T. The observation
map o~ of T/~ is well defined, since all states x € con(X;) from an equivalence
class X; € X/~ have the same observation (i.e., Vx € con(X;), o(x) = o~ (X;)).



18 1 Transition Systems

(a) A finite, nondeterministic control (b) The quotient 7'/~ of control transi-
transition system 7. tion system 7.

Fig. 1.10 The quotient 7/ (b) of system T (a) under the observational equivalence relation
~. States that are equivalent in 7' (i.e., states sharing the same observation) are highlighted (see
Example 1.9 for additional details)

Givenstates X;, X; € X/, wecanassign transitionsin 7'/ ., through computation
of the successor states (Eq. (1.2)) of each equivalence class, i.e.,

X; € 6.(X;,0)if and only if Posty(con(X;),o) Ncon(X;) # 0. (1.17)

Equivalently, we can assign transitions in 7'/ .. by computing the set of predecessors
(Eq. (1.3)) of each class

X € §~(X;,0)if and only if con(X;) N Prer(con(X;), o) # . (1.18)

Example 1.9 Consider the transition system from Fig. 1.1 shown again for
convenience in Fig. 1.10a. The states with the same observations are equivalent.
The corresponding equivalence classes and highlighted in Fig. 1.10a. The set
of states of the quotient 7'/ ., shown in Fig. 1.10b,is X/ = {X;, X», X3}. The
set of all states of 7" in an equivalence class X; is given by the concretization
map con(): con(X,) = {x1}, con(X;) = {x2, x4}, and con(X3) = {x3}. The
observations of 7'/, are inherited from 7'. The transitions in §.. are assigned
as stated in Definition 1.3.

The above definitions can be immediately adapted for uncontrolled transition
systems by considering the particular case when | X| = 1 followed by the deletion
of the control symbol from the transition function.
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0y

(a) A finite, nondeterministic transition  (b) The quotient 7'/ .. of transition system 7.
system 7.

Fig. 1.11 The quotient 7'/ (b) of system 7 (a) under the observational equivalence relation
~. States that are equivalent in 7" (i.e., states sharing the same observation) are highlighted (see
Example 1.10 for additional details)

Example 1.10 We construct the finite quotient 7'/, under the observational
equivalence relation ~ for transition system 7 given in Fig. 1.11a. Each state
of T from the set X = {x;,...,x14} has a single observation from the set
O ={oy, ..., 0s}. States that have the same observation are equivalent and are
highlighted in Fig. 1.11a, revealing the equivalence classes of the system. The
quotient 7'/ has a set of states X /.. = {Xy, ..., X5} where, fori = 1,...,5,
each state X; represents the set of equivalent states with an observation o; and,
as a result, the observation map o~. is clearly defined (i.e., 0~ (X;) = 0;). The
set of all states of 7 in an equivalence class X; is given by the concretiza-
tion map con(): con(X;) = {x1, X2, x3}, con(X,) = {x4, ..., X9}, con(X3) =
{x10, x11}, con(Xy4) = {x12} and con(Xs) = {x13, X14}. Finally, transitions in
8~ are assigned as stated in Definition 1.3, resulting in the finite quotient 7'/ ~.
shown in Fig. 1.11b.
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From Definition 1.3, it follows that for all states (equivalence classes) X; € X/~
of T/, we have

Zr(con(Xy)) € L1 (X)). (1.19)

In other words, the quotient control transition system 7/. can produce any word
wo that can be produced by the original, concrete transition system 7. However, in
general there exists words in .7, _ (X;) that are spurious and do not represent valid
behavior of T (i.e., they are not part of Zr(con(X;))).

Since any behavior of T can be reproduced by 7'/.., we say that 7/ simulates
T. As we will discuss later in the book, this guarantees that, if a linear temporal logic
formula is satisfied at some state X; of T/, then the formula will be satisfied at all
the states of T contained in con(X;).

Definition 1.4 (Bisimulation) The equivalence relation ~ induced by the observa-
tion map o is a bisimulation of a transition system 7" = (X, X, §, O, o) if, for all
states x;, x, € X,andallinputso € X,if x; ~ x, and x| € §(x1, 0), then there exist
x5 € X such that x} € §(x2, o) and x| ~ xJ.

If ~ is a bisimulation, then the quotient transition system 7'/, is called a bisim-
ulation quotient of T, and the transition systems 7" and 7'/, are called bisimilar. To
explicitly distinguish between a simulation and a bisimulation, we sometimes denote
the latter by = and use 7/~ to denote a bisimulation quotient. In other words, the
quotient 7'/~ is the quotient 7'/ when Definition 1.4 is satisfied.

Simulations and bisimulations relations are generally defined between transition
systems sharing the same sets of observations, through equivalence relations between
their states. In this book, we restrict our attention to equivalence relations defined over
the states of a transition system, and the simulation/bisimulation relations are between
the original system and its quotient. These notions are usually called observational
simulation/bisimulation but throughout the rest of this book we will simply denote
them as simulation/bisimulation.

For example, in Fig. 1.10b, the quotient 7'/ is not a bisimulation of the transition
system 7 shown in Fig. 1.10a. Note that x,, which is in the equivalence class X, has
a transition to some state in the equivalence class X3 under input o). However, x4,
which is also in the equivalence class X, does not have a transition to some state in
the equivalence class X3 under 0. Examples of transition systems with no inputs for
which the observational equivalence relation ~ is not or is a bisimulation are given
in Fig. 1.12a, b, respectively.

Definition 1.4 establishes bisimulation as a property of the quotient 7'/, when
transitions originating at equivalent states in 7 satisfy certain conditions. In the
following, for the particular case of transition systems with no inputs, we consider
alternative conditions guaranteeing that the quotient 7'/, is a bisimulation quotient,
which are easier to test computationally.
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0

(a) ~ is not a bisimulation. (b) ~ is a bisimulation.

Fig. 1.12 The observational equivalence relation ~ (shown as shaded rectangles) is a bisimulation
for the transition system from (b) but not for the one from (a) (for both systems only the observations
for the entire equivalence classes are given)

Proposition 1.1 For a transition system T = (X, 8, O, 0), the equivalence relation
~ is a bisimulation if the quotient T / ~. is deterministic.

Proof Assume by contradiction that ~ is not a bisimulation. Then, there exist
Xi, Xj € X/w,x1,x2 € con(X;),and x| € con(X;)suchthatx; — x| butthere does
not exist xj € con(X;) such that x, — x3. However, since T is nonblocking, there
exists xj € X and Xy € X/, X # X, such that x) € §(x), where xJ € con(Xy).
In the quotient T, this induces transitions X; € §.(X;) and X; € 6.(X;), which
implies that 7'/, is nondeterministic and contradicts the hypothesis. |

Proposition 1.1 offers a computationally attractive sufficient condition for bisim-
ulation for transition systems with no inputs, where only the number of outgoing
transitions from each state in the quotient is counted. For deterministic transition
systems, this result becomes stronger:

Proposition 1.2 An equivalence relation ~ defined on a deterministic transition
system T = (X, 8, O, 0) is a bisimulation if and only if the quotient T /.. is deter-
ministic.

Proof From Proposition 1.1 it follows that if the quotient is deterministic then
the equivalence relation is a bisimulation. Assume by contradiction that 7'/~ is
not deterministic. Then, there exist X;, X;, X; € X/~ such that X; € 6. (X;) and
X € 8.(X;). However, since ~ is a bisimulation, there exists x;, x;, xx € X, x; €
con(X;),xj € con(X;), x; € con(Xy) such that x; € §(x;) and x; € §(x;), which
implies that T is non-deterministic and contradicts the hypothesis. |

Relevant to model checking and analysis problems that we will define later in the
book, as an immediate consequence of bisimulation, we can guarantee the language
equivalence between the quotient 7'/~ and the concrete system 7. In other words,
for all states X; € X/~, it holds that
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Lr(con(X;)) = Lpy (X)), (1.20)

In Definition 1.4, we gave conditions on the transitions originating at equivalent
states in system 7', required for the observational equivalence relation ~ to be a
bisimulation. Following from Definition 1.4, a computationally attractive characteri-
zation of bisimulation can be given by considering the set of predecessors (Eq. (1.5))
of each equivalence class.

Theorem 1.1 (Bisimulation characterization) The equivalence relation ~ is a bisim-
ulation for a transition system T = (X, X, 8, O, o) if and only if for all equivalence
classes X; € X /.. and for all inputs o € X, Prep(con(X;), o) is either empty or
a finite union of equivalence classes. Equivalently, the bisimulation property from
Definition 1.4 is violated at state X; € X /. if there exist an input o € X and a state
X; € X/~, such that

0 C con(X;) N Prer(con(X;), o) C con(X;). (1.21)

As a particular case, for a transition system 7 = (X, §, O, o) with no inputs, the
bisimulation characterization takes the form of Eq. 1.21 with o removed.

Example 1.11 Consider the quotient 7'/, (Fig. 1.13) of transition system T
from Fig. 1.12a. Using the characterization from Theorem 1.1, we can verify
that the bisimulation property (Definition 1.4) is violated by equivalence class
X, € X/~.Theset Pre(con(X3)) = {x,, x3} is not empty and has a nonempty
intersection with con(X;) = {x;, x2, x3} but there exist a state x; € con(X)
such that x; ¢ Pre((con(X3)). Equivalently, Pre((con(X3)) is not a finite
union of equivalence classes but is, in fact, a subset of an equivalence class.
Since the characterization from Theorem 1.1 is violated at state X; (i.e., Eq.
(1.21) is satisfied at that state), the quotient X /. is not bisimilar with 7.

Algorithm 1 =~=BISIMULATION(T'): Construct the coarsest observation-preserving
bisimulation quotient = of T = (X, X, §, O, 0)
1: Initialize ~, =~
2: while there exist equivalence classes X;, X; € X/~, and o € X such that
¥ C con(X;) N Prey(con(X;),0) C con(X;) do
3:  Construct equivalence class X such that con(Xy) := con(X;) N Prer(con(X;), o)
4. Construct equivalence class X» such that con(X3) := con(X;) \ Prer(con(X;), o)
50 X/w, =X/, \ (X UIXL X2)
6:
7

end while
return ~, (~, =~
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Fig. 1.13 Quotient 7'/ is
the same for the transition
systems from Fig. 1.12a, b.
While 7'/ is a bisimulation
quotient for the system from
Fig. 1.12b, it only simulates
the one from Fig. 1.12a. For
that system, the bisimulation
characterization from
Theorem 1.1 is violated at
state X . See Example 1.11
for details

Equation (1.21) leads to an approach for the construction of the coarsest bisimu-
lation =. Given a transition system 7', the iterative procedure known as the “bisimu-
lation algorithm” (summarized as Algorithm 1) starts with the observational equiv-
alence relation ~ and uses it to identify equivalence classes from X/ that satisfy
Eq. (1.21). Then, it iteratively refines these classes until the characterization from
Theorem 1.1 is satisfied. This guarantees that the equivalence relation ~, returned
after the algorithm terminates is indeed ~—a bisimulation of 7', which can be used
to construct the bisimulation quotient 7'/ .

Example 1.12 Consider transition system 7 from Fig. 1.12a, with quotient
T/~ (Fig.1.13) induced by the observational equivalence relation ~. As
already discussed in Example 1.11, T/ is not a bisimulation quotient (the
characterization from Theorem 1.1 is violated at state X, for which Eq. (1.21)
is satisfied). In order to obtain the coarsest observation preserving equivalence
relation of 7, the bisimulation algorithm (Algorithm 1) is applied to 7.

First, equivalence classes X and X3 of 7/ are considered, where ¢ C
con(X1) N Pre(con(X3)) C con(X;). Equivalence class X, is refined into
X1, and X, such that con(X; 1) = con(X;) \ Pre(con(X3)) = {x;} and
con(Xi,) = Pre(con(X3)) Ncon(X;) = {xz, x3}, which leads to the con-
struction of the intermediate equivalence relation ~; represented in Fig. 1.14a.
Equivalence relation ~; induces quotient 7'/, (Fig.1.14b) but is still not a
bisimulation (the characterization from Theorem 1.1 is violated for X;, €
X/~,). Therefore, Algorithm 1 is applied again.

Equivalence classes X, and X, of X/, are then considered and X;»
is refined into X;,; and X;,,, such that con(X;31) = con(X ) N Pre
(con(X3)) = {x3} and con(X;,,) = con(X2) \ Pre(con(X;)) = {x»}. The
resulting equivalence relation ~, represented in Fig. 1.14c is a bisimulation
and induces the bisimulation quotient 7'/, = T/~ shown in Fig. 1.14d.
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(a) Equivalence classes X /., after re-
finement of X; € X /.

] 2

(c) Equivalence classes of T/, after (d) Quotient T'/,.
refinement of X;» € X/,

Fig. 1.14 The equivalence relations ~| and ~;, obtained at successive steps while applying the
bisimulation algorithm to system 7" from Fig. 1.12a, induce quotients 7'/, and T’/ -, , respectively.
See Example 1.12 for additional details

1.4 Notes

In this chapter we introduced transition systems as a modeling formalism for a wide
range of processes [11]. Besides capturing the behavior of many processes directly,
transition systems provide a semantical model for various high-level formalisms for
concurrent systems including Kripke structures [45], process algebras [88, 131, 132],
statecharts [81] and Petri nets [ 140] (also see [39] for additional discussion on discrete
event systems). In addition, the formalisms of Mealy and Moore machines, which
are related to finite state automata and are commonly used in hardware synthesis and
analysis, can be described by transition systems [110]. Finally, in biological appli-
cations, Boolean networks [101] are a popular model approximating the behavior of
large genetic and signaling networks. The state spaces of both Boolean networks and
their extending qualitative networks [154] and generalized logical networks [166]
can also be expressed as finite, and in many cases deterministic, transition systems.
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We showed that infinite transition systems are rich enough to describe dynamical
(control) systems. Such embeddings have been proposed by several authors [5, 7,
72, 74, 105, 106, 138, 162, 163, 180, 184, 185]. While such embeddings can be
easily defined for continuous-time systems as well [105, 106, 138], we do not give
these definitions as the focus in this book is on discrete-time systems only.

The transition system definition that we consider here is somewhat different from
the ones encountered elsewhere [11, 15, 45]. We allow a state x € X of the system
to have only a single observation from the set of observations O, which is given
by the observation map o(x) € O. In more classical definitions, a state can have
several observations from the set O (or, equivalently, a state might satisfy several
propositions from a given set) and, as a result, the observation map o gives the set of
observations o(x) € 29 at state x € X. Such a formulation can be reduced without
loss of generality to the one we use by redefining the set of observations (i.e., by
defining a new observation for each subset from 2?). As it will become clear in
Chap. 2, this assumption will also induce a slightly different interpretation of the
semantics of the temporal logic formulas.

In this book, we deal with transition systems that are not initialized (i.e., we do
not specify a set of initial states for the system) unlike the systems that are commonly
encountered elsewhere [15, 45]. Such a definition is more appropriate for the analy-
sis applications we consider in subsequent chapters. We still formulate the model
checking problem as deciding if all runs from a given region satisfy a specification,
which is equivalent to model checking a transition system that is initialized at that
region. In other texts, only transition systems that have been initialized at a single
state can be deterministic but according to our formulation, determinism is a property
of the transitions and not of the initial states of a system. This allows us to search for
sets of initial states rather than individual initial states as part of the analysis problem
we consider in Chap. 4, even when deterministic systems are considered.

As probabilistic dynamics are not covered in this book, the transition systems
defined in this chapter capture only purely deterministic and nondeterministic behav-
iors. The probabilistic version of the transition system considered here is the well
known Markov decision process (MDP), in which the inputs enable transitions with
given probability distributions among the states of the system [15]. Throughout the
book, we also assume that the states of the system are observable. In other words, the
current state of the system is known and available for state-feedback control. Readers
interested in systems for which this assumption is relaxed are referred to transition
systems with nondeterministic observations [8], for which the current state is known
only to belong to a given set, and probabilistic versions such as hidden Markov mod-
els (HMM) [26], partially observable Markov decision processes (POMDP) [98],
and mixed observability Markov decision processes (MOMDPs) [135].

The notions of simulation and bisimulation that we consider here are relations
between systems and their quotients. Such relations can be defined, in general,
between systems sharing the same sets of observations [11]. There also exist relaxed
notions of bisimulations, such as alternating [6], weak [131], probabilistic [116], and
approximate bisimulations [67, 145], which go beyond the scope of this book.



Chapter 2
Temporal Logics and Automata

Throughout this book, we consider analysis and control specifications given as for-
mulas of a particular type of temporal logic, called Linear Temporal Logic (LTL).
Such formulas are expressive enough to capture a rich spectrum of properties, includ-
ing safety (nothing bad will ever happen), liveness (something good will eventually
happen), and more complex combinations of Boolean and temporal statements. For
example, for the robot from Example 1.4, an LTL formula can express a rich mission
specification such as: “Keep on collecting messages from data gather region G and
bring them back to the base B. Collect a message and recharge at one of the R regions
between any two visits to the base. Always avoid the dangerous region D”. In this
chapter, we introduce the syntax and semantics of LTL and of one of its fragments,
called syntactically co-safe LTL (scLTL), and we illustrate them through several
examples. We also define the automata that will be later used for system analysis and
control from such specifications.

2.1 Linear Temporal Logic

Linear Temporal Logic (LTL) formulas are constructed from a set of observations,
Boolean operators, and temporal operators. We use the standard notation for the
Boolean operators (i.e., T (true), — (negation), A (conjunction)) and the graphical
notation for the temporal operators (e.g., O (“next”), U (“until”)). The O operator is
a unary prefix operator and is followed by a single LTL formula, while U is a binary
infix operator. Formally, we define the syntax of LTL formulas as follows:

Definition 2.1 (LTL Syntax) A (propositional) Linear Temporal Logic (LTL) for-
mula ¢ over a given set of observations O is recursively defined as

p=TlolpAp|=p| O¢|d1Us, 2.1

where 0 € O is an observation and ¢, ¢; and ¢, are LTL formulas.
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Unary operators have a higher precedence than binary ones and — and O bind
equally strong. The temporal operator U takes precedence over — and A and is
right-associative (e.g., ¢1U ¢, U ¢ stands for ¢ U (U 3)).

To obtain the full expressivity of propositional logic, additional operators are
defined as

@1V Py = (=P A=)
Q1 —> ¢ =PV o
@1 < P2 = (¢1 = $2) A (2 —> ¢1)

In addition, the temporal operators <> (“eventually”) and [J (“always”) are defined
as follows:

O i=TU@
¢ := ==

By combining the various temporal operators, more complicated expressions can be
obtained. For example, we will frequently use the combinations <>LJ (“eventually
always”) and U< (“always eventually™).

LTL formulas are interpreted over infinite words made of observations from O,
i.e., over O®. Formally, the LTL semantics are defined as follows:

Definition 2.2 (LTL Semantics) The satisfaction of formula ¢ over a set of obser-
vations O at position k € N by word wp = wo(Dwo2)wo(3) ... € O, denoted
by wo (k) E ¢, is defined recursively as follows:

wo (k) E T,

wo (k) F o forsome o € O if wp (k) = o,

wo (k) F =g if wo (k) ¥ ¢,

wo (k) E ¢1 A ¢ if wo(k) F @1 and wo (k) F ¢,

wo(k) E O¢ ifwo(k + 1) F ¢,

wo (k) E ¢1U ¢, if there exist j > k such that wp (j) F ¢, and, forall k <i < j,
we have wo (i) F ¢.

A word wo satisfies an LTL formula ¢, written as wo F ¢, if wo (1) F ¢. We denote
the language of infinite words that satisfy formula ¢ by .Z.

In the following, we give an informal interpretation of the satisfaction of some
frequently used LTL formulas.

e (D¢ is satisfied at the current step if ¢ is satisfied at the next step.
o ¢ U, is satisfied if ¢, is satisfied “until” ¢, becomes satisfied,
e [o is satisfied if ¢ is satisfied at each step (i.e., ¢ is “always” satisfied).
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e [1—¢ is satisfied if —¢ is satisfied at each step (i.e., ¢ is “never” satisfied).

o ¢ issatisfied if ¢ is satisfied at some future step (i.e., ¢ is “eventually” satisfied).

o OL¢ is satisfied if ¢ becomes satisfied at some future step and remains satisfied
for all following steps (i.e., ¢ is satisfied “eventually forever”).

e Formula [J<¢ is satisfied if ¢ always becomes satisfied at some future step (i.e.,
¢ is satisfied “infinitely often”).

Example 2.1 Consider the transition system 7' defined in Example 1.2 and
shown in Fig. 1.2. A possible run of the system wx = x;xyx4x3(x;)” defines
the output word wp = 01010203(01)® which satisfies LTL formulas ¢; = o4,
¢, = Olo; and ¢3 = 01Uos. A different run wy = (x1x2x4x3)* defines
the output word w), = (01010203)” which satisfies formulas ¢, ¢3 and ¢4 =
O<o03. However, word wo does not satisfy formula ¢4 and w/, does not satisfy

&2.

Example 2.2 Consider the robot transition system described in Example 1.4.
Assume that the robot is required to keep collecting messages from data gather
region G and to bring them back to the base B. While doing this, it needs to
recharge at one of the recharge regions R. The robot must always avoid the
dangerous region D. This task can be represented as an LTL formula

¢ = OGG AKOB AOOR AO—-D.

An additional requirement might be that the robot needs to collect a message
and recharge between any two visits to the base. The overall task can be
expressed as the following LTL formula

Y =00B AO-D AOB = Q(=BUG)) AO(B = O(=BUR)).

Control strategies for the transition system from Example 1.4 from these spec-
ifications will be derived in Example 5.8.

An LTL formula belongs to the class of syntactically co-safe LTL formulas if it
contains only the temporal operators (), U and <>, and it is written in positive normal
form (the negation operator — occurs only in front of an observation). Formally, we
define the syntax of scLTL formulas as follows:
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Definition 2.3 (scLTL Syntax) A (propositional) syntactically co-safe linear tem-
poral logic (scLTL) formula ¢ over a set of observations O is recursively defined
as

p=Tlo|molp1 APl Vea| O¢|p1Us (2.2)
where o € O is an observation and ¢, ¢ and ¢, are scLTL formulas.

Temporal operator <> is defined in scLTL as before, i.e., G¢ := TU¢. However,
temporal operator [J can not be expressed in scLTL since only observations can be
negated, i.e., =<>—¢ does not belong to the scLTL fragment.

Even though scLTL formulas are interpreted over infinite words, i.e., over O®, as
explained in Definition 2.2, their satisfaction is guaranteed in finite time. Any infinite
word wo = wo()wo (2)wo (3) . .. that satisfies formula ¢ contains a finite “good”
prefix wo (1)wo (2) ... wo (n) such that all infinite words that contain the prefix, i.e.,
wo(Dwo(2) ...wo(n)w),, w, € 0%, also satisty ¢. We denote the language of
finite good prefixes of an scLTL formula ¢ by 216

Example 2.3 Consider again transition system 7 from Example 1.2 and
Fig. 1.2. The run wx = xpx4(x3)® defines the output word wp = 010,(03)®.
The word wo satisfies sScLTL formulas ¢y = <o and ¢ = oz A (01U 07)
since w¢ contains a good prefix of each of the formulas, i.e., o; for ¢; and
01003 for ¢,. In particular, all output words defined by system runs originating
from X, = {x;, x} contain the finite prefix o;, and therefore satisfy ¢;.

]

Fig. 2.1 The partitioned

. X1 Xo| X 3| Xy
planar environment for
X
Example 2:4: A cor'ltrol ol 8 X, |X7| Xz
strategy driving a simple X
vehicle modeled as a 10
discrete-time double -2 ;|
integrator such that its
motion satisfies specificati Xu
pecification _—
(2.3) will be derived in = X1
Example 11.5 X
-6
8
-10
-10 -8 -6 -4 -2 0 2
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Example 2.4 Consider an agent moving in the planar environment from
Fig.2.1. The specification is to visit regions X, or Xg and then the target
region X7, while avoiding X;; and Xy, and staying inside X = [—10, 217
until the target region is reached. This specification translates to the following
scLTL formula:

¢ =(=X11 A =Xj2 A =0ut) UX)) A(=X7U (Xp VvV Xg)), (2.3)

where Out = R\ X.

2.2 Automata

We will use automata that accept languages satisfying LTL and scLTL formulas over
the set of observations O. There is, therefore, no coincidence that the input alphabets
of the automata defined below is O.

Definition 2.4 (Finite state automaton) A finite state automaton (FSA) is a tuple
A= (S, s9, 0,8, F), where

S is a finite set of states,

so € S is the initial state,

O is the input alphabet,

§: S x O — S is a transition function, and
F C S is the set of accepting (final) states.

The semantics of a finite state automaton are defined over finite input words in
O*. A run of A over a word wop = wo()wp(2),...,wo(n) € O* is a sequence
ws = ws(Dwg(2),...,ws(n + 1) € §* where wg(1) = 59 and wg(k + 1) =
S(ws(k),wo(k)) forallk = 1,2, ..., n. The word wy is accepted by A if and only
if the corresponding run ends in a final automaton state, i.e., wg(n + 1) € F. The
language accepted by A is the set of all words accepted by A, and is denoted by .Z4.

A finite state automaton with a non-deterministic transition function, i.e., §: S X
O — 2%, and a set of initial states Sy < S instead of the singleton s is called a
non-deterministic finite state automaton (NFA). Every NFA can be translated to an
equivalent FSA. For this reason, we only consider deterministic finite state automata
in this book.

An scLTL formula ¢ over a set O can always be translated into an FSA A, with
input alphabet O with & (22‘0") states (|¢| denotes the length of ¢, which is defined as
the total number of occurrences of observations and operators) that accepts all and
only good prefixes of ¢ (i.e., Ly, = Z)ref.4). Some notes on available tools for this
translation are given in Sect.2.3 at the end of the chapter.
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04]0,|05]04
(@ ¢ = dor () ¢ = Qo3 A(01U02) (©) ¢35 = (m03U (01 V02)) A o3

Fig. 2.2 Graphical representation of the finite state automata for some scLTL formulas over the
set of observations O = {01, 02, 03, 04}. For all automata, s is the initial state and the final state is
indicated by a double circle. For simplicity of the representation, if several transitions are present
between two states, only one transition labeled by the set of all inputs (separated by the symbol |)
labeling all transitions is shown

Example 2.5 The finite state automata that accept the good prefixes of scLTL
formulas ¢; = <oy, g = oz A (01U 03), and ¢z = (—o3U (01 V 03)) A o3
over the set of observations O = {0y, 02, 03, 04} are shown in Fig.2.2.

Definition 2.5 (Biichi automaton) A (nondeterministic) Biichi automaton is a tuple
B =(S,58, 0,54, F), where

S is a finite set of states,

So C S is the set of initial states,

O is the input alphabet,

8 : S x O — 25 is a nondeterministic transition function, and
F C S is the set of accepting (final) states.

A Biichi automaton is deterministic if S is a singleton and (s, 0) is either ¥ or a sin-
gleton forall s € S and 0 € O. The semantics of a Biichi automaton are defined over
infinite input words in O“. A run of B over a word wg = wo(1)wo(2)wp(3)... €
0“ is a sequence wg = ws(Dws(2)ws(3)... € S” where wg(l) € Sy and
ws(k + 1) € §(ws(k), wo(k)) for all k > 1.

Definition 2.6 (Biichi acceptance) Let inf(wg) denote the set of states that appear
in the run wy infinitely often. An input word w, is accepted by B if and only if there
exists at least one run wg over wo that visits F' infinitely often, i.e., inf (wg) N F # @.

We denote by £ the language accepted by B, i.¢., the set of all words accepted by
B. An LTL formula ¢ over a set O can always be translated into a Biichi automaton
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B, with input alphabet O and O'(|¢| - 21¢1) states (|¢| denotes the length of ¢, which
is defined as the total number of occurrences of observations and operators) that
accepts all and only words satisfying ¢ (i.e., £p, = Z4). This translation can be
performed using efficient, off-the-shelf software tools, which are reviewed at the end
of the chapter in Sect. 2.3.

Note that, in general, a nondeterministic Biichi automaton is obtained by translat-
ing an LTL formula. While certain Biichi automata can be determinized, a sound and
complete procedure for determinizing general Biichi automata does not exist and,
in fact, there exist LTL formulas which cannot be converted to deterministic Biichi
automata.

Example 2.6 Examples of Biichi automata for some commonly encountered
LTL formulas are shown in Fig.2.3. Even when a nondeterministic Biichi
automaton was obtained through the translation with LTL2BA tool, the automa-
ton was simplified and determinized by hand whenever possible (e.g., for for-
mulas ¢, ¢4 and ¢s). Even so, some of the automata, such as the ones obtained
for LTL formulas ¢3, ¢¢ and ¢; cannot be determinized. In fact, it is known that
formulas of the type <>U¢ cannot be converted to a deterministic Biichi automa-
ton. For example, the Biichi automaton for LTL formula ¢ in Fig.2.3c can be
naively converted into a deterministic automaton by removing o; from the self
transition at so. However, then word 00, (01)®, which is obviously satisfying,
would not be accepted. While, in general, deterministic Biichi automata can
be obtained for a class of LTL formulas through alternative approaches other
than simply converting non-deterministic to deterministic Biichi automata, no
such automaton exists for ¢3. To understand why formulas ¢ and ¢7 result in
nondeterministic Biichi automata, we can rewrite them as

¢ = G0 A =G0, = 00 A Ol—o0, 2.4)
¢7 = OG0 = OG0y = (OG0 AOG0y) vV =G0, = (2.5)
= (0G0 A LG0y) Vv Sl—0y (2.6)

to reveal that both contain a <O sub-formula.

Definition 2.7 (Rabin automaton) A (nondeterministic) Rabin automaton is a tuple
R = (S, Sy, 0,4, F), where

e S is a finite set of states,
e Sy C S is the set of initial states,
e O is the input alphabet,
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0,|o;]|0
= 0;10,/05]0,
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0,]0,]05]0,

0,]03]0,

(@) ¢ = Qo1 (b) g2 =001 () p3=3"001  (d) ¢4 =000

0,|05]0,

(&) o5 =0(Co1 AQ02) (D) ¢ = OOG01 A-0OG0, (2) ¢7 =001 = OO0y

Fig. 2.3 Graphical representation of the Biichi automata for some commonly used LTL formulas
over the set of observations O = {oy, ..., 04}. For all automata, sg is the initial state and the
final states are indicated by double circles. As in Fig.2.2, for simplicity of the representation if
several transitions are present between two states, only one transition labeled by the set of all inputs
(separated by the symbol |) labeling all transitions is shown. For additional details, see Example 2.6

e §:S x O — 25 is a transition map, and
e F ={(Gy, By),...,(G,, By}, where G;, B, € S,i = 1,2,...,n is the accep-
tance condition.

A Rabin automaton R is deterministic if Sy is a singleton and (s, o) is either ¢
or a singleton, for all s € S and 0 € O. The semantics of a Rabin automa-
ton are defined over infinite input words in O”. A run of R over a word wo =
wo(Dwo2)wp(3) ... € O%isasequence ws = wg(D)ws(2)ws(3) ... € §“, where
ws(1) € So and wg(k + 1) € §(wg(k), wo(k)) forall k > 1.

Definition 2.8 (Rabin acceptance) Let inf (wg) denote the set of states that appear
in the run wy infinitely often. A run wy is accepted by R if inf(ws) N G; # @ A
inf(wg) N B; = #forsomei € {1, ..., n}. Aninput word wy is accepted by a Rabin
automaton R if some run over wy is accepted by R.
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We denote by % the language accepted by R, i.e., the set of all words accepted
by R. Given an LTL formula ¢, one can build a deterministic Rabin automaton R
with input alphabet O, 2270 states, and 294D pairs in its acceptance condition,
such that £, = .Z}. The translation can be done using off-the-shelf software tools
reviewed in Sect.2.3. Note that a Biichi automaton B is a Rabin automaton R with
one pair in its acceptance condition Fr = {(G, B)} where G = Fg and B = (/.

Example 2.7 Even though LTL formulas ¢3, ¢¢ and ¢ could only be trans-
lated into nondeterministic Biichi automata in Example 2.6, we can translate
them instead into the deterministic Rabin automata shown in Fig.2.4. The
Rabin automata for formulas ¢3 and ¢ contain only a single pair in their
acceptance conditions, while the one for ¢, contains two pairs.

(@) ¢3 = OUoy (b) 96 =OG01 A=OS0s (©) ¢7 =000 = OG0z

Fig. 2.4 Graphical representation of the Rabin automata for the LTL formulas from Example 2.6
resulting in nondeterministic Biichi automata. For each automaton, sq is the initial state. For the
automata accepting formulas ¢3 and ¢ the acceptance condition F is defined by one pair of
singletons (G, B) where G = {s1}, B = {so} in (a) and G = {s2}, B = {s1} in (b) (good and
bad states are denoted by unshaded or shaded double circles, respectively). For the automaton
accepting ¢7 the acceptance condition includes two pairs where G| = {s1, 52}, B1 = {so} and
Gy = {51}, Bo = { (the single bad state is denoted by a shaded circle and the good state that is
common for both pairs of the acceptance conditions is denoted by a solid and dashed circle in (¢)).
As in Fig.2.3, for simplicity of the representation if several transitions are present between two
states, only one transition labeled by the set of all inputs (separated by the symbol |) labeling all
transitions is shown. For additional details, see Example 2.7
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2.3 Notes

Temporal logics were originally developed by philosophers to reason about how truth
and knowledge change over time. They were later adapted in computer science and
used to specify the correctness of digital circuits and computer programs. Besides
several more expressive temporal logics, Linear Temporal Logic (LTL), Computation
Tree Logic (CTL) and the CTL* framework [45, 56], which is a superset of LTL
and CTL, are the most commonly encountered. For the applications we consider, the
computational expense involved in model checking (see Chap.3) CTL* outweighs
the gains in expressivity and therefore this logic is not considered. LTL and CTL are
incomparable in the sense that there exist LTL formulas that cannot be expressed in
CTL and vice versa. CTL is a branching time logic that allows for the quantification
of specifications over the executions of the system. In other words, a CTL property
can be satisfied by the system if it is satisfied over all paths (universal quantification)
or if there exists a path that satisfies it (existential quantification). However, the
additional semantics of CTL might make the formulation of specifications prone to
errors [ 130, 155], as one must consider all possible executions of a system at the same
time. On the other hand, expressing specifications in LTL is more natural because
executions are considered one at a time. In the worst case, model checking CTL and
LTL specifications respectively requires polynomial and exponential time in the size
of the formula. While CTL model checking is computationally cheaper, empirical
results suggest that performance is similar [172] for formulas expressible in both
logics, since formulas in CTL can be larger than their equivalent LTL representation.
Because of its resemblance to natural language, we adopt LTL as a specification
formalism.

Fragments of LTL, such as GR(1) [143] and syntactically co-safe LTL (scLTL)
[111, 156], have also been proposed as specification languages for verification and
control. With particular relevance to this book, scLTL has been primarily used to ver-
ify safety of a system [111, 156]. As we will discuss in the next chapter, analysis of a
system from an LTL formula ¢ involves constructing an automaton from the negation
of the formula, i.e., B-4. A safety property asserts that nothing bad happens to the
system, e.g., [ “safe”, and negation of a safety formula is called a co-safe formula,
e.g., &= “safe”. As we presented in this chapter, an FSA is sufficient to recognize the
words that satisfy a syntactically co-safe LTL formula, which reduces the computa-
tional complexity associated with the analysis of the corresponding safety property
due to the simple acceptance condition of an FSA. In addition to analysis of safety
properties, scLTL formulas are also used to express finite horizon specifications [30].

There are also some differences between the terms used here and elsewhere. The
symbols appearing in an LTL formula are usually called atomic propositions in the
formal methods community [45]. However, we call them observations as in this book
we use LTL formulas to specify properties of words over observations O produced
by transition systems 7 = (X, X, §, O, o) (see Definition 1.1). This is consistent
with control theoretic nomenclatures, where the term output is also used [162].



2.3 Notes 37

The semantics of LTL formulas are usually given over infinite words in the power
set of the set of observations 29, as they are normally used to specify properties of
transition systems with possibly several observations (atomic propositions satisfied)
at each state (see Sect. 1.4). The available off-the-shelf tools for construction of FSA
from scLTL formulas (SCHECK2 [117], based on the algorithm from [111]), Biichi
automata from LTL formulas (LTL2BA [65, 66], based on algorithms from [173]), and
Rabin automata from LTL formulas (LTL2DSTAR [102]) produce automata with input
alphabet 29, i.e., which accept words over 2¢. This is commonly denoted by labeling
transitions of the automaton with Boolean formulas over the observations from O
(see Example 2.8). A transition is enabled by the set of subsets of O (i.e., the elements
of 29) that satisfies the corresponding Boolean formula. However, as the transition
systems that we consider in this book have exactly one observation at each state
(see Definition 1.1), we simplify the automata produced by SCHECK?2, LTL2BA, and
LTL2DSTAR to only accept satisfying words over O. For example, Boolean terms or
formulas that cannot be satisfied by any individual element of O (e.g., the conjunction
01 A 0y of any two observations o1, 0, € O) are not relevant for the applications we
consider and can therefore be simplified. Such a simplification for a Biichi automa-
ton is shown in Example 2.8 and similar simplifications apply to FSA and Rabin
automata.

Example 2.8 Consider the LTL formula ¢ = (0;U0,) A <03, defined over
observations O = {oy, 02, 03, 04}. The Biichi automaton representation of
the formula is obtained using LTL2BA and is given in Fig.2.5 (states s
and s3 are respectively the initial and final (accepting) state). A transi-
tion labeled by an observation is enabled by any subset of O that includes
the observations (e.g., the self loop at state sy is enabled by observations
(01),(01, 02),(01, 03),. . .,(01, 02, 03),. . .). Similarly, a transition labeled by a
conjunction of observations is enabled under any subset of observations
that includes both observations (e.g., the transition between states sy and
s1 labeled by the conjunction o; A 03, is enabled by observations (oy, 03),
(01, 02, 03),(01, 03, 04),. . .). Finally, a transition labeled by “true” is enabled
by any subset from 2°.

In this book, we consider only observation from the set O and not the set of
subsets 29 Therefore, a transition under any conjunction of inputs can never
be enabled (i.e., the set of observations satisfying such conjunctions is always
empty) and transitions that are never enabled can be safely ignored. In Fig. 2.5,
we ignore the transitions from state sy to state s; and from sy to s3. As a result,
state s; becomes unreachable and can be ignored as well. This simplification
reduces the number of states and transitions in the Biichi automaton, which
improves the complexity of the methods that will be discussed subsequently.
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¢ =(0,U0,)*{ 0, (= (0,U0,)"O 05

simplify

0,]|0,]05]0,

Fig. 2.5 Biichi automata used for our applications can be simplified as described in Example 2.8

Most temporal logics, including LTL, have probabilistic versions. In particular,
the probabilistic version of LTL, called Probabilistic LTL (PLTL), is simply defined
by adding a probability operator that quantifies the satisfaction probability in front
of the formula. Its semantics is defined over a Markov decision process (MDP),
the probabilistic version of the transition system defined in Chap. 1 (see Sect. 1.4).
Probabilistic temporal logics go beyond the scope of this book, and the interested
reader is referred to [4, 14, 15].

There also exist logics, such as Bounded Linear Temporal Logic (BLTL) [188],
Signal Temporal Logic (STL) [126], and Metric Temporal Logic (MTL) [108], in
which the temporal operators have specific time intervals. In such logics, one can
specify eventuality with deadlines (e.g., <2 4j01— 01 will happen in between times
2 and 47), persistence with time bounds (e.g., [j3,7j0.— "0, will be true for all times
between 3 and 7”), etc. In particular, MTL and STL also have quantitative semantics,
which allow to quantify how far a system execution is from satisfying a given formula.
Recent works [3, 12, 19-21, 54, 59, 91, 94, 95, 107, 151, 176] showed that logics
with quantitative semantics can be used to formulate machine learning and control
problems as optimization problems with costs induced by quantitative semantics.
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Chapter 3
Model Checking

In this chapter, we introduce model checking, which is the most basic analysis
problem in formal verification. As the focus of the book is on LTL, we restrict our
attention to LTL specifications. Since we focus on analysis, we consider transition
systems with no inputs. Informally, the LTL model checking problem consists of
determining whether the language originating at a state of a finite transition system
satisfies an LTL formula over its set of observations. The algorithms presented in
this chapter will be extended in subsequent chapters to solve more difficult problems,
such as finding the largest satisfying region for finite transition systems and infinite
transition systems embedding discrete-time dynamical systems.

Given a finite transition system with no inputs 7 = (X, 4, O, 0) and an LTL
formula ¢ over O, checking whether all output words of 7' from a given subset of its
states satisfy ¢ is called LTL model checking. Since we only use LTL in this book,
LTL model checking is simply referred to as model checking.

Definition 3.1 (LTL satisfaction) Transition system 7 satisfies formula ¢ from a
given region X, C X, written as 7 (X,) F ¢, if and only if all words wo € 27 (X,)
produced by trajectories of T originating in X, satisfy ¢. Formally,

T(X,) F ¢ < VYwo € Z7(X,), wo F ¢, (3.1
which can be expressed equivalently as
T(X,)F¢ & Zr(X,) €. (3.2

Problem 3.1 (Model checking) Given a finite transition system 7, aregion X, C X
of T, and an LTL formula ¢ over its set of observations O, determine if 7 (X,) F ¢.
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Model checking provides a technique for automatically determining if 7 satisfies
¢ when T is finite. An off-the-shelf model checker (see Sect. 3.1 for a review of such
tools) takes as input a finite transition system 7" and a formula ¢ and returns a positive
verification result only if all words produced by runs of the system originating in
X, satisfy the formula (i.e., if Eq.(3.2) is satisfied). Otherwise, the model-checker
returns a non-satisfying run of T as a counterexample certifying the violation of the
formula.

Deciding if the inclusion from Eq. (3.2) holds can be computationally challenging.
Therefore, model checking algorithms often rely on computation using the negation
of the LTL formula and the following equivalence:

ZLr(X,) C "%d’ & ZrX,)nN .,%_@ =0 (3.3)

In other words, through Eq. (3.3) the model checking problem reduces to finding a
word wp € Z7(X,) N £, and, if no such word exists, it is guaranteed that the
system satisfies the formula from region X, . To find a run wy of T, which produces a
word wo such that wop F —¢ (i.e., wy is a counterexample in T'), automata-theoretic
model checking algorithms rely on the construction of a product automaton between
the transition system and the Biichi automaton corresponding to the formula —¢.

Definition 3.2 (Uncontrolled Biichi Product Automaton)! The uncontrolled Biichi
product automaton P = T ® B of a finite uncontrolled transition system 7 =
(X, 48, 0,0) and a Biichi automaton B = (S, Sy, O, g, F) is defined as P =
(Sp, S()p, (Sp, Fp), where

e Sp = X x §is the set of states,

e Sop = X x §p is the set of initial states,

e §p is the transition function where, for a state (x, s) € Sp, we have
Sp((x,s)) ={(x',s") € Sp | x' € 8(x) and s’ € 85(s, 0(x))},

e Fp = X x F is the set of accepting states.

This product automaton is a nondeterministic Biichi automaton with input alphabet
containing only one element, which is therefore omitted. In addition, P is finite
since both T and B are finite. A state (x,s) € Sp of P can be projected into a
state x € X of T. We denote this projection by o : Sp — X, where a(x, s) = x.
A run wg, = (x1, 51)(x2, 52) ... that is accepted by P can be projected into a run
wx = a(ws,) = a(xy, s1)a(x, $2) ... = x1x2... of T, such that o(x;)o(x2) ... is
accepted by B. If the product automaton Py = T ® By of a transition system 7" and
the Biichi automaton By, is constructed (where By, accepts the language .Z}, for some

IThere will be several versions of product automata throughout the book, e.g., controlled Biichi
product automaton, controlled Rabin product automaton, controlled finite state product automaton.
We will have formal definitions for all these product automata. However, whenever possible, we
will call them simply product automata in the text, as their meaning will be clear from the context.
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LTL formula ¢ as described in Definition 2.5), a run accepted by P is projected into
arun of T that produces a word wo over O accepted by By (i.e., wo satisfies ¢).

Note that a product automaton P = T ® R analogous to the one from Defini-
tion 3.2 can be constructed with a Rabin automaton R (see Definition 5.3). In that
case, the acceptance condition is inherited from the Rabin acceptance condition (see
Definition 2.8).

In model checking a finite transition system 7 from region X,, we construct the
product automaton P4 = T ® B-4 and restrict the set of initial states of P-4 to
Sor, = X; X So. A run ws,, = (x1, 51)(x2, 82) . .. that is accepted by P-4 can be
projected into arun wy = xjx; ... of T. If wo is the word produced by wy, then we
have wo F —¢ or, equivalently, wo ¥ ¢. Therefore, wy is a counterexample proving
that T (X,) ¥ ¢ and the model-checking problem reduces to finding the run w Sr.,
that is accepted by P_.

Finding an accepting run in P—4 can be accomplished efficiently by treating it as
a directed graph and decomposing it into maximal strongly connected components
(SCCs)—maximal regions of P-4 for which each state is reachable from every other
one. Considering states of P—, that belong to the same SCC as equivalent induces a
quotient system, where each state is a SCC (an equivalence class of states from Sp_)
and a transition between states (SCCs) C; and C; exists if and only if there was a
transition between some states s; € C; and s, € C; in P-y. The corresponding SCC
quotient is a directed acyclic graph. Initial and accepting states of the quotient system
are SCCs that contain at least one initial or accepting state from Sp_,, respectively.
The existence of an accepting state (SCC) in the quotient system that is reachable
from an initial state (SCC) is equivalent with the existence of a run that is accepted by
P_,. The former can be checked efficiently with basic graph algorithms. This com-
putation provides the core of an LTL model checking algorithm and is summarized
as Algorithm 2. The overall complexity of LTL model checking is &'(|X| - 2¢!).

Algorithm 2 MODEL- CHECK(T, X,, ¢): Determine if finite transition system 7 sat-
isfies LTL formula ¢ from region X,

1: Translate the negation of the formula —¢ to Biichi automaton B-
: Construct the product automaton Py =T ® B—y
: Restrict the initial states of P to Sop_, = Xr X So
: Decompose P-4 into SCCs
: if there exists a run from an SCC containing an initial state (a state in Spp_, )
to an SCC containing an accepting state (a state from Fp_,) then
return false and the corresponding counterexample (7' (X,) ¥ ¢)
: else
return true (T (X,) F ¢)
: end if

B W

Lo
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Example 3.1 In order to illustrate the model checking procedure, we consider
the pedestrian crossing traffic light system introduced in Example 1.6. For
this system, the crucial safety property requires that pedestrians and cars are
not allowed through the intersection at the same time—a mutual exclusion
specification. Formally, we can express this requirement with the LTL for-
mula ¢ = O— “green, walk” (shown as a Biichi automaton By in Fig.3.1a),
specifying that the system should never visit a state where the car traffic light
displays the “green” signal, while the pedestrian light displays the “walk” sig-
nal. To guarantee that the crossing operates safely, we are interested in model
checking system 7 from Example 1.6 against specification ¢ from region
X, ={(x{,x7) ... (x5, x3)}, which includes all states of the system.

For transition system 7" shown in Fig. 1.6c¢ it is clear that, regardless of the
initial state, every trajectory of the system visits state (x{, x{ ), where “green,
walk” is satisfied, and therefore specification ¢ is violated. To illustrate the
process, in the following we go through the individual steps of the model
checking procedure summarized in Algorithm 2.

i. The negation —¢ of specification ¢ = [J— “green, walk” (shown as a
Biichi automaton in Fig. 3.1a) is translated into the Biichi automaton B—
shown in Fig.3.1b (s¢ is the initial state of B-gy). Transitions of B, are
enabled by observations from the set O = {“yellow, don’t walk”, “red,
walk”, “green, don’t walk”, “yellow, walk”, “red, don’t walk”, “green,
walk” }.

ii. The product automaton P-4 = T ® B, shown in Fig. 3.1c is constructed.
Since all states are initial in 7" and only state s is initial in B—, all states

(xC, xV, 50) « .. (x5, x2, 50) are initial in P_,. Similarly, since state s; is
accepting in By, all states (x{, x!,s1) ... (x5, x5, s1) are accepting in
P_y.

iii. The product automaton P-4 is decomposed into strongly connected com-
ponents (SCCs) and the corresponding quotient system is shown in
Fig.3.1d, where state Sy is initial and state S; is accepting.

iv. Since a run from state Sp to state S; exists in the SCC quotient of P-4,
then there exists a trajectory of T that violates the specification. In other
words, there exists a sequence of signals displayed at the intersection that
eventually leads to the unsafe “green, walk’ signal being displayed. In fact,
for this particular system, all trajectories eventually lead to such unsafe
behavior and can therefore serve as counterexamples.
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_, green,
walk

(a) Biichi automaton of the spec-
ification ¢ = [J— “green, walk”
(By)

N’
green,walk
2 )°

(b) Biichi automaton of the
negation of the specification
—¢ = < “green, walk” (B-)

(c) Product automaton P =T ® B—

O &

(d) SCC quotient graph of P

Fig. 3.1 Automata involved in the model checking problem described in Example 3.1 for the
pedestrian intersection traffic light system. For the Biichi automaton shown in (a), the transition
labeled by — “green, walk” signifies that there exists a transition enabled by each observation from
the set O, except for one enabled by observation “green, walk”. For the Biichi automaton shown in
(b), a transition labeled by the set of observations O signifies that there exists a transition enabled
by each observation from O. See Example 3.1 for additional details
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3.1 Notes

An in-depth discussion on model checking can be found in [45], where model
checking algorithms for branching-time logics such as CTL are also included. For
a more recent and comprehensive treatment, the reader is referred to [15], which
also includes probabilistic verification, in which a Markov Chain is checked against
a probabilistic CTL or LTL formula. Model checking algorithms based on nested
depth-first search [48] have been developed as more memory-efficient alternatives to
the SCC-based approach discussed in this chapter. Popular off-the-shelf implemen-
tations of model checking algorithms include tools such as SPIN [89], NUSMV [43],
PRISM [114], and DIVINE [18].

As the complexity of model checking algorithms increases very fast with the sizes
of systems, various symbolic representations have been developed to describe and
manipulate finite transition systems. The most popular symbolic approach is based
on binary decision diagrams (BDDs) [129]. The main limitation of the BDD-based
representation is thatits size depends on variable ordering and manual adjustments are
usually necessary. Methods based on encodings such as Boolean satisfiability (SAT)
problems, which take advantage of modern SAT solvers, were shown to perform well
on large systems despite theoretical hardness results [31]. To deal with the difficulty
of framing model checking problems as Boolean satisfiability problems, encodings
based on Satisfiability Modulo Theories (SMT) have also been proposed [10].

In this book, model checking is performed against finite models or finite (simu-
lation or bisimulation) abstractions of infinite models. There exist, however, model
checking algorithms specifically adapted to apply directly to some classes of infinite
systems, such as timed automata [ 7], pushdown automata [34, 58], or, more generally,
well structured systems [2]. Even though the abstraction is not explicitly constructed
in these methods, they are based on notions of decidability and computability similar
to the ones used in this book.



Chapter 4
Largest Finite Satisfying Region

In Chap. 3, we introduced LTL model checking—a computational method for decid-
ing automatically if a finite transition system 7 (Definition 1.1) satisfies an LTL
formula ¢ (Sect.2.1). This technique produces Yes/No answers (i.e., T satisfies ¢ or
the specification is violated). In many applications, more quantitative results for the
satisfaction of ¢ by T are required. For example, if the set of states was partitioned
into satisfying and non-satisfying states, then the ratio of the cardinalities of the two
sets would give us some indication on the degree of satisfaction. In this chapter, we
focus on the problem of analyzing a finite transition system with the goal of parti-
tioning its state space into satisfying and non-satisfying subsets of states. Since the
focus is on analysis, as in Chap. 3, we consider transition systems with no inputs. In
Chap. 5, we will present a control version of the same problem for finite transition
systems. These techniques will then be extended in Chaps.7 and 9 to infinite tran-
sition systems embedding discrete-time dynamical systems. The problem that we
consider in this chapter can be formally stated as follows:

Problem 4.1 (Largest satisfying region problem) Given a finite transition system
T = (X, 4, 0,0) and an LTL formula ¢ over its set of observations O, find the
largest subset of X from which ¢ is satisfied.

Before we begin developing our solution to Problem 4.1 in the following sections,
we introduce several additional definitions necessary to formalize the problem and
give an overview of our approach.

Definition 4.1 (Largest satisfying region) Given a transition system 7 = (X, 4,
0, 0) and an LTL formula ¢ over O,

X0 ={xeX|Tx)FE ) (4.1)
is the largest satisfying region of T—the set of all states of T where ¢ is satisfied.
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The set X QT’ is the largest region of T satisfying ¢ since, for all states x of 7" where
x ¢ X¢, there exists a word in Zr(x) that violates ¢. While any subset of X?
contains only satisfying states and is therefore a “satisfying region” of T', the largest
satisfying region X ? is uniquely defined.

Definition 4.2 (Largestviolating region) Given atransitionsystem 7" = (X, §, O, 0)
and an LTL formula ¢ over O, the set of all states of 7" where ¢ is not satisfied is the
largest violating region of T

X\X2={xeX|Tkx) ¢ 4.2)

Equivalently, there exists at least one run of 7 that violates ¢ originating in every
state from the largest violating region.

Definition 4.3 (Strictly violating region) Given a transitionsystem 7' = (X, 8, O, 0)
and an LTL formula ¢ over O,

X7’ ={xeX|Tx)E ¢} (4.3)

is the strictly violating region of T—the set of all states of 7 where the negation —¢
is satisfied.

Relevant to analysis applications, no runs of 7 satisfying ¢ originate at any state
xeX ;¢. Therefore, the strictly violating region is always a subset of the largest
violating region. When T is deterministic, only a single run originates at each state
x € X and satisfies either the formula ¢ or its negation —¢ (i.e., T(x) F ¢ or
T (x) F —¢), allowing x to be included respectively in X ? or X ;¢ (see Example 4.1).
As a result, X? and X;¢ partition the states of T (i.e., X = X? U X;¢) for a
deterministic 7" and the strictly violating region is also the largest violating region.

Example 4.1 Consider the finite, deterministic transition system 7 from
Example 1.5 (Fig.4.1) and specification ¢ = O “on” requiring that, in the
next time step, a state with the observation “on” is visited. The largest region
of T satisfying ¢ is X ‘;ﬁ = {x3, ..., xg} and the strictly violating region for ¢ is
X ;¢ = {x1, x2} (both regions are shown in Fig. 4.1). Since transition system T
is deterministic, the strictly violating region is also the largest region violating
of T and the set of states X = {xi, ..., xg} is partitioned into X; and X ;¢, as
shown in Fig.4.1.

In general, when T is nondeterministic it is possible that both runs satisfying ¢
and runs satisfying —¢ originate at a state x € X and therefore 7" does not satisfy
either ¢ or —¢ from x (i.e., T (x) ¥ ¢ and T (x) ¥ —¢). Then, state x is an uncertain
state of T with respect to the satisfaction of ¢ and is not included in either Xq; or

X;¢ (see Example 4.2).
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Fig. 4.1 Satisfying (light
gray) and violating (dark
gray) states of the
deterministic system
introduced in Example 1.5
(Fig. 1.5) for specification
¢ = O “on” (for additional
details, see Example 4.1)

Definition 4.4 (Uncertain region) Given a transition system 7 = (X, §, O, o) and
an LTL formula ¢ over O,

X9 ={x € X | T(x) ¥ ¢ and T(x) ¥ —¢}. (4.4)

is the uncertain region of T—the set of all states of 7 where neither ¢ nor —¢ is
satisfied.

The set X ?7 includes all uncertain states and, for a nondeterministic 7 where X ‘ﬁ? #
¢, the states of T is partitioned into the largest satisfying, strictly violating and
uncertain regions X = X Q; UX ;¢ ¢ ??. As a result, the strictly violating region
X ;¢ is not necessarily the largest violating region (as for a deterministic 7). Instead,
the largest violating region is the union of the strictly violating and the uncertain
regions, expressed equivalently as X \ X qu

Example 4.2 Consider the finite, nondeterministic transition system 7" from
Example 1.2 and specification ¢ = Qo; requiring that, in the next time step,
a state with the observation o, is visited. The largest region of 7' satisfying
¢ is X? = {x;}, while the strictly violating region for ¢ is X ;¢ = {x, x4}.
Runs satisfying both ¢ and —¢ originate at state x3, so x3 ¢ X ? and x3 ¢ X ;d’
and, therefore, state x5 is uncertain (i.e., x3 € X"Tﬁ?). The set of states X =
{x1,..., x4} of T is partitioned into X o X ;¢ and X?’, which are shown in
Fig.4.2.

While the solution to Problem 4.1 amounts to the computation of set X Q; only, sets
X ;¢ and X ?? provide valuable information about system 7" and their explicit com-
putation leads to significant optimizations of the overall analysis procedure, as it will
become clear in the following sections. In the following, we refer to the computation
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Fig. 4.2 Satisfying (light
gray), violating (dark gray)
and uncertain (unshaded)
states of the nondeterministic
system introduced in
Example 1.2 (Fig. 1.2) for
specification ¢ = Qo (for
additional details, see
Example 4.2)

of X ?ﬂ X ;¢ and X ?7 as the analysis of a transition system. For a finite 7', which is
the focus of this chapter, all three sets are computable through a direct application of
model checking (as illustrated in Sect. 4.1), thus providing a solution to Problem 4.1.
However, such analysis becomes computationally challenging when T is large. To
address this issue, in the following sections we present alternative abstraction-based
analysis strategies, generally leading to conservative solutions of Problem 4.1, where
under-approximations of sets X ? and X ;¢ are computed. Specifically, we focus on
approaches for the iterative refinement and analysis of quotients of 7', allowing an
approximate solution to be computed and improved incrementally. In addition, we
derive conditions guaranteeing that an exact solution to Problem 4.1 is obtained.
Besides providing a more feasible strategy for the analysis of large finite transi-
tion systems, these abstraction techniques are also applicable to infinite transition
systems, which we will exploit in Chap. 7.

4.1 Model-Checking-Based Solution

Given a finite transition system 7', the subset of states where an LTL formula ¢ is
satisfied is computable by model-checking T against ¢ from individual states. We
denote this procedure by ANALYZE() where, given a region X, C X,

ANALYZE(T, X,,¢) = {x € X, | T(x) F ¢} 4.5)

is the subset of X, satisfying the formula ¢. For a finite transition system 7', the
largest satisfying region is computed as X ‘; =ANALYZE(T, X, ¢), which provides
a solution to Problem 4.1. Similarly, the strictly violating region is computed as
X ;¢ =ANALYZE(T, X, —¢). Once X ? and X ;‘b have been computed, the uncertain
region of 7" is computed as Xf =X\ (X? U X;¢).

An implementation of ANALYZE(), based on the function MODEL- CHECK() (Algo-
rithm 2) from Chap. 3, is given in Algorithm 3. This implementation is applicable
whenever model checking is feasible (i.e., when T is finite) but might require many
model-checking steps. Therefore, if 7 has a large number of states, applying func-
tion ANALYZE() is computationally expensive. In the following sections we develop
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analysis procedures suitable for larger systems, based on the construction and analy-
sis of finite abstractions of 7.

Example 4.3 In Example 3.1 we showed that the traffic light system described
in Example 1.6 was unsafe with respect to specification ¢; = [1— “green,
walk”. In other words, there existed runs of the system which led to an unsafe
state, where both cars and pedestrians were allowed to cross the intersection
simultaneously. In this example, we modify the system and use the analysis
procedure described in Algorithm 3 to find initial states, guaranteeing the safe
behavior of the traffic light.

As before, we construct the overall system as the product 7* = 7. ® T,
of the car and pedestrian traffic light components, where the car traffic light
component 7, remains unchanged as in Example 3.1 (Fig. 1.6a). The pedestrian
traffic light component 7' is modified from the one described in Example 1.6
and includes one additional state x} with the observation “don’t walk” (see
Fig.4.3a).

By analyzing the product 7° with specification ¢; = [J— “green, walk”,
we compute the violating region X79' = {(x¢, x”), (x5, x£), (x5, x1)}, where
all other states of the system are satisfying and belong to X q;i (see Fig.4.3b).
Therefore, we can guarantee that the safety specification ¢, is satisfied, as long
as the system is initialized in a state from the satisfying region X7.

We can also analyze the system with the stronger safety specification
¢, = O— (“green, walk” Vv “yellow, walk), which requires that the poten-
tially unsafe state of the system where pedestrians are allowed to cross but
cars are not explicitly stopped by a red signal is also avoided. Analysis using
Algorithm 3 reveals the satisfying region X% = {(x¢, x?), (x5, x7), (x, x7)}
(Fig.4.3c) and allows us to guarantee that the intersection is safe with respect
to specification ¢,, provided that the system is initialized at a state from X ‘;ﬁ.

Algorithm 3 ANALYZE(T, X, ¢): Set of states of T in region X, satisfying ¢

1: Initialize X? =0
2: for each state x € X, do
3:  if MODEL- CHECK(T, x, ¢) then

X? = X? Ufx}
end if
end for

A Sy

¢
return X
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(a) Safe pedestrian traffic light (T; ).
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green, yellow, red, green, yellow, red,
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(b) Satistying and violating regions for speci- (c) Satistying and violating regions for spec-
fication ¢; = - “green, walk™. ification ¢, = [ ( “green, walk” V “yellow,

walk™).

Fig. 4.3 Satisfying (light gray) and violating (dark gray) regions are computed by analyzing the
safe pedestrian intersection traffic light described in Example 4.3

4.2 Abstraction-Based Solution

In Sect.1.3 we introduced the notion of a quotient transition system 7/. =
(X/~,6~,0,0~) as an abstraction of the concrete transition system 7' = (X, &,
0, 0). The language inclusion property of Eq.(1.19) stated that, for all quotient
states (equivalence classes of ') X; € X/, all words from the language of T orig-
inating from region con(X;) (representing the equivalent states of 7 from class X;)
are included in the language of the quotient 7'/. originating from state X; (i.e.,
Zr(con(X;)) € Z7,._(X;)). In other words, any behavior of T is reproduced by
T/~ (ie., T/~ simulates T), which guarantees that, for all quotient states X; € X/~
and all LTL formulas ¢, the concrete system 7 satisfies ¢ from region con(X;) only
if the quotient 7'/, (usually much smaller than 7') satisfies the formula from state
X i i.e.,

T/(X))E ¢ = T(con(X;)) F¢ (4.6)
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This property is relevant to model checking, since it allows us to extend results
obtained for the quotient 7'/, to the concrete transition system 7. Equation (4.6)
also guarantees that when a state X; of 7'/. satisfies the negation —¢, all states
x € con(X;) of T satisfy —¢ and, therefore, violate ¢. Note that this strategy is
conservative, since identifying states of 7'/ that do not satisfy ¢ or —¢ does not
lead directly to any guarantees for T'.

Similar to the model checking approach described above, we apply Eq.(4.6) in
order to extend analysis results obtained for the quotient 7'/ .. to the original, concrete
system 7. Given LTL formula ¢, we use Algorithm 3 to compute the largest satis-
fying region X7, of T/ (ie., X§,  =ANALYZE(T/~,X/~.®)). From Eq.(4.6)
we guarantee that con(X r/.)1sa satlsfymg region in T but, in general, it is not the
largest satisfying region (i.e., con(X r7.) € x? 7). However, this computation pro-

vides a strategy for obtaining satisfying regions of 7 when X ‘; =ANALYZE(T, X, ¢)
cannot be computed directly (e.g., when T is large or infinite). The same approach
is used to compute the strictly violating region X ;;i: =ANALYZE(T /~, X/~, —¢)
in T/ with the guarantee that con (X ;j:) is a violating region of 7 but, in general,
only a subset of its strictly violating region (i.e., con(X;j’N) - X;¢). While the
computation of the uncertain region of 7/, as X?;N =X/~ \ (X? ;Y X;j’N) is
straightforward, in general, region con (X ?;N) is not the uncertainty region of 7' (i.e.,
it is possible that formula ¢ or its negation —¢ is satisfied by all runs originating
at a state x € con(X ?; )). In fact, due to the under-approximation of the largest

satisfying and strlctly violating regions of 7' through the analysis of the quotient
T/, region con(X? T / ) provides an over-approximation of the uncertain region of

T (.e., X¢ Ccon(X/ ).

Example 4.4 We apply the analysis procedure based on quotient construc-
tion and Algorithm 3 to the transition system 7 from Example 1.10. We
consider specification ¢ = [I<{o3, requiring that runs of the system keep
visiting states with the observation o3. The quotient 7'/, is constructed and,
by applying the analysis procedure from Algorithm 3, the largest satisfying
region X? ;. = {Xi1, X3, X4} and the strictly violating region X;}ZS = {Xs}
of T/ are identified (see Fig.4.4a). This implies that the sets con(X 7)) =

{x1, x2, X3, X10, X11, X12} and con(XT/N) = {x3, x14} are respectively a satis-
fying and violating region of T (see Fig.4.4b). However, these sets are only
subsets of the largest satisfying and violating regions X qu = {x1, X2, X3, X4, X10,
X11, X12} and X;¢ = {xs, x¢, X9, X13, X14} (Fig. 4. 4c) We can also compute the
uncertain region X‘;; = {X,} but region con(X / ) = {x4,..., X9} iS an
over-approximation of the uncertain region of 7 (i.e., only states x;7 and xg are
uncertain in 7).
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(a) Satisfying (light gray) and violating (dark (b) Satistying (light gray) and violat-
gray) states of 7/ .. ing (dark gray) states of 7 induced
from the analysis of 7'/ .

Fig.4.4 Analysis of the finite quotient 7'/ . with specification [K>o3 allows us to identify satisfying
and violating states of T (see Example 4.4 for additional details)

The analysis approach discussed so far was conservative, due to the construction
and analysis of a conservative simulation quotient of 7—a limitation that is addressed
through the construction of a bisimulation quotient. Equation (1.20) stated that the
language of such a quotient is equivalent to the language of T (i.e., Zr (con(X;)) =
Zr,. (X)), which allows us to guarantee that for all quotient states (equivalence
classes of T) X; € X/~ and all LTL formulas ¢, we have

T/~(X))E ¢ < T(con(X;)) F ¢. 4.7)

Following from Eq. (4.7), we use the bisimulation quotient 7'/ », equivalently instead
of T for model checking (which was not true for the simulation quotient 7/..). In
other words, by applying Algorithm 3 to the bisimulation quotient 7'/~, we can
compute the largest satisfying and violating regions of 7' through the computation
of the largest satisfying and violating regions of 7'/, as
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x4 = con(X?/z) and X;* = con(X;;’;) (4.8)

As a consequence of Eq.(4.8), the set of uncertain states is computed as X’ZTY‘7 =
con(Xy) ), where X, = X/~ \ (X},_UX77).

Using the results discussed so far, we obtain a solution to Problem 4.1, even when
system T cannot be analyzed directly (e.g., when model checking is not feasible
because T has too many or infinitely many states). The approach requires the com-
putation of the quotient 7'/, induced by the observational equivalence relation ~.
When T/ simulates 7', only an approximate solution to Problem 4.1 is obtained
using this technique but the solution is exact when a bisimulation quotient 7'/~ can
be constructed. A strategy for the computation of bisimulation quotients was already
presented in Sect. 1.3 as Algorithm 1. Thus, the overall analysis procedure described
in this section involves (i) computing the coarsest observation-preserving equivalence
relation ==BISIMULATION(T) (Algorithm 1), (ii) constructing the bisimulation quo-
tient 7'/~ and (iii) identifying the largest satisfying, strictly violating and uncertain
regions of T through analysis of 7'/~ using Algorithm 3 (see Example 4.5).

Example 4.5 The analysis approach discussed in this section is applied to
study transition system 7' from Fig. 1.11a with specification [1<>03. In Exam-
ple 4.4, we showed that simply constructing the quotient 7'/ under the obser-
vational equivalence relation ~ and analyzing it using Algorithm 3 led to the
identification of the satisfying region {x;, x, x3, X109, X11, X2} and violating
region {x3, x14} of T but the largest satisfying and strictly violating regions of
T were not identified (i.e., the exact solution to Problem 4.1 was not obtained).

By applying the bisimulation algorithm to 7 we compute the bisimulation =
and construct the bisimulation quotient 7'/ ~, (Fig. 4.5b with equivalence classes
shown in Fig.4.5a). Using Algorithm 3, we identify the largest satisfying and
strictly violating regions of 7/~ as X?/z = {X11, X12, X2.1, X3, X4} and

X ;;’L = {X13, X»4, X5}, respectively. Following from the discussion from
Sect. 1.3, we can guarantee that regions con(X?/z) = {x1, X2, X3, X4, X10, X11,

X172} and con(X;;’;) = {xs, x¢, X9, X13, X14} are respectively the largest sat-

isfying and strictly violating region in 7 (see Fig.4.5¢). In addition, we can
. . 2 -

compute the region of uncertain states X 4;/: =X/ \X qu 1 UX Tf;) = {X,,}

of T/~ and guarantee that all states from the region con (X ?;z) = {x7, xg} are
uncertain in 7.
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(a) Equivalence classes X /~.  (b) Satisfying and violating (c) Satisfying and violating
states of the bisimulation states of T'.
quotient 7'/ ~.

Fig. 4.5 The bisimulation = (a) of system 7" from Fig.1.11a is obtained using Algorithm 1 by
refining the equivalence classes X /.. highlighted in Fig.1.11a (the quotient 7/ was shown in
Fig. 1.11b). This allows the construction of the bisimulation quotient 7'/~ (b). The largest satisfying
(light gray), strictly violating (dark gray) and uncertain (white) regions of T/~ for specification
<03 can then be identified using Algorithm 3. This allows for the computation of the largest
satisfying, strictly violating and uncertain regions of 7" (c). For additional details, see Example 4.5

4.3 Iterative Strategies

In Sect.4.1, we presented a model-checking-based strategy (Algorithm 3), which
could be applied directly on T to provide a complete solution to Problem 4.1. How-
ever, this approach was computationally expensive when 7 included a large number
of states and could not be used directly when T was infinite as will be discussed in
subsequent chapters. Algorithm 3 could also be applied to the quotient 7'/, (con-
structed with the observational equivalence relation ~) but in general this led only
to an approximate solution to Problem 4.1, which was too conservative as illustrated
in Sect.4.2. Finally, Algorithm 3 could also be applied to the bisimulation quotient
T/ ~, thus providing a complete solution to Problem 4.1 as discussed in the previous
section. However, such an analysis strategy required that the bisimulation algorithm
(Algorithm 1) has terminated before applying model-checking techniques. While this
approach guarantees that the largest satisfying region of the system is identified, it
is not practical for certain systems (e.g., when many refinement steps are required to
compute a bisimulation quotient) and cannot be applied directly to infinite systems,
which will be our focus in subsequent chapters. As a compromise, instead of relying



4.3 TIterative Strategies 57

on the termination of the bisimulation algorithm, the equivalence relation produced
at each step of Algorithm 1 allows the construction of simulation quotients. Apply-
ing the analysis procedure (Algorithm 3) to these quotients leads to approximate
solutions to Problem 4.1, which get increasingly better with subsequent iterations of
Algorithm 1.

Formally, the equivalence relation ~,, initialized with the observational equiva-
lence relation ~ in Algorithm 1 and refined within the main loop of the algorithm,
is used to construct quotient 7'/ ., at each step. Computing the largest satisfying and
strictly violating regions X ‘;ﬁ /e and X ;}b of T/, through Algorithm 3 allows the

computation of the subsets con (X7, 2 yand con(X;? /) of the largest satisfying and
strictly violating region of 7. Whlle ‘the solution to Problem 4.1 obtained this way is
not exact, a major advantage of the procedure is that an initial, rough approximation
is obtained at little computational cost during the initial iterations and is improved
through additional refinement (if more computational resources are available).

Let ~; and ~; denote the equivalence relation ~, obtained during successive
iterations of Algorithm 1 and consider the quotients T/, = (X/~,,d~,, O, 0~,)
and T/, = (X/~,,0~,, O, 0~,). Forany state X; € X/~,,con(X;) € con(X;) for
some X; € X/, (i.e., the equivalence classes of X/, are refined in X/.,). Given
states X, X» € X/, such that con(X)Ucon(X,) = con(X;) forsome X; € X/~,
(i.e., equivalence class X; was refined into X and X»)

i 0,(X1) = 0~,(X2) = 0~,(X;) (i.e., all subsets of a refined equivalence class
inherit the observation of the parent) and

ii. forany X; € X/, such that X; € 6.,(X;) or X; € §.,(X>), there exist an
X € X/~, suchthatcon(X;) C con(X;) and X; € §~,(X;) (i.e., all transitions
are preserved).

Since words can only be removed from the language of the quotient through refine-
ment
fT - fT/NZ - DgeT/Nl . (49)

and, from Eq. (4.9),
con(X?/ ) C con(X?/ ) C X‘;. (4.10)
~ ~

Therefore, the largest satisfying region X ? /e of the quotient 7'/, obtained after
more iterations of Algorithm 1 provides a better approximation of the largest satisfy-
ing region X ? of T than the one obtained with less iterations. The same result holds
for the largest violating region X ;}”N

The analysis strategy described in this section is summarized as Algorithm 4.
While this illustrates the combination of quotient refinement and model checking,
performing analysis after every single refinement step is prohibitive. To develop a
solution more amenable to practical implementations, in the following section we
present a number of improvements and optimizations to this method.
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Algorithm 4 [X?, X™9] =ITERATIVEANALYSIS(T, ¢): Given formula ¢, compute
the (under-approximations) X¢ € X ? and X™? C X ;¢.

1: Initialize ~, =~

2: while there exist equivalence classes X;, X; € X/, such that

@ C con(X;) N Pre(con(X;)) C con(X;) do

Construct equivalence class X such that con(X) := con(X;) N Pre(con(X;))
Construct equivalence class X5 such that con(X3) := con(X;) \ Pre(con(X;))
X/mp =X/ \MX UL, X2}
Construct quotient 7'/ .,

X, =ANALYZE(T/w,, X/, §)
X;7~, :=ANALYZE(T /~,, X/~ =)

Y X Jnhw

o ¢
X? = CO”(XT/N,)
10: X% = con(X;j’N’_)
11: end while

4.4 Conservative Quotient Refinement

If the initial steps of the analysis procedure outlined in the previous section fail to
produce an adequate approximation of the solution to Problem 4.1, computation
might become challenging due to the possible explosion in the number of states
of T/, as refinement progresses. Therefore, minimizing the amount of refinement
performed at each step is critical to the feasibility of the method. One possible
strategy for controlling the number of states produced during the refinement involves
refining and analyzing the quotient only at states where this can improve the solution
(i.e., increase X "; Jo and X ;7: ). Targeting our computation in such a way requires
identifying states where refinement might be beneficial and developing a refinement
strategy that operates locally on particular states. Through the rest of this section we
discuss both issues and use the results to develop an improved analysis procedure.
To understand where refinement should be targeted in the quotient 7/..,, we
first provide some additional intuition about why analysis of 7'/, leads only to a
conservative solution to Problem 4.1 and how state refinement can help. Given a state
x € X, system T either satisfies formula ¢ from x (i.e., T (x) F ¢), its negation —¢
(i.e., T(x) E —¢), or x is uncertain in 7 with respect to the satisfaction of ¢ (i.e.,
T(x) ¥ ¢ and T (x) ¥ —¢). Given two states x;, x, € X such that T (x;) F ¢ and
T (xp) E —¢, if the states are equivalent (i.e., x; ~, x;) and belong to equivalence
class X; € X/, (i.e., x1, xo € con(X;)), state X; is uncertain in 7'/, with respect
to the satisfaction of ¢. However, refining X; might separate states x; and x, and
allow the resulting subsets of X; to be characterized as satisfying or violating.
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Example 4.6 Consider analyzing system 7" from Fig. 1.12a with specification
¢ = <$Uo,. We focus on the equivalent states xp, x, and x3 with observation
o01. All runs of T originating at state x; satisfy ¢ and no runs originating at x3
satisfy it (i.e., all runs originating there satisfy —¢). Furthermore, state x; is
uncertain and both runs satisfying ¢ and —¢ originate there. In the quotient
T/~ (Fig.1.13), con(X;) = {x1, x», x3} and state X; is uncertain. However,
refinement of state X; can separate satisfying and violating states and allow
the subsets of X to be characterized. In the refined quotient 7'/ ., (Fig. 1.14d),
which is also the bisimulation quotient 7'/~ obtained through Algorithm 1,
state X | is satisfying, state X, is violating and state X, is uncertain.

We hope to apply state refinement in order to separate the subsets of states of
T/, from which only trajectories satisfying either ¢ or its negation —¢ originate.
Refinement of the quotient at any state does not change the satisfaction of the for-
mula at state X;, which has already been characterized (i.e., where X; € X Q; /., or

X; € X ). More specifically, for any satisfying state of the quotient X; € X "’
reﬁnement of any other states can only “shrink” the language from X; (as dlscussed
previously), which guarantees the satisfaction of ¢ from X; (the same result holds
for violating states with the negation of the formula). Similarly, refining a state X;
can only “shrink” the language produced from states outside X;.

For certain LTL formulas (e.g., GU¢ and <3¢, where ¢ is a logical expression
over the atomic propositions) the refinement of previously characterized states does
not influence the satisfaction of the formula by other, un-characterized states of the
quotient. Therefore, once a state has been identified as satisfying the formula or its
negation it is no longer considered for refinement or analysis Formally, refinement
of any state of the quotient X; € X/, where X; € X T/, is unnecessary, since
all trajectories orlgmatmg there satisfy the formula. Slmllarly, refinement of any
state X; € X0 T/, is also unnecessary, since only trajectories violating the formula
originate there. The approximation of the solution obtained by analyzing 7'/ .., might
be improved only by refining states, from which some but not all trajectories satisfy
the formula. Therefore, state refinement is targeted to states X; € X/~ , such that

X ¢ X5 ¢ and X; ¢ X 2% or, equivalently, X; € X ¢/ . While this optimization is
an addltlonal source of conservatlsm for general formulas this limitation is addressed
through the improved procedure introduced in the following section.

In order to complete the analysis method described in this section, a refinement
procedure is required that can be applied locally at particular states of a quotient,
where this can improve the solution to Problem 4.1. Motivated by the fact that if
T /., becomes the bisimulation quotient 7'/ ~. through refinement, an exact solution is
obtained by applying Algorithm 3, our refinement procedure REFINE() (Algorithm 5)
is inspired by the bisimulation algorithm (Algorithm 1). Unlike the bisimulation
algorithm, which refines the equivalence relation ~, globally, REFINE(T/~.., X;)
refines the quotient 7'/, locally at a state X; € X/, . In particular, this procedure
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considers all successors of X; in 7'/ .., and refines it in such a way that the bisimulation
property (Theorem 1.1) is satisfied at X;. Note that, this does not guarantee that X; is
not going to be refined further during subsequent iterations and, in fact, if any of the
successors from 8., (X;) are refined, refinement of X; might be necessary. However,
since this procedure is only applied locally at a state, its termination is guaranteed.

Our refinement procedure allows us to target computation to specific states, while
the quotient is updated (by updating the transitions 6., and observation map o~.,)
instead of recomputed every time refinement is performed. When refinement is per-
formed using the Pre() operation as part of function REFINE() (Algorithm 5), out-
going transitions of the newly formed states are implicitly induced. Given states
X;, Xj € X/~ suchthat X; € 5. (X;), the subset con(X;) N Pre(con(X)) always
has a transition to state X ;. Additionally, any subset of con(X;) \ Pre(con(X;))
can never have a transition to state X ;. In the particular case when state X; has a
self transition (X; € é~,(X;)), transitions from subset con(X;) N Pre(con(X;)) to
all subsets of X; resulting from its refinement are possible and must be recomputed
using Eq. (1.17) or (1.18)—in Algorithm 5 this computation is performed by the code
starting at line 11. Incoming transitions from all predecessor states X; € Pre(X;)
to all newly formed states are updated by the loop starting at line 22 of Algorithm 5,
which completes the construction of .. All subsets of a refined state inherit the
observation of the parent and, therefore, o... is easily updated.

r

Example 4.7 To demonstrate the refinement procedure implemented by Algo-
rithm 6, we apply it to state X3 of the quotient 7'/ . from Fig. 4.6b with equiv-
alence classes shown in Fig.4.6a. Only states X3, X4 and X5 are reachable
from X5 and are considered when refining X3, where con(X3) = {x3, x4, X5}
For the subsets X3, X3, and X33, we have con(X3;) = (con(X3) N
Pre(con(X4))) \ (Pre(con(X3)) U Pre(con(Xs))) = {x3}, con(X32) =
(con(X3) N Pre(con(X4)) N Pre(con(Xs)) and con(X33) = (con(X3) N
Pre(con(X3)). Transitions §~,(X31) = {X4} and -, (X32) = {X4, X5}
are implicitly induced due to the refinement (lines 5-6 of Algorithm 5).
While we can guarantee that there is a transition from state X33 to a sub-
set of X3, additional computation (using Egs. (1.17) or (1.18)) is required to
find transition é~,(X33) = {X32} (loop starting at line 11 of Algorithm 5).
Incoming transitions from the predecessors X; and X, of state X3 are also
recomputed (loop starting at line 22 of Algorithm 5), resulting in the quotient
T/~, = REFINE(T'/ ., X3) shown in Fig.4.6d with equivalence classes shown
in Fig.4.6c.
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Fig. 4.6 Refinement of quotient 7'/, (b) at state X3 using function REFINE() (Algorithm 5) results
in the construction of quotient 7'/ ., =REFINE(T'/ ~., X3) (¢). For additional details, see Example 4.7

For any states X;, X; € X/~, we can guarantee that the intersection con(X;) N
Pre(con(X;)) is nonempty if and only X is reachable from X; in T/~. In other
words,

X; € d(X;) & con(X;) N Pre(con(X;)) # 9. “4.11)

Then, all nonempty intersections con(X;) Ny;ex: Pre(con(X;)) \ Ux.ex» Pre
(con(Xy)), where X' € 20~ and X” = §.(X;) \ X/, provide a partition of X;
that satisfies the bisimulation property. Therefore, if m = |6~ (X;)| is the number of
successors of X;, applying REFINE(T /., X;) results in at most 2™ subsets.

When T is deterministic, given states X;, X;, X; € X/~ such that X; and X,
are reachable from X; (i.e., X, X; € §~(X;)), we have con(X;) N Pre(con(X;)) N
Pre(con(Xy)) = @. In other words, there are no states in con(X;) that can make a
transition to both con(X;) and con(Xy) in one step, which would make 7" non-
deterministic. Then, con(X;) N Pre(con(X;)) of all successors X; € 5.(X;)
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Algorithm 5 T/, =REFINE(T'/~., X;): Refine T/ atstate X; € X/,
I: X:={X;}and 6., (X;) =9
2: forall X; € 5. (X;) do
X:=0
for all X; € X do
Construct state X | such that
con(X1) = con(Xy) N Pre(con(X))
0y (X1) = 0~ (X7)
8, (X1) =00, (X)) U X
6: Construct state X» such that
con(Xz) = con(Xy) \ Pre(con(X;))
0y (X2) = 0~ (X1)
O, (X2) = 8, (Xk)
7: K :=XU({X], X2}

AR

8: end foAr
9: X:=X
10: end for

11: for all X; € X such that X; € §,(X;) do
12:  forall X; € Xdo
13: if Post(con(X;)) Ncon(Xy) # @ then

14: O, (Xj) i= B, XN\ AXG D U { X}
15: end if

16:  end for

17: end for

18: forall X; € X/ \ {X;} do
19: o~ (X)) =0~ (X))

20: if X; € 6 (X;) then

21: 8, (X)) =80 (X)) \ {Xi}
22: for all X; € X do

23: if Post(con(X;)) Ncon(Xy) # @ then
24: 8y (Xj) 1= 80, (X)) U {X)

25: end if

26: end for

27:  else

28: 8, (X)) i=00(X))

29:  end if

30: end for

31: X/, = X/ \ (Xih UX
32:return T/, = (X/~,.08~,,0,0~,)

provide a partition of state X;, satisfying the bisimulation property and applying
REFINE(T/~, X;) on the quotient of a deterministic system 7 results in at most
m = |8~ (X;)| subsets. For a deterministic 7, REFINE(T'/ .., X;) is more efficient and
is summarized as Algorithm 6.
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(a) Quotient T/~, =REFINE(T /~,X}). (b) Quotient 7'/, =REFINE(T /-, X>).

Fig. 4.7 The quotient 7/, (Fig.1.11b) of transition system 7 (Fig.1.11a) is refined at states X
or X,. For additional information, see Example 4.8

Algorithm 6 7'/... =REFINE(T' /., X;): Refine T/ at state X; € X/~ for a deter-

ministic T

It X/n, =X/ N\ Xi

2: forall X; € X/, do

3: 60, (X)) =00 (XH\ X,

4 ONr(Xj)ZON(Xj)

5: end for

6: for all X; € 5. (X;) do

7 X/~, =X/~ U X, where con(Xy) = con(X;) N Pre(con(X;))

8: 60, (Xy) :={X;}and o~, (Xy) := 0o(X;)

9: forall X; € X/, suchthat X; € 6~ (X;) do
10: if Post(con(X;)) Ncon(Xy) # ¢ then
11: O~ (Xp) =6, (X)) U {Xi}

12: end if

13:  end for

14: end for

15: return 7/, = (X/~,,0~,,0,0~,)
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Example 4.8 Consider the quotient 7'/, (Fig.1.11b) of transition system T
(Fig. 1.11a). All states of T from the equivalence class con(X;) = {x;, x2, x3}
have deterministic transitions only. Therefore, refining 7'/ .. at state X3 demon-
strates the refinement procedure implemented by Algorithm 6 and results in
the refined quotient 7'/, =REFINE(T'/~, X1). T/~, includes the subsets X |
and X, instead of X, where con(X; 1) = con(X;) N Pre(con(X3)) = {x;}
and con(X ) = con(X;) N Pre(con(Xy4)) = {x2, x3} (see Fig.4.7a).

Since there exist states of 77 from the equivalence class con(X;)
{x4, ..., x9} with nondeterministic transitions, the more general procedure
implemented by Algorithm 6 must be applied to refine 7'/, at state X,. As
a result, the refined quotient 7/., =REFINE(T/., X») is obtained, where
subsets X5, X»2, X»3 and X, 4 are included instead of X,. These sub-
sets are computed as con(X,1) = con(X,) N Pre(Xy) \ Pre(Xs) = {x4},
con(X,,) = con(X;) N Pre(X4) N Pre(Xs) = {x7,xg}, con(Xp3) =
con(X,)NPre(Xs)\ Pre(X4) = {x9} and con(X,4) = con(X3)NPre(X;) =
{xs, x6} (see Fig.4.7a or the equivalence classes shown in Fig.4.8b).

The analysis approach described in this section is summarized as Algorithm 7.
The overall goal of limiting the size of the quotient 7'/, during the execution of
the algorithm is achieved by targeting specific states, with the hope of improving
the solution by expanding X and X ;;ﬂ Besides the operations discussed in
Sect. 1.3, this procedure does not require any additional computation. In the fol-
lowing, we consider the conditions guaranteeing that the quotient obtained through

Algorithm 7 provides an exact solution to Problem 4.1.

Proposition 4.1 Given transition system T with quotient T / .., an exact solution to
Problem 4.1 is obtained whenever all states of T [ ~., can be partitioned between the
largest satisfying and strictly violating regions X ‘;ﬁ /., and X ;?N . In other words,

X7, UX7) =X/~ = con(X7, )=X7andcon(X;) )=X;" (4.12)

Proof By definition, all runs of T originating ata state x € con(X ? /) satisfy ¢ and,
therefore, con(X q; /N’_) is a satisfying region of T'. For any state x ¢ con(X ? Jo ), we
have x € con(X;) for some equivalence class X; € X/~ , where X; ¢ X?/N‘. Since
X? Jo and X ;}p partition the set X/ , we can guarantee that X; € X, ﬁd) and,

therefore, all runs of T originating at x violate ¢, making con(X /.,) the largest
satisfying region of 7. The same argument can be made for the strlctly violating
region con(X;;pN_) of T. [ ]

For a nondeterministic transition system 7', it might be infeasible to partition the
. - . . ?
states X/, into X ? ;. and X Tj: , due to the existence of uncertain states x € X ? of
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(a) Largest satisfying (light gray) and (b) Equivalence classes of T after quo-
strictly violating (dark gray) regions tient refinement.
inT/.,.

Fig. 4.8 Iterative analysis and reﬁnement of the quotient 7'/ .. reveals the largest satisfying and

strictly violating regions X‘ﬁ /e and X T / (a) and allows the computation of a satisfying and
violating regions in 7' (b). See Example 4.9 for additional details

T (see Definition 4.4). However, for a deterministic 7" the result from Proposition 4.1
becomes stronger:

Proposition 4.2 Given a deterministic transition system T with quotient T /.., an
exact solution to Problem 4.1 is obtained only when all states of T / .., can be parti-

tioned between the largest satisfying and strictly violating regions X ? /e and X ;7 -
In other words,

X}, UX7) =X/ ¢ con(Xy, )=X7andcon(X7] )=X;" (4.13)

Proof The sufficiency of this proposition follows from Proposition 4.1. For necessity,
assume by contradiction that con(Xﬁ/~ )= X‘ﬁ and con(X;;b~ ) = X? but X?/N U

X;f C X/~,. Then, there exists an equivalence class X; € X/~ such that X; ¢

X2 T/, and X; ¢ X, ﬁ‘p . There must exist runs satisfying ¢ and runs satisfying —¢
onglnatmg at states from con(X;)inT but since no states from con(X;) can be
included in either XT or XT"’ (i.e., con(XT/~ ) and con(XT/N ) are maximal) both
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types of runs must originate at every state x € con(X;). This implies that T is
nondeterministic and contradicts the hypothesis. |

Algorithm 7 [X D ¢ ;"’] = TARGETEDANALYSIS(7, ¢): Given an LTL formula ¢
and transition system 7', compute the largest satisfying and strictly violating regions
of T.

Construct 7'/~

T/w, =T/~

X=X/,

repeat

X?/Nr := ANALYZE(T /~,, X;, ¢)

X;7~, = ANALYZE(T /~,, X;, =¢)
X, = X/n, \(X?/ U X;j’ )
for all X; € X, do
T/~, :=REFINE(T/~,, X;)
end for
until X, = ¥ or no states from X/, were refined
return X‘; = con(X T/ ), X;d’ = con(X;j’Nr)

Requiring that the set X, becomes empty, which is one of the two possible ter-
mination conditions in Algorithm 7, guarantees that the states of 7'/. have been
partitioned between sets X2 T/ and X, 7/, - From Propositions 4.1 and 4.2 this guar-
antees that an exact solution to Problem 4.1 was obtained. However, unless T is
deterministic where, from Proposition 4.2, this condition is both necessary and suf-
ficient, this requirement might be too strong. In fact, for a general (nondeterministic)
system 7 it might be impossible to make X, empty, due to the existence of states
X; € X/~ such that, for all states x € con(X;) of T, there exist both runs satisfying
¢ and —¢ originating in x. The possibility of such uncertain states necessitates the
second termination condition in Algorithm 7 (no states from X/., are refined in
an iteration). Based on our previous discussion, once Algorlthm 7 has termlnated
the set of uncertain states of 7' can be computed as X¢ = con(X / ), where

X?/N’_ = X/~ \ (XT/N'_ U X;;/:,) is the set of uncertain states of 7'/.,. Such
uncertain states will be considered in more detail in Sect. 4.5, where a computational
procedure for their explicit identification during the analysis will be proposed.
Even when both termination conditions are considered, a large number of itera-
tions might be required for Algorithm 7 to terminate when it is applied to large finite
systems, while its termination cannot be guaranteed in general for the infinite sys-
tems that will be discussed in subsequent chapters. To address this issue, a limit on
the number of iterations performed by the algorithm can be imposed or states of the
quotient that become “too small” might not be considered for further refinement by
excluding them from X, . Reaching such termination conditions leads to an approx-
imate solution to Problem 4.1 but further refinement of any state X; ¢ X, might not
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expand X?/N significantly since X; is satisfying (i.e., X; € X?/N ), violating (i.e.,

X; € X;‘}: ), uncertain (i.e., X; € XQT&;NT ), or small.

Even when no additional termination conditions are imposed and Algorithm 7
returns an exact solution to Problem 4.1, the quotient 7'/ is, in general, not a
bisimulation quotient (e.g., see Example 4.9). This motivates us to explore the con-
ditions required to guarantee that an exact solution to Problem 4.1 is obtained in the
following section and to use them later to develop a more efficient analysis strategy.

Example 4.9 Using the procedure from Algorithm 7, we analyze transition
system 7 introduced originally in Example 1.10 (Fig. 1.11a).

In Example 1.10, we described the construction of the simulation quotient
T/~ of T (Fig.1.11b). However, in Example 4.4, we showed that simply
analyzing 7'/~ to compute its largest satisfying and strictly violating regions
X ? ;. and X ;}’l (Fig.4.4a) leads only to a conservative solution to Problem 4.1
and the computation of a subset of the largest satisfying and strictly violating
regions Xq; and X;¢ of T (Fig.4.4b).

In Example 4.5, we considered an approach where the bisimulation algo-
rithm (Algorithm 1) was used to obtain a quotient 7/, bisimilar with
T Fig.4.5b with refined equivalence classes shown in Fig. 4.5a. By computing
the largest satisfying and strictly violating regions of this bisimulation quo-
tient, we were able to obtain the corresponding regions for 7" Fig.4.5c (i.e., the
solution to Problem 4.1 was exact). Furthermore, this allowed us to compute
the uncertain region X ‘;;z of T/~ and use it to obtain the uncertain region X qT”
of T.

By applying the procedure implemented in Algorithm 7, we can also obtain
an exact solution to Problem 4.1, without constructing a bisimulation quotient.
Indeed, after the initial quotient 7'/, is constructed and analyzed as in Exam-
ple 4.4, the algorithm targets refinement to state X, € X/ only (see Fig.4.4a).
Applying the refinement procedure to that state as described in Example 4.8
leads to the construction of quotient T/, (Fig. 4 5b). While 7'/ ., is not bisim-
ilar with 7', computing regions b T/, and X;7 T/, (Fig.4.8a with equivalence
classes shown in Fig.4.8b) provides an exact solution to Problem 4.1.

4.5 Formula-Equivalence

So far in this chapter, we described methods for analyzing transition systems based on
the construction of finite quotients, which led to the analysis procedure summarized
as Algorithm 7. While our discussion focused primarily on the analysis of poten-
tially large, finite transition systems, the construction of finite quotients also makes
these approaches suitable for infinite systems—such applications will be considered
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in detail in subsequent chapters. Algorithm 7 combined state refinement inspired
by the bisimulation algorithm (Algorithm 1) with model-checking-based analysis
(Algorithm 3) in an iterative procedure. With a limited number of iterations, the
algorithm was conservative and led to the computation of under-approximations of
the largest satisfying and strictly violating regions (Definitions 4.1 and 4.3), which
could be improved by performing additional iterations. When Algorithm 7 termi-
nates, there could be states left that have not been assigned as either satisfying the
specification or its negation and might be “too small” to undergo additional refine-
ment. Even without a limit on the number of iteration or the size of regions that could
undergo refinement the termination of the algorithm with an exact solution could not
be guaranteed in general (e.g. when applied to an infinite system).

While the solution to Problem 4.1 returned by Algorithm 7 was, in general, only
an approximation, we also encountered cases where an exact solution was obtained.
In Sect. 1.3, we showed that the construction of a bisimulation quotient during refine-
ment guarantees our solution was exact but Example 4.9 suggested that this condition
was unnecessarily strong (i.e., bisimulation is a sufficient but not a necessary condi-
tion). The conditions from Propositions 4.1 and 4.2 could also guarantee that an exact
solution was obtained but were too conservative unless only deterministic systems
were considered. In the following, we explore more general conditions guaranteeing
that an exact solution to Problem 4.1 is obtained (Eq. (4.8) holds). Specifically, we
seek necessary and sufficient conditions weaker than bisimulation, guaranteeing that
two transition systems (or a transition system and its quotient) are equivalent with
respect to the satisfaction of a given LTL formula ¢.

In Propositions 4.1 and 4.2 we described conditions guaranteeing that the largest
satisfying and strictly violating regions of 7" were obtained by analyzing the quo-
tient 7'/, (computed as part of Algorithm 7), even when the two systems are not
bisimilar. While these conditions could be used to test whether such a solution to
Problem 4.1 was exact, the approach could be applied only in specific cases (i.e.,
when T was deterministic). In the following, we generalize these results and formu-
late the conditions required to guarantee that two systems are equivalent with respect
to the satisfaction of a specific LTL formula.

Definition 4.5 (Formula equivalence) Given a finite transition system 7" and an LTL
formula ¢, an observational equivalence relation ~ is a ¢-equivalence of T if and
only if, for all states x;, x, € X such that x; ~ x,, we have

Tx)F¢ o T)Fo

We denote a ¢-equivalence relation as ~, and refer to the quotient 7/, as ¢-
equivalent quotient.

From Eq. (4.7) it follows that a bisimulation relation ~ is a ¢-equivalence for all
LTL formulas ¢. Bisimulation is a sufficient condition guaranteeing that Eq. (4.8)
holds but since we are interested in the analysis of T for a specific LTL formula ¢ it
can be too restrictive.
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Proposition 4.3 Given a transition system T and an LTL formula ¢, the equation
X? = con (X?/N) is satisfied and an exact solution to Problem 4.1 is obtained by
analyzing the quotient T / .. if and only if ~ is a ¢-equivalence of T.

Proof Assume that ~ is a ¢-equivalence. From Definition 4.5 it follows that Vx €
X such that T(x) F ¢,x € con(X;),X; € T/~ we have T/ (X;) F ¢. Then,
Vx € X, x € X? & x € con(X‘;i/N) and therefore X‘;ﬁ = con(X‘;i/N). Assume
that ~ is not a ¢-equivalence. Then, 3x;, x, € X such that x; ~ xp, T(x)) F ¢
and T(x,) ¥ ¢. Considering the equivalence class X; € X/ such that x;, x, €
con(X;) we have T/ (X;) ¥ ¢. Then x| € Xqu but x; ¢ con(X?/N) and therefore

X? ;/:con(X?/N). [ |

Proposition 4.3 shows that ¢-equivalence is a necessary and sufficient condition guar-
anteeing that the largest satisfying region of 7' can be computed through the compu-
tation of the largest satisfying region of the quotient 7'/, (i.e., X qu = con(X ‘;ﬁ /g ).

The condition X ‘7; = con(X q; /N) is similar to the one in Eq. (4.8) (left-hand side) but
is formulated for a quotient 7'/, rather than the bisimulation quotient 7/ ~. Then,
obtaining an exact solution to Problem 4.1 reduces to the computation of con (X ‘7; /o)
where T/, is a finite, ¢-equivalent quotient for 7' (e.g., see Fig.4.9a, b). As pret/i-
ously discussed, in order to obtain more information about T, the strictly violating
region of T might also be computed as X ;¢ = con(X ;}’i), which reduces to the
construction and analysis of the —¢-equivalent quotient for 7. More generally, to
guarantee the exact computation of both the largest satisfying and strictly violating
regions of T (Eq. (4.8)), a quotient that is both ¢-equivalent and —¢-equivalent must
be computed. We denote such a quotientas 7'/, (e.g., see Fig.4.9¢, d). Constructing

T/, also allows the computation of the uncertain region X QTW = con(X ?3%) of T

through the computation of the uncertain region X ?;% = X/x, \ (X ;}”: UX ‘ﬁ /o)
of T/~ »

Example 4.10 We are interested in analyzing the transition system 7" shown
in Fig.4.9b with specification ¢ = [I>o3. The quotient 7/~, (shown in
Fig.4.9a with equivalence classes highlighted in Fig.4.9b) of T is not a bisim-
ulation quotient (the characterization from Theorem 1.1 is violated at state
X1.1). Even so, the quotient is ¢-equivalent and therefore the largest satis-
fying region Xq; = {x1, x2, X5, X6} can be computed as x¢ = con(X?/~¢),

where X?/Nd’ = {X1.1, X2, X3}. However, region X;?w = {X4} provides

only an under-approximation con(X;;”N) = {x7} of the strictly violating
X;¢ = {x4,x7} of T.
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Fig. 4.9 Given LTL formula ¢ = [K>o3, analysis of the ¢-equivalent quotient 7'/~ (a) of a
transition system 7" allows the computation of the largest satisfying region (light gray) but only a
subset of the strictly violating region (dark gray) of T. Analysis of the quotient 7/~ (¢) that is
both ¢-equivalent and —¢-equivalent allows the computation of both the largest satisfying (light
gray) and strictly violating (dark gray) regions of T'. For additional details, see Example 4.10

While quotient 7'/~, (shown in Fig.4.9¢c with equivalence classes high-
lighted in Fig. 4.94) is still not a bisimulation quotient, it is both a ¢-equivalent
and an —¢-equivalent of 7. This allows the exact computation of the strictly

. . . - —¢ _ .
violating region X~ = con(X, /%) = {x4, x7} through the computation of

region X;}ﬁ% = {X\13, X4}. Constructing quotient 7'/~, also leads to the
computation of the uncertain region X ?? = con (X“;;%) = {x3} of T, where

X(ITSL‘,, = X/zy \ (X;;P% U Xqu/%) = {X12}.
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Motivated by the strategy for solving Problem 4.1 outlined above, in the following
we develop a procedure for the computation of formula equivalent quotients. While
the approach we described in Sect. 4.3 could, in principle, also lead to the construction
of formula equivalent quotients through iterative analysis and refinement (as was the
case for the system from Example 4.9), a large number of steps was required to
achieve this. Furthermore, the optimizations introduced to control the number of
states produced through refinement as part of this method resulted in an additional
source of conservatism for general formulas. The method we develop next aims
directly at the construction of formula equivalent quotients and is more efficient,
while in addition, it overcomes some of the limitations of the previous procedure.

In the following, we develop an algorithm for the computation of ¢-equivalent
quotients of finite transitions systems, leveraging ideas from the bisimulation algo-
rithm (Algorithm 1) and automata-based model checking. To simplify the presenta-
tion of our method, we assume that the LTL formula ¢ is translated into a deterministic
Biichi automaton By, over the set of observations O—we discuss how this assumption
is relaxed in Sect.4.6.

Since the computation of ¢-equivalent quotients is guided by formula ¢, it is
most natural to perform the computation in the product automaton P = 7/ ® By
(Definition 3.2), where both the structure of the system (7'/.) and the specification
(By) is captured. The computational techniques we employ in the following will be
described in detail in Chap.5 in the context of control transition systems. In this
chapter we only give a brief overview, sufficient for the presentation of our analysis
procedure.

Let St € Sp be the set of states of P, from which all runs are accepted (i.e.,
they visit a final state from the set Fp infinitely often). The set St can be computed
efficiently using a method inspired by automata-theoretic model checking and games
(to be discussed in detail in Chap.5). We identify a subset F+ C Fp of accepting
states of P from which infinitely many revisits to the set Fp are guaranteed. St is
then a set of states from which a visit to F is guaranteed. The largest satisfying set
X?/N of T/ .. can be computed as the projection o (ST N Spg) € X/~. Similarly, we
can also identify a set of states S; C Sp of P from which no runs are accepting. The
projection (S, N Spp) € X/ corresponds to X ;}’i (i.e., the largest set of states of
T/~ from which no runs satisfy ¢).

The analysis approach we described in Sect. 4.3 required the construction of both
the product automaton Py = 7'/ ® By with the formulaand P-4 = T/ ® B4 with
its negation in order to compute the largest satisfying and strictly violating regions
X ? /. and X ;;’: Using the approach from this section, we avoid the construction of
P-4 and only perform computation on Py to find these sets.

Let S = Sp \ (ST U S)) be the subset of states, from which some but not all runs
are accepting in P. The projection X ?;N = a(S? N Spp) € X/~ corresponds to the
set of uncertain states of 7'/, where both runs satisfying ¢ and —¢ originate. The
¢-equivalence property (Definition 4.5) can only be violated at states from X ";;N
As previously discussed, when T is deterministic, each state x € X satisfies either
¢ or —¢. Then, the existence of states in X ?;N is only due to the construction of the
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abstraction 7'/ .. (e.g., for two equivalent states x;, x, € con(X;) forsome X; € X/,
if x| F ¢ and x,  —¢ then X; € X7, ).

As in Sect.4.3, we can attempt to separate satisfying and violating runs from a
state in the set S; through refinement in order to separate the subsets of that state
between sets St and S, . Since the structure of P is completely determined by By
and T/~ and By is fixed and determined by the formula ¢, states in P can only be
refined through refinement of 7'/.. We refine a state (X;, s) € S, by applying the
procedure REFINE (7'/ ., a(X;, s)) (Algorithm 5) Sect.4.3.

To prevent unnecessary computation, changes made through refinement in the
quotient 7'/ . are projected to the product P by applying a function P’ = UPDATE
(P,T/~,, (X;,s)), rather than by recomputing it as P’ = T/, @ By. This further
reduces the number of states in P’ after refinement since, when a state X; is refined
in T/~ , not every state (X;, s) is necessarily refined in P’. Due to the one-to-many
correspondence between the states of the refined product P’ and the refined quotient
T/, after refinement the updated product automaton P’ might include significantly
fewer states than the recomputed product automaton 7/, ® By.

When T is nondeterministic, it is possible that for a state X; € X/, there exist
both trajectories satisfying ¢ and —¢ originating at all states x € con(X;) of T. Then,
state X; is inherently uncertain in 7'/ .. and abstraction refinement can never separate
satisfying and violating runs from X;. We partition the set of states S, into subsets S-
and S, where states of 7'/ .. from the projection (S NSpp) are inherently uncertain,
while refinement should be targeted to states from «(S. N Spp). In the following, we
provide a computational characterization of the states from S (Proposition 4.4).

Proposition 4.4 Given a state (X;, s) € Sp, we have (X;, s) € S if and only if

i. (X;,s)€ S8 (i.e, both satisfying and violating runs originate there),
ii. Y(Xj,8) €dp((Xi,s), (Xj,s") €87, (Xj,8) eSS or(X;,s) e S (e, all
successors states of (X;, s) have been characterized in P),
iii. T/~ =REFINE(T/~, X;) (i.e., state (X;, s) cannot be refined further).

Proof All successors of (X;, s) are characterized in P and, therefore, none of the
successors of X; = «a((X;, s)) will be considered for further refinement in 7/..
Since applying REFINE(T'/ .., X;) does not affect X;, then for all states X ; such that
X; € 6~(X;) wehave Vx € con(X;),3x" € con(X;) suchthatx’ € §(x). Therefore,
(Xi,s) € S< and X; is inherently uncertain. [ |

Finally, in the following we derive the conditions guaranteeing that a ¢-equivalent
quotient has been computed based on the computation of sets S+, S, , S- and S< in P.

Proposition 4.5 The equivalence relation ~ is a ¢-equivalence of T if and only if
S.NSpy=0.

Proof For necessity, assume S. N Spg # @ where (X;, s) is a state of P such that
(Xi,s) € S.. Then, X; = a((X;, s)) is a state of T/~ such that Ix;, x, € con(X;),
where T'(x;) F ¢ and T (x;) F —¢ and, therefore, ~ is not a ¢-equivalence. For
sufficiency, assume S. N Spy = @. Then, VX € X/ we have
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i. Vx € con(X;), T (x) E ¢,
ii. Vx € con(X;), T(x) E —¢ or
iii. Vx € con(X;), T(x) ¥ ¢pand T (x) # —¢

and therefore ~ is a ¢-equivalence. |

In general, the set S. is nonempty but can be made empty if accepting and non-
accepting runs from each state (X;,s) € S. are separated through refinement as
described above. Following from Proposition 4.5 and the discussion presented in
Sect. 4.5, this provides a solution to Problem 4.1.

There are several additional optimizations that can be introduced in this analy-
sis procedure. The product automaton P can be simplified by respectively replac-
ing each set St,S5; and S. by a single dummy state s;,s, or s3, such that
Sp(s1) = {s1},6p(s2) = {s2},8p(s3) = {51,582} and 51 € Fp. The motivation for
this simplification comes from the fact that guaranteeing a visit to a state from (the
previously identified) set St can be enforced from a state of P is equivalent to guar-
anteeing that the state belong to S+ and the same argument holds for set S, . When
simplifying P, for a state s € Sp \ (ST U S, U S<) a transition to a dummy state is
included if a transition to a state from the corresponding set was present (e.g., if there
existed a state s’ € St such that s’ € §p(s) then s; € 8p(s)). This simplification is
performed by the function P’ = SIMPLIFY(P), which reduces the number of states
of P and leads to faster computation.

Example 4.11 We apply our formula-guided analysis procedure (Algorithm 8)
in order to study transition system 7', defined originally in Example 1.11
(Fig. 1.11a), against specification ¢ = [I<os.

i. The specification, given as the LTL formula ¢, is translated into a deter-
ministic Biichi automaton By defined by S = {s1, 52}, So = {51}, O =
{o1,...,05}, F = {52}, 8(s1,01) = 8(s1,02) = 8(s1,04) = 8(51,05) =
{s1}, 8(s1,03) = {52}, 8(s2, 03)={s2}, (52, 01) = 8(52,02) = 8(s2,04) =
8(s2, 0s5) = {s1}. Note that By has a structure that resembles the automaton
shown in Fig.2.3d but with different transition labels and is indeed deter-
ministic.

ii. The initial quotient 7/~ of T under the observational equivalence rela-
tion ~ is constructed (the quotient 7'/~ was already shown in Fig. 1.11b).
Then, the product automaton P = T/ ® By shown in Fig.4.10a is con-
structed (note that unreachable states in P are removed during the construc-
tion). The set of states of P, from which all runs are guaranteed to visit a
final state of P infinitely often (all runs are accepted in P) are identified
as St = {(X1, s1), (X4, 51), (X3, 81), (X3, $2), (X4, $2)}. Similarly, the set
of states from which no run visits a final state infinitely often is identified
as S| = {(Xs, s1)}. Using this information, we can compute the largest
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Fig. 4.10 Computing the set
of states ST and S| of the
product automaton
P=T/.® B¢, shown
respectively in light gray and
dark gray in (a), allows both
the simplification of P into
P’ = SIMPLIFY(P) (b) and
the computation of the
largest satisfying and strictly
violating regions of 7'/,
together with a set of states
S_., where refinement is
required. See Example 4.11
(steps i-iii) for details

4 Largest Finite Satisfying Region

(a) Product automaton P =T /. ® By.

GED)

, (Xo, So))

(b) Simplified product P = SIMPLIFY (P).

satisfying and strictly violating regions of 7'/. through the projections
X%, =oa(STNSpo) C X/n = {X1, X3, X4} and X7 = (S, N Spo) =
{Xs}, which agrees with the previously computed sets from Example 4.4
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Fig. 4.11 The product P, is
obtained by updating P to
capture the changes made to
the quotient 7'/, through
refinement. The sets of states
ST and S| of P, (shown
respectively in light gray and
dark gray in (a)) are
computed and allows
expanding the largest
satisfying and strictly
violating regions of 7" and
the additional simplification

of P, into P3 =

SIMPLIFY (P,) (b). See

Example 4.11 (steps iv, v)
for details

iii.

(b) Simplified product P3 = SIMPLIFY (P,).

(Fig.4.4a). In this case, no states are inherently uncertain in 7'/ —in the
following steps we will show that state (X5, s;) can be refined and, therefore,
it fails the characterization from Proposition 4.4. Then, the set S< is empty
and refinement is targeted to the set S. = {(X», s1)}.

While the sets of states St and S; computed at the previous step provide
only an under-approximation of the largest satisfying and strictly violating
sets of 7' (this approximation was already shown in Fig.4.4b), they allow
us to simplify the product automaton P into P; = SIMPLIFY(P) shown in
Fig.4.10b. All states from the set St are replaced by a single dummy state
(X0, s0) and the same simplification is performed for the set S; (note that
one of the dummy states is accepting and the other one is not). Both dummy
states have self loops and all transitions from the remaining states of P to
a state from St or S, are replaced with a transition to the corresponding
dummy state, thereby preserving the structure of P. Since, in this case, the
set S_ is empty, the third “inherently uncertain” dummy state is omitted.
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(a) Product P, =UPDATE (P,REFINE(T / ~,X3), (X2,52)).
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(a) Formula equivalent quotient 7'/~,, = REFINE(T /~,X2).

o0®
i\\@ QO

/

4

X12

-

(b) Equivalence classes X /~, of T'/x,.

Fig. 4.12 The formula equivalent quotient 7/~ (a), constructed after refinement of 7'/, can be
used to equivalently identify the largest satisfying, strictly violating and uncertain regions of T' (b).
See Example 4.11 (steps vi) for details

iv. The set of states from the projection «(S.) = {X,} must be refined in
T/ ~. The refined quotient is constructed as 7'/, = REFINE(T/~., X») (see
Fig.4.12a), where state X, is partitioned into the set of subsets {X5 1, X».2,
X3, Xo4} (e., con(Xy) = con(X.1) Ucon(Xz,)Ucon(X,3)Ucon(Xs.4)
in Fig.4.12b). The refinement of 7'/ is projected to the product automaton
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Vi.

Formula-Equivalence

by applying the procedure P, =UPDATE(Pi, T/~,, (X2, 52)), rather than
recomputing it as P, = T/~ ® By, which leads to a simpler structure.

Once the updated product P, is computed, the sets ST and S, can be com-
puted again (which now include the dummy states). State (X5, s;) sat-
isfies the characterization from Proposition 4.4. Therefore, the projection
o ((X22,51)) = Xy, corresponds to an inherently uncertain region of T
(i.e., there exists both runs that satisfy ¢ and that violate it (and satisfy —¢)
that originate at each state x € con(X,7)). Simplifying the product as P3 =
SIMPLIFY ( P,) results in an automaton containing dummy states only—now,
an inherently uncertain dummy state with transitions to both the satisfying
and rejecting dummy states is included.

All states of P, have been partitioned between the sets St, S| and S-. Fur-
ther refinement of states of 7'/, is not going to improve the solution and,
in fact, a ¢-equivalent quotient has been obtained. Furthermore, the compu-
tation from Algorithm 8 guarantees that a quotient that is both ¢-equivalent
and —¢-equivalent has been obtained and, therefore, T/, = T/~ s in
Fig.4.11a. This allows us to guarantee that the largest satisfying, strictly
violating and inherently uncertain regions X ? Iy X ;7% and X ?@;% of T/x,
(Fig.4.12a) can be used to compute the largest satisfying, strictly violating
and inherently uncertain regions X ‘;ﬁ = con(X ‘; ’ ), X ;‘l’ = con(X ;‘/” ) and

X9 = con(x;f?/ ) of T (Fig.4.12a), which provides an exact solution to
Problem 4.1. Note that a coarser quotient that is only ¢-equivalent but not
—¢-equivalent can be constructed by combining equivalence classes X» |
and X, into a single equivalence class—the corresponding quotient is still
observation preserving, since X, ; and X, share the same observation o;.
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Optimizations based on the decomposition of the product P into strongly con-

nected components (SCCs) and the subsequent construction of an SCC quotient
graph, similar to the ones described for model checking in Chap. 3 are also possible.
First, we make the following observations. Given states s, s’ € Sp, such that s’ is
reachable from s but s is not reachable from s’, if s’ € S, then s € S, but character-
izing s as Sy, ST, or S| does not have any influence on characterization of s’. The
product P is viewed as a directed graph G p = (Sp, E), where (s, s") € E if and only
if s € 8p(s). This graph is partitioned into maximal strongly connected components
(SSCs), inducing the directed acyclic quotient graph Gp = (C, E). The following
properties are then guaranteed to hold:

i. foreach SCCC wehave C C S+,C C S ,,or C C &, (i.e., all states s € C are

equivalent with respect to such characterization) and

ii. for all SCCs C, C’, such that C’ is reachable from C in Gp it holds that C' C

So = C C S
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Converting the product automaton to a SCC quotient graph and processing the SCCs
in bottom up manner allows for a more efficient characterization of states within
each SCC and prevents unnecessary refinement.

Algorithm 8 [X9, X%, X9'] = FGANALYSIS(T, ¢): Given an LTL formula ¢ and
a large or infinite transition system 7', compute of the largest satisfying and strictly
violating regions of T'.
1: Translate ¢ to deterministic Biichi automaton By
2: Construct 7/~
3: Construct P =T/~ ® By
4: Initialize T/~, =T/~
5: Compute St and S, in P
6
7
8

28 =8p\(STUSL)
: Compute S5 C S9, S := 857\ S<
. repeat
9: forall (X;,s) €S- do
10: if X not yet refined in 7'/, then

11: T/~, :=REFINE(T/~,, X;)
12: end if

13: P :=UPDATE (P, T/~,, (X, s))
14:  end for

15: P :=SIMPLIFY(P)
16: until S. =0
- 2
17: x‘ﬁ/% = (ST N Spo), xr;”% = (S N Spo), X?)% = a(S< N Spo)

. ¢ ¢ —¢ —¢ ¢? ¢?
18: return X; = con(Xf/N), X" = con(Xf/N), X; = con(Xf/N)

The overall method discussed in this section is summarized in Algorithm 8. As
before, this procedure cannot be guaranteed to terminate for general transitions sys-
tem 7 returning the formula equivalent quotient 7'/ ~, for which the set S. is empty.
Instead, termination can again be ensured by either limiting the number of iterations
or by only refining states of T / ~ that correspond to “large enough” regions of 7. If
computation is stopped because an iteration limit is reached or no additional “large
enough” states remain, only an under-approximation of the solution to Problem 4.1
is obtained, which can be improved by adjusting these limits.

4.6 Notes

The analysis methods presented in this chapter were based on the construction,
iterative refinement and verification of finite abstractions (quotients) of large or infi-
nite systems. The verification strategy we used was based on LTL model check-
ing [45] (discussed in Chap.3), while our refinement procedures were inspired
by bisimulation-based refinement [35, 99]. A related idea of developing iterative
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procedures that combine model checking and refinement was used in [42] for veri-
fication from formulas in the universal fragment ACTL of CTL.

The abstractions we used could be sufficient, providing only approximate results
to analysis problems, in which case they were constructed using simulation relations
[45]. On the other hand, abstractions that were equivalent for all LTL specifications
were constructed using the notion of bisimulation [131]. We also described a refine-
ment procedure aimed at the constructions of abstractions that were equivalent to
large or infinite systems only with respect to given LTL specifications. The related
idea of defining CTL formula-specific equivalences coarser than bisimulation has
been explored in [13] in the context of finite state systems.

Relying on a temporal logic formula to guide the refinement of an abstraction
is also central to verification methods based on counterexample-guided refinement
(CEGAR) [44]. The CEGAR loop involves the iterative generation and invalidation
of counterexamples through model checking and abstraction refinement. Such a veri-
fication procedure might terminate if no additional counterexamples can be generated
(the specification is satisfied), a valid counterexample is found (the specification is
violated) or the computational resources are exhausted (results are inconclusive).
Instead of performing many model checking steps, our method from Sect. 4.5 aimed
directly at the construction of formula equivalent quotients.

The methods from this chapter provided more informative analysis results than
simple Yes/No answers (as obtained by model-checking) by identifying satisfying
and violating regions (i.e., regions of initial conditions from which all trajectories of
the system are guaranteed to satisfy or violate the specification). In some cases, our
analysis procedure revealed regions of initial conditions for which nothing can be
guaranteed (i.e., trajectories of the system originating in such states might satisfy the
specification) but the satisfaction of such states could be resolved through additional
computation. Labeling sets of states by true, false or maybe with respect to the
satisfaction of the LTL specification as described above was also central to our
methods and is related to the construction and refinement of 3-valued abstractions
[37, 41].

The analysis procedure from Sect. 4.5 was based on the computation of attractor
sets of finite control transition systems, described in [104] and inspired by automata
theoretic model checking and Biichi games. Here, we applied these methods only to
transition systems without inputs but in Chap.5 we will describe the algorithms in
more detail and use them for the construction of control strategies—the original con-
text in which these methods were developed. The approach presented in this chapter
was enabled by the assumption that the LTL specification can be translated into a
deterministic Biichi automaton, which simplified the presentation significantly. It is
known that there exist LTL formulas that can only be translated to nondeterministic
Biichi automata (i.e., the expressivity of specifications used as part of our method
is currently restricted to only a fragment of LTL). However, any LTL formula can
also be translated into a language-equivalent deterministic Rabin automaton [153], a
translation that is associated with a higher computational cost but allows an extension
of this method to arbitrary LTL formulas. We will describe such an extension based
on the use of deterministic Rabin automata in Chap.5.



Chapter 5
Finite Temporal Logic Control

In this chapter, we treat the general problem of controlling non-deterministic finite
transition systems from specifications given as LTL formulas over their sets of obser-
vations. We show that, in general, this control problem can be mapped to a Rabin
game. For the particular case when the LTL formula translates to a deterministic
Biichi automaton, we show that a more efficient solution to the control problem can
be found via a Biichi game. Finally, for specifications given in the syntactically co-
safe fragment of LTL, we show that the control problem maps to a simple reachability
problem. For all three cases, we present all the details of the involved algorithms and
several illustrative examples. In Part III, we combine these algorithms with abstrac-
tions to derive LTL control strategies for systems with infinitely many states. The
problem that we consider in this chapter can be formally stated as follows:

Definition 5.1 (Control strategy) A (history dependent) control function'
£ : Xt — X for control transition system T = (X, X, §, O, 0) maps a finite, non-
empty sequence of states to an input of 7. A control function §2 and a set of initial
states Xo € X provide a control strategy for T.

We denote a control strategy by (X, §2), the set of all trajectories of the closed loop
system 7T under the control strategy by T (X, §2), and the set of all words produced
by the closed loop T as Z7 (X, §2). For any trajectory x;xx3 ... € T (X, £2) we
have x; € Xy and x4+ € 8(xx, o), where o = 2(xy, ..., x;), forall k > 1.

Definition 5.2 (Largest Controlled Satisfying Region) Given a transition system
T = (X, 2,4, 0,0) and an LTL formula ¢ over O, the largest controlled satisfying
region X qu C X is the largest set of states for which there exists a control function
£2 : X — X such that all trajectories T (X ¢, §2) of the closed loop system satisfy
¢ (e, L (X}, 2) C L.

The LTL control problem is analogous to LTL analysis problem (Problem 4.1),
and can be formulated as:

In general, the control function £2 is a partial function, i.e. not every finite sequence of states is
mapped to an input.

© Springer International Publishing AG 2017 81
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Problem 5.1 (Largest Controlled Satisfying Region Problem) Given a finite tran-
sition system 7 = (X, X, 6, O,0) and an LTL formula ¢ over O, find a con-
trol strategy (X‘;, £2) such that X ? is the largest controlled satisfying region and
Lr(X7.2) S %

The control problem for transition systems from LTL specifications is stated in
most general form in Problem 5.1, i.e., for nondeterministic transition systems and
full LTL specifications. In the following section, we present an algorithm to solve this
problem and discuss the related complexity. In the presented algorithm, the control
synthesis problem is treated as a game played on a finite graph and approached
using automata theoretic methods. Such game semantics are introduced due to the
nondeterminism of the transition system and the accepting condition of a Rabin
automaton. However, if the transition system is deterministic, the control problem
can be solved through model checking techniques in a more efficient way. In the
subsequent sections, we focus on particular cases of this problem, e.g., when the LTL
formula can be translated to a deterministic Biichi automaton (a dLTL specification),
and when the LTL formula can be translated to an FSA (an scLTL formula), and
present more efficient solutions to the control problem and discuss the associated
complexities.

5.1 Control of Transition Systems from LTL Specifications

In this section, we provide a solution to the general problem of controlling finite,
nondeterministic systems from LTL specifications (Problem 5.1). The procedure
involves the translation of the LTL formula into a deterministic Rabin automaton,
the construction of the product automaton of the transition system and the Rabin
automaton, followed by the solution of a Rabin game on this product. The solution
of the Rabin game is a control strategy for the product automaton, and finally this
solution is transformed into a control strategy for the transition system. The resulting
control strategy takes the form of a feedback control automaton, which reads the
current state of 7' and produces the control input to be applied at that state. The
overall control procedure is summarized in Algorithm 9. In the rest of this section,
we provide the details of this procedure.

Algorithm 9 LTL CONTROL(T, ¢): Control strategy (X ¢ £2) such that all trajectories
in 7(X2, 2) satisfy ¢

1: Translate ¢ into a deterministic Rabin automaton R = (S, So, O, 6g, F).

2: Build a product automaton P = T ® R

3: Transform P into a Rabin game

4: Solve the Rabin game

5: Map the solution to the Rabin game into a control strategy for the original transition system 7°
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(a) Transition system T (b) ¢ =01 A (¢0O(01 Voz) Volos)

Fig. 5.1 Graphical representations of transition system (a) and the Rabin automaton (b) from
Example 5.1. For the automaton, sq is the initial state and the acceptance condition is defined by
F ={(G1, B1), (G2, By)}, where Gi = By = {s2} and By = G2 = {s1}

Step 1: Construction of the Rabin Automaton

The first step is to translate the LTL specification ¢ into a deterministic Rabin
automaton R. Note that there are readily available off-the-shelf tools for such trans-
lations (see Sect.5.4).

Example 5.1 Consider the nondeterministic transition system 7 =
(X, X2,6, 0,0) from Example 1.1 shown in Fig.1.1, and reproduced for
convenience in Fig. 5.1a. We consider the following specification “a trajectory
of T originates at a state where o, is satisfied, and it eventually reaches and
remains in a region where either o; or o, are satisfied, or o3 is satisfied”. The
specification is formally defined as the LTL formula

¢ =01 A (01 V 0p) Vv <So3).

A Rabin automaton representation of the formula ¢ is shown in Fig.5.1b.

Step 2: Construction of the Product Automaton

The second step is the construction of a product automaton between the transition
system 7" and the Rabin automaton R, which is formally defined as:

Definition 5.3 (Controlled Rabin Product Automaton) The controlled Rabin prod-
uctautomaton P = T @ R of afinite (control) transitionsystem 7 = (X, X, §, O, 0)
and aRabin automaton R = (S, Sy, O, ég, F)isdefinedas P=(Sp, Spo, X, dp, Fp),
where
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Sp = X x § is the set of states,

Spo = X x § is the set of initial states,

X is the input alphabet,

8p : Sp x X — 257 is the transition map, where §p((x, s),0) = {(x',s') € Sp |
x' €8(x,0), and s’ = Sx(s, 0(x))}, and

Fp={(XxG,X x By),...,(X xG,, X x By,)}is the Rabin acceptance con-
dition.

This product automaton is a nondeterministic Rabin automaton with the same
input alphabet ¥ as 7. Each accepting run (xy, s1)(x2, s2)(x3, s3) ... of a product
automaton P = T ® R can be projected into a trajectory x;x,x3 ... of T, such that
the word o(x;)o(xz)o(x3) ... is accepted by R (i.e., satisfies ¢) and vice versa. This
allows us to reduce Problem 5.1 to finding a control strategy for P. We define a control
strategy for a Rabin automaton, and therefore for a product automaton constructed
as in Definition 5.3, similarly as for a transition system. However, instead of history
dependent control strategy, we introduce a memoryless strategy. As we will present
later in this section, control strategies obtained by solving Rabin games (step 4 of
Algorithm 9) are memoryless.

Definition 5.4 (Control strategy for a Rabin automaton) A memoryless control func-
tion T : § — O for a Rabin automaton R = (S, Sy, O, §g, F') maps a state of R to
an input of R. A control function 7 and a set of initial states W, C Sy provide a
control strategy (Wy, ) for R.

A run sy5283 ... under strategy (Wy, ) is a run satisfying the following two
conditions: (1) s; € Wy and (2) sx+1 € Sgr(sk, m(sy)), forall k > 1.

The product automaton P allows us to reduce Problem 5.1 to the following prob-
lem:

Problem 5.2 Given a controlled Rabin product automaton P=(Sp, Spo, X, 8p, Fp)
find the largest set of initial states Wpy € Sp( for which there exists a control function
wp : Sp — X such that each run of P under the strategy (Wpo, wp) satisfies the
Rabin acceptance condition Fp.

Example 5.2 The product automaton P = (Sp, Spo, X, dp, Fp) of the tran-
sition system and the Rabin automaton from Example 5.1 (Fig.5.1) is shown
in Fig.5.2. Note that the blocking states that are not reachable from the non-
blocking initial state pop = (x, sp) are removed from P and are not shown in
Fig.5.2.
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Fig. 5.2 Graphical representation of the product between the transition system from Fig.5.1a and
the Rabin automaton from Fig.5.1b. The initial state is po = (x1, sp). The accepting condition is
defined by Fp = {(G1, B1), (G2, B2)}, where G| = By = {p4, ps} and G2 = By = {p1, p2, p3}

Step 3: Translation to a Rabin Game

A Rabin game consists of a finite graph (V, E) containing a token. The token
is always present in one of the states and can move along the edges. There are two
players: a protagonist and an adversary. V is partitioned into protagonist’s states Vp
and adversary’s states V. The owner of the state containing a token chooses the edge
along which the token moves. A Rabin game is formally defined as:

Definition 5.5 (Rabin Game) A Rabin game played by two players (a protagonist
and an adversary) on a graph (V, E) is atuple G = (Vp, Va, E, Fg), where

e Vp is the set of protagonist’s states,

Vi is the set of adversary’s states,

VpUVA=V,VpNVy=0,

E C V x V is the set of possible actions,

Fe ={(Gy, By),...,(G,, By)} is the winning condition for the protagonist,
where G;, B; C V foralli € {1, ..., n}.

A play p is an infinite sequence of states visited by the token. Each play is winning
either for the protagonist or the adversary. The protagonist wins if inf(p) N G; #
AANinf(p) N B; =@ forsomei € {1,...,n}, where inf(p) denotes the set of states
that appear in the play p infinitely often. The adversary wins in the rest of the cases.
The winning region for the protagonist is defined as the set of states Wp € V such
that there exists a control function wp : Wp N Vp — E, and all plays starting in the
winning region and respecting the winning strategy are winning for the protagonist
regardless of the adversary’s choices. A solution to a Rabin game is a winning region
and winning strategy for the protagonist.
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The third step of Algorithm 9 is the construction of a Rabin game from the product
automaton, which is performed as follows.

Definition 5.6 (Rabin game of a Rabin automaton) A Rabin game
G = (Vp, Vi, E, Fg) of a Rabin automaton P = (Sp, Spg, X, §p, Fp) is defined
as:

Vp = Sp is the protagonist’s states,
Va = Sp x X is the adversary’s states,
E C {Vp x V5o UV, x Vp}is the set of edges, which is defined as

— (qp, qa) € E if gp € Vp, ga € Va, and go = (gp, 0), Where o € X (i.e., if

3p(gp, 0) # 0),
— (qa.qp) € Eif gs € Vs, gp € Vp,and g5 = (gp, o), and gp € $p(gp, 0),

Fg = Fp is the protagonist’s winning condition.

Intuitively, the protagonist chooses action o, whereas the adversary resolves non-
determinism. Note that in a Rabin game constructed from a Rabin automaton, the
protagonist’s (adversary’s) states can be reached in one step only from the adver-
sary’s (protagonist’s) states. We will show later in this section that a solution to the
Rabin game G can be easily transformed into a solution to Problem 5.2.

Example 5.3 The Rabin game of the product automaton from Example 5.2
is shown in Fig. 5.3, where protagonist’s states are represented as circles and
adversary’s states are represented as rectangles.

Step 4: Solving the Rabin Game

We present Horn’s algorithm for solving Rabin games. The main idea behind the
algorithm is as follows. The protagonist wins if they can infinitely often visit G;
and avoid B; for some i € {1, ..., n}. Conversely, the protagonist can not win if the
adversary can infinitely often visit B; for each i € {1, ..., n}. Since it is sufficient
for the protagonist to satisfy one of the conditions (G;, B;) from Fg, the protagonist
chooses a condition and tries to avoid visits to B; and enforce visits to G;. In turn
the adversary tries to avoid G;. By removing the states where the protagonist (or
the adversary) can enforce a visit to a desired set, a smaller game is defined and the
algorithm is applied to this game recursively. If the computation ends favorably for
the adversary, then the protagonist chooses a different condition (G, B;) from Fg
and tries to win the game by satisfying this condition. For a given set V' C V, the
set of states from which the protagonist (or the adversary) can enforce a visit to V'
is called an attractor set, which is formally defined as follows:
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(s, 03)

(p41 02) ] [ (par 01) ]

Fig. 5.3 Graphical representation of the Rabin game constructed from the Rabin automaton from
Fig.5.2. An example play is p = po(po, 01) p2(p2, 02)(p5(ps, 62))®

Definition 5.7 (Protagonist’s direct attractor) The protagonist’s direct attractor of
a set of states V', denoted by All,(V’), is the set of all states vp € Vp, such that there
exists an edge (vp, va), where vy € V' together with the set of all states vy € Vj,
such that for all vp € Vp it holds that (v, vp) € E implies vp € V':

Ap(V') := {vp € Vp|(vp.va) € E.va € V'} | {va € Val{vel(va. vp) € E} C V'),
Definition 5.8 (Adversary’s direct attractor) The adversary’s direct attractor of V',
denoted by AA(V/), is the set of all states va4 € Vi, such that there exists an edge
(va, vp), where vp € V' together with the set of all states vp € Vp, such that for all

va € Vj it holds that (vp, vy) € E implies vy € V':

AL(V') :={vs € Val(va,vp) € E,vp € V'} U{VP € Vpl{val(vp,va) € E} S V'}.
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In other words, the protagonist can enforce a visit to V' from each state v € A},(V’),
regardless of the adversary’s choice. Similarly, the adversary can enforce a visit to
V' from each state v € A} (V'), regardless of the protagonist’s choice.

Example 5.4 Consider the Rabin game shown in Fig.5.3. The protagonist’s
direct attractor set of {ps}, All,({ ps}) is empty, since ps can be reached from
(p2, 02) and (ps, 07), and for both these states the adversary can choose an
edge incident to p4 instead of ps. On the other hand

Ab({ps. psh = {(p2, 02), (ps, 02)},

since at (p2, 0») (and similarly at (ps, 02)), the adversary can either choose
the edge ((p2, 02), p4) or ((p2, 02), ps) and both lead to {p4, ps}.

The adversary’s direct attractor set of {ps} is A};({ ps}) =
{(p2,02), (ps, 02)}, since the adversary can enforce a visit to {ps} only
from (p», 03) and (ps, 02). As there are no other adversary states that have an
edge to a state from the set { p4, ps}, we have:

AL psh) = ALUpshH) = Ay pa. psh) = {(p2, 02), (ps, 02)}.

The protagonist’s attractor set Ap (V') is the set of all states from which a visit to
V’ can be enforced by the protagonist in zero or more steps. Ap (V') can be computed
iteratively via computation of the converging sequence
Aso(V)) S Ap (V) S ...,
where Ap, (V') = V' and
Ay (V) = Ap(Ap, (V') U A (V).
The sequence is indeed converging because there are at most | Vp U V, | different sets

in the sequence. Intuitively Ag, (V') is the set from which a visit to the set V' can be
enforced by the protagonist in at most i steps.
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Example 5.5 Consider the Rabin game shown in Fig.5.3. The protagonist’s
attractor set for V' = {p4, ps} is recursively computed as follows:

Ap (V) = O(V)UA{>({IM psH) = {p4, ps. (p2,02), (p5, 02)},
AG, (V) = Ap (V) UAR(AS, (V' )) ={p2, P4, p5. (p2,02), (ps5, 02)},
Ap(V) = 3(V)— 2(V)UAP(A 2 (V) = {p2. pa, ps, (P2, 02), (p5, 02)}.

The adversary’s attractor set of V' is computed similarly. This computation
converges at the fifth iteration, and the resulting set is

AL (V") ={po, p2, P4, Ps. (Po, 01), (P1, 01), (P2, 02), (P4, 01), (Ps, 02)}.
(5.1)

Attractor strategy mpa, vy for the protagonist’s attractor set determines how to
ensure a visit to set V' from attractor set Ap(V’). For all v € Ay Pit1 (VH\ A (V ),
the attractor strategy is defined as ma, v (v) = (v, V'), where V' is an arbltrary Ve
A, (V). The adversary’s attractor A (V') and attractor strategy ma, (v+) are computed
analogously. The protagonist’s and adversary’s attractors of V' in a game G are
denoted by AS (V') and A§ (V'), respectively.

Let (V, E) denote the graph of a Rabin game G = (Vp, Vi, E, Fg), where V =
Vp U V4. Forsimplicity, foraset Q € V,wedenote G \ Qthegraph(V \ Q, E \ E')
(and the corresponding game), where E’ is the set of all edges incident with states
from Q.

Horn’s algorithm is summarized in Algorithm 10. First the protagonist chooses
a condition (G;, B;) (line 1). As the protagonist needs to avoid B;, a sub game G?
is defined by removing the adversary’s attractor set for B;. Then, a sub game G/
is defined iteratively by removing winning regions for the adversary (line 7). The
iterative process terminates when no winning region is found for the adversary, i.e.,
G/ = G/™' . Inthis case, either G/ is empty, or it is winning for the protagonist. If GJ
is not empty, then the protagonists attractor of G{ in game G (line 11) is also winning
for the protagonist. By removing the winning region for the protagonist (line 14), a
new smaller game is defined and the algorithm is run on this game.
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Algorithm 10 RABINGAME (G = (Vp, Vi, E, Fg)) : Winning region Wp C (Vp U
Va) and winning strategy mp for the protagonist, winning region Wa C (Vp U Vy)
for the adversary

1: for all (G;, B;) € Fg do

2: j=0

3: G{ =G\ Ag(Bi) {remove all states in Ag(Bi) and transitions adjacent to them from G}

4:  repeat
. . j .

5: sz = G{ \ A}(,;' (Gy) {note that (G, B;) is not present in H,J any more}

6: (Wp, p, W) = RABINGAME(H{) {recursive call}
- i\ AG!

7. G/ =Gl \Ay (W)

8: j++

. G20l ittt J " .
9: until G; = G; {G; is guaranteed to be winning for the protagonist}

10: if G/ # ¢ then

11: Wp = Wp U Al(’; (Glj ) {The protagonist’s attractor of Glj in G is winning}
12: mp = mp U 71;, U 711/,,, {rrl/, is the protagonist’s attractor strategy computed in line 6}
13: {”l: is the protagonist’s attractor strategy for Al(,;(Gi] )}
14: G' =G\ Wp

15: (Wp, mp, W) = RABINGAME(G?) {run the algorithm on a smaller graph;

consider all pairs in the acceptance condition over again}
16: Wp = Wp U Wls,

17: mp =mp Uy

18: BREAK {break the whole for-cycle 1-18}
19:  end if

20: end for

21: WA =G\ Wp

Example 5.6 We illustrate Algorithm 10 on the Rabin game shown in Fig.5.3.
At the first iteration, we consider Rabin pair (G, B;), where G| = {p4, ps}
and B; = {p1, p2, p3}. The adversary’s attractor AE(BI) is Vp U Vi, therefore,
on line 10 of Algorithm 10, the graph G! is empty. As we do not find any states
winning for the protagonist, we continue with the next Rabin pair.

In the second iteration of Algorithm 10, we consider Rabin pair (G,, B,),
where G, = {p1, p2, p3} and B, = {p4, ps}. We eliminate AE(BZ) from the

graph on line 3. The remaining graph is GY. We compute Agg(Gz), and find
out that it is equal to GY. This means that H) is empty, G} is equal to GY, and
Gg is guaranteed to be a part of the protagonist’s winning region. Ag(Bz) and
G) are shown in Fig. 5.4. The protagonist’s attractor of G) in game G is

We = AS(GY) = {p1, p3. pa» (P1, 32), (D3, 01), (P4, 02)},
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and the corresponding winning strategy for the protagonist is (lines 11 and 12)

wp(p1) = (p1, (p1,02)),
wp(p3) = (p3, (p3,01)),
7wp(pa) = (pa, (P4, 02)).

As we find a winning region for the protagonist, we rerun the algorithm
for a smaller game (line 15) as illustrated in Fig.5.5. Note that the algorithm
is run from the beginning on the subgame and all Rabin acceptance pairs are
considered again.

At the first iteration of Algorithm 10 on the subgame G* shown in Fig.5.5,
we consider Rabin pair (G, B}), where G| = {ps} and B} = {p,}. The adver-
sary’s attractor of By is {po, p2, (po, 01), (p1, 01), (P4, 01)}, and the protag-
onist’s attractor of G on GY = G* \ A (B)) is GV. HY is empty, and the
protagonists wins everywhere in G? and its attractor in G*. The attractor of G(l]
in G* covers G°. Therefore, we find that the protagonist wins everywhere in
G* with the following strategy:

p(Po) = (Po, (Po, 01)),
mp(p2) = (P2, (P2, 02)),
7p(ps) = (ps, (ps, 02)).

As Wp covers G*, the algorithm (recursive call on the sub-game G*) termi-
nates with Wp and strategy 7p. Finally, the winning region for the protagonist
Wp on the initial game G covers Vp U V4, and the protagonist wins everywhere
in G with the strategy wp computed in line 17.

Complexity The complexity of Algorithm 10 is ¢'(|V|*"n!). Intuitively, the first
part(O(|V |*") comes from the two recursions and the second part (n!) comes from the
protagonist’s ability to change the condition. For a Rabin game of a Rabin automaton,
the complexity of the algorithm is &((|Sp| + |Sp||X])*"n!), since V = Vp U Vj,
Vp=Sp,and V, = Sp x X.

Step 5: Mapping the Rabin Game Solution to a Control Strategy

In order to complete the solution to Problem 5.1, we transform a solution to
a Rabin game G = (Vp, V,, E, Fg) of the product automaton P =T ® R into a
control strategy (X q; §2) for T. The solution to the Rabin game is given as a winning
region Wp C Vp and a winning strategy rp : Wp — E.

We first transform the solution into a memoryless strategy for the product P, and
present the solution to Problem 5.2. Clearly, the winning region for P is Wp = Wp.
The initial winning region is the subset of initial states that belong to Wp,i.e., Wpy =
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(@) AS(By) (b) Sub-game G9
Fig. 5.4 Adversary’s attractor of B, in game G is shown with a red frame in (a). The sub-game Gg

obtained by removing AE(BQ) from G is shown in (b). The protagonist’s attractor of G, in game
Gg covers Gg

A (B

(a) AY (BY}) ® A% (Gy)

Fig.5.5 Adversary’s attractor set of B} in game G* is shown with a red frame in (a). The sub-game
G? is shown in (b). The protagonist’s attractor of G| in game G? covers G?
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Wp N Spo. The strategy mp is obtained as follows. For allv € Wp, mp(v) = o, such
that 7p(v) = (v, V'), and V' = (v, o).

The remaining task is to adapt (Wpg, wp) as a control strategy (X ¢,82) for T.
Although the control function 7 » was memoryless, §2 is history dependent and takes
the form of a feedback control automaton:

Definition 5.9 Given a product automaton P = T ® R,where T = (X, X, 5, O, 0)
and R = (S, Sy, O, 8g, F), a winning region Wp for P, and a control strategy
(Wpo, p) for P, afeedback control automaton C = (S¢, Sco, X, v, X, ) isdefined
as

o Sc = S is the set of states,

Sco = Sp is the set of initial states,

X is the set of inputs (the set of states of T'),

T : 8¢ X X — Sc is the memory update function defined as:

(s, x) = Sg(s,o(x))if (x,s) € Wp, 7(s, x) = L otherwise

X is the set of outputs (the set of inputs of T'),
e 7 :Sc x X — X is the output function:

(s, x) =mp((x,s))if(x,s) € Wp, (s, x) = L otherwise.

The set of initial states X ‘? of T is given by a(Wpp), where o : Sp — X is the
projection from states of P to X. The control function £2 is given by C as follows:
for a sequence xj ...x,, x| € X?, we have £2(x;...x,) = o, where 0 = 7 (s,, x,,),
Siv1 = T(8i, x;), and x; 41 € §(x;, w(s;, x;)), forall i € {I,...,n — 1}. It is easy to
see that the product automaton of 7 and C will have the same states as P but contains
only transitions of P closed under 7 p. Then, all trajectories in 7' (X 2.2) satisfy ¢
and therefore (X¢, £2) is a solution to Problem 5.1. Note that if p = (x,s) ¢ Wp,
then the adversary wins all the plays starting from p regardless of the protagonists
choices, which implies that there is always a run starting from the product automaton
state (x, s) € Sp that does not satisfy the Rabin acceptance condition Fp regardless
of the applied control function. Therefore, Algorithm 9 finds the largest controlled
satisfying region.

Example 5.7 We transform the winning region Wp and the winning strat-
egy mp found in Example 5.6 into a control strategy (X%, £2) for the tran-
sition system 7" and formula @ from Example 5.1. The memoryless con-
trol strategy (Wpq, mp) for the product P (Fig.5.2) is defined as Wpy =
{po}, mp(po) =01, wp(p1) = 02, Wp(p2) = 02, wp(p3) = 01, wp(ps) = 02,
and 7p(ps) = 03.
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Fig. 5.6 The control
automaton from Example
5.7. The initial state is sq.
The arrows between states
are labeled with the states of
the transition system
depicting the memory update
function. The corresponding
control actions are shown in
red

The set of initial states is X ? = {x1}, and the feedback control automaton
C = (Sc, Sco, X, T, X, m), that defines the history dependent control function
§2, is constructed as in Definition 5.9. The control automaton is shown in
Fig.5.6 and is formally defined as:

Sc = {50, 51, 52},

Sco = {so},

X = {x1, x2, X3, X4},

7(s0, X1) = 51, T(S1, X2) = 51, T(51, X3) = 52, T(81, X4) = 51, T (52, X2) = 51,
7(s2, X3) = 52,

X ={o1, 02},

7 (80, X1) = 01, (81, X2) = 02, (81, X3) = 02, T(S1, X4) = 01, 7(s2, X2) =
02, (82, X3) = 03.

Example 5.8 Consider the robot transition system described in Example 1.4,
and the motion planning task ¢ described in Example 2.2. The Rabin automa-
ton representation of the formula ¢ is shown in Fig. 5.7a. The Rabin automaton,
and therefore the product of the robot transition system and the Rabin automa-
ton, has a single pair (G, B) in its accepting condition. We follow Algorithm
9 and synthesize a control strategy for the robot from the formula ¢. The robot
satisfies the motion planning task if it starts from any region except the dan-
gerous region, i.e., X qu = {x1, X2, X3, X4, X5, X7, Xg}, and chooses its directions
according to the control automaton C depicted in Fig.5.7b.
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When the robot starts from x; (B), the control automaton outputs 7 (sg, x;) =
W, and updates its memory from sy to 7 (sp, x;) = 5. The robot moves West and
endsin x7 (G). The nextactionis 7 (s1, x7) = N, and the next control automaton
state is T(sy, x7) = s,. The robot moves North and ends in x4 (R). Then, the
robot moves North again and ends in x, (I) as the control automaton outputs
7 (sy, x4) = N and updates its memory as t(sz, x4) = s3. Then, the control
automaton outputs 7 (s3, x,) = W, and updates its memory as t(s3, x2) = 8.
The robot moves West and ends in xy (B). Since the robot and the control
automaton both are in their initial conditions and all the applied actions are
deterministic, the robot continues by applying the same series of actions, and
produces the satisfying word:
(BGRI)”

Next, we consider the second motion planning task ¥ described in Exam-
ple 2.2. Again, we apply Algorithm 9 and synthesize a control strategy for the
specification formula . The Rabin automaton representation of v and the
control automaton generated by the algorithm are shown in Fig.5.8. The set
of satisfying initial states are X ? = {x1, X2, X3, X4, X5, X7, Xg}. When the robot
starts from x;, and chooses its directions according to the control automaton,
it produces

BIRG or BIRIG,

before it returns to x, and the control automaton state set to sy again. As both the
robot and the control automaton are in their initial states, the robot repeatedly
produces either B/ RG or BI RIG. The corresponding word is represented as

(BIRG | BIRIG)".

5.2 Control of Transition Systems from dLTL Specifications

In this section, we present a slightly more efficient and intuitive solution to Problem
5.1 for the case when the LTL specification formula can be translated to a determin-
istic Biichi automaton. The solution follows the main lines of the method presented
in Sect.5.1 for arbitrary LTL specifications. Instead of the Rabin automaton, we
construct a deterministic Biichi automaton, and take its product with the transition
system. In this case, the product is a nondeterministic Biichi automaton. We find
a control strategy for the product by solving a Biichi game and then transform it
to a strategy for the original transition system. This procedure is summarized in
Algorithm 11. The details are presented in the rest of this section.
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Xy|X5, W
X4|Xs|Xg , N
X7, W

Xo|Xa[X7|Xg , W
Xy, W

X4[XalXg , W

X3|X4]Xs , S

X7, N

B|G|RIDJ!

(@) ¢ =006BAOGGAOORAD-D (b) Control automaton C

Fig. 5.7 Rabin automaton representation of the specification formula ¢ (a) and the control automa-
ton (b) from Example 5.8. For the Rabin automaton, sg is the initial state. There is a single pair
in the accepting condition: F = {(G, B)}, where G = {s3}, and B = {s4}. For the control automa-
ton C, sg is the initial state. The arrows between states are labeled with the states of the robot
transition system depicting the memory update function. The corresponding control actions are
shown in red. For example t(sg, x2) = (S0, x3) = so and the corresponding action is defined as
7 (sg, x2) = 1 (sg, x3) = W. State s4, which is not reachable from the initial state sq, is not shown

Algorithm 11 DLTL CONTROL(7', ¢) : Control strategy (X ‘7; £2) such that all trajec-
tories in T'(X ¢ £2) satisfy ¢

1: Translate ¢ to deterministic Biichi automaton B = (S, So, O, dp, F)

2: Build a product automaton P =T ® B

3: Solve a Biichi game

4: Map the solution to a control strategy for the original transition system 7°

The first step of Algorithm 11 is to translate the dLTL specification @ into a
deterministic Biichi automaton B = (S, Sy, O, ép, F). The second step is the con-
struction of a product automaton P of the transition system 7' = (X, X, §, O, 0) and
B. The product automaton P = (Sp, Spo, X, 8p, Fp) is constructed as described in
Definition 5.3 with the exception that the set of accepting states of P is defined as
Fp = X x F. The product automaton P is a nondeterministic Biichi automaton if
T is nondeterministic, otherwise it is a deterministic Biichi automaton.

Each accepting run pp = (xy, s1)(x2, 52)(x3, s3) . .. of a product automaton P =
T ® B can be projected into a trajectory xjx,x3 ... of 7, such that the word
o(x1)o(x2)o(x3) ... 1s accepted by B (i.e., satisfies ¢) and vice versa. Similar to the
solution proposed in the previous section, this allows us to reduce Problem 5.1 to
finding a control strategy for P.
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(a) w=0OOBAO-DALD(B= O(-BUG)) AL(B= O(—~BUR))

Xo|X3|X7|Xg , W
X4lX5, N

Xo|X3|X4[X5 . S
Xg, W

(b) Control automaton C

Fig. 5.8 Rabin automaton representation of the specification formula v (a) and the control automa-
ton (b) from Example 5.8. For the Rabin automaton, s¢ is the initial state. There is a single pair in
the accepting condition: F' = {(G, B)}, where G = {s1}, and B = {ss}. For the control automaton
C, sq is the initial state. The arrows between states are labeled with the states of the robot transition
system depicting the memory update function. The corresponding control actions are shown in red.
State s5, which is not reachable from the initial state s, is not shown
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Problem 5.3 Given acontrolled Biichi product automaton P=(Sp, Spo, X, dp, Fp),
find the largest set of initial states Wpy € Sp( for which there exists a control func-
tion wp : Sp — X such that each run of P under strategy (Wpo, p) satisfies the
Biichi accepting condition Fp.

The solution to Problem 5.3 is summarized in Algorithm 12. The main idea behind
the algorithm is to first compute a subset Fp of Fp such that a visit to F p can be
enforced from F p in a finite number of steps. Then, what remains is to compute the
set of all states Wp and a control function 7 p such that all runs originating from Wp
in closed loop with 7 can reach F p in a one or more steps. By the definition of
F p, it holds that Fp € Wp, and hence these runs satisfy the Biichi condition. To
compute F p and 7p, we first define direct and proper attractor sets of a set S C Sp
for a Biichi automaton P:

Definition 5.10 (Direct attractor) The direct attractor of a set S, denoted by A!(S),
is defined as the set of all s € Sp from which there can be enforced a visit to S in
one step:

Al(S)={seSp|To e X, 8p(s,0) CS).

The direct attractor set induces a strategy 7 },’S : Al(S) — X such that
8p(s, mp(s)) € S.

Definition 5.11 (Proper attractor) The proper attractor of a set S, denoted by A™ (S),
is defined as the set of all s € Sp from which there can be enforced a visit to S in
one or more steps.

The proper attractor set A*(S) of a set S can be computed iteratively via the
converging sequence
AlS) S AS) < ..,

where A!(S) is the direct attractor of S, and
AL = AL(AL(S) U S) U AL(S).

Intuitively, A’ (S) is the set from which a visit to S in at most i steps can be enforced
by choosing proper controls. The attractor strategy n;’s for AT(S) is defined from
the direct attractor strategies computed through the converging sequence as follows:

;-[;,“S = n};Ai(s)(s), for alls € A1 (8) \ A'(S).

A recurrent set of a given set A is the set of states from which infinitely many
revisits to A can be enforced. In Algorithm 12, first the recurrent set Fp of Fpis
computed with an iterative process (lines 3—6). Note that we start with Fp = Fp
and iteratively remove the states from which a revisit to F p can not be guaranteed.
This loop terminates after a finite number of iterations since Fp is a finite set. The
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Algorithm 12 BUCHIGAME (P = (Sp, Spo, X, §p, Fp)): Winning region Wp C Sp
and winning strategy mp.
Fp=1

*HFM
= Fp
—=new

: whlle Fpn;s Fp do
W
Fp= Fp
Fncw A+(Fp) n FP
: end whlle

: Wp = AT (F p), compute the corresponding attractor strategy 7 p

\'O\H':'?L“!\.’t—f

termination guarantees Fp C AT(Fp), and hence infinitely many revisits to F p
from Fp can be enforced. In the final step of the algorithm the proper attractor of
F p and the corresponding attractor strategy is computed. As Fp € At (Fp), p is
an attractor strategy that solves the Biichi game for all s € Wp.

Complexity The time complexity of Algorithm 12 is &'(|Sp|*| X).

Remark 5.1 A Biichi automaton B can be interpreted as a Rabin automaton with
a single pair {(G, B;)} in its accepting condition, where G| = Fp and B, = 0.
Consequently, Algorithm 10 for the Rabin game can be used for the Biichi automaton
to solve Problem 5.3. In this particular case, n = 1 and the time complexity of
Algorithm 10 is ((|Sp| + |Sp|| Z])?).

The final step of the dLTL control algorithm is to translate the control strategy
(Wpg, mp) obtained from Algorithm 12 into a control strategy (X d’, §2) for T, where
Wpo = Wp N Spg. Asin the solution presented for LTL specifications in the previous
section, although the control function 7 p is memoryless, §2 is history dependent and
takes the form of a feedback control automaton. The control automaton is constructed
from P and mp as in Definition 11, and the control function §2 is defined by the
control automaton. Finally, the set of initial states X ? of T is given by a(Wpo),
where « : Sp — X is the projection from states of P to X.

Example 5.9 Consider the nondeterministic transition system 7" shown in
Fig.5.9a and the following LTL formula over its set of observations:

¢ = 01 A0z A $oy).

We follow Algorithm 11 to find the control strategy (X%, £2) that solves
Problem 5.1 for the transition system 7" and formula ¢.
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(a) Transition system T (b) ¢ =01 AO(003 Aooyg)

04

(c) The product of T (a) and B (b)

Fig. 5.9 Transition system (a), Biichi automaton (b), and their product (c¢) from Example 5.9. For
the Biichi automaton, s is the initial state and s3 is the accepting state. For the product automaton,
(x1, so) is the initial state, and {(x2, s3), (x3, 53), (x5, 53)} is the set of accepting states. The states
that are not reachable from the non-blocking initial state (x1, sg) are not shown in (c)
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We first construct a deterministic Biichi automaton B (Fig.5.9b) that accepts
the language satisfying the formula. Then, we construct the product of the sys-
tem and the automaton. The product automaton P, which is shown in Fig. 5.9c¢,
is a non-deterministic Biichi automaton since 7" is nondeterministic. Note that
the states that are not reachable from non-blocking initial states are removed
from P and are not shown in Fig. 5.9c.

To find a control strategy for P, we follow Algorithm 12. In the firstiteration,
Fp ={(x2,53), (x3, 53), (x5, 53)} (Fp) and we compute the proper attractor of
Fp as follows:

Al(Fp) = {(x4, 52), (x5, 52)},
AX(Fp) = {(x3, 51), (x3, $2), (x3, 83), (x4, $2), (x5, 52)},
A3 (Fp) = {(x1, 50), (x4, 51), (x3, 51), (x3, $2), (x3, 83), (x4, $2), (x5, 52)}
A*(Fp) = {(x2, s1), (X2, 53), (x1, 80), (X, 51), (x3, 51), (X3, 52),
(x3, 53), (x4, 52), (x5, 52)}

The sequence converges at iteration 4 and AT (Fp) = A*(Fp). In the first itera-
tion of the main loop of Algorithm 12, F r;,ew = {(x2, 83), (x3, 53)}, and (xs, $3)
is eliminated. The main loop terminates after the second iteration as

AT (Fp)NFp = Fp,where Fp = {(x2, 53), (x3, 53)}.

As the last step of Algorithm 12, we compute Wp = AT ({(x2, 53), (x3, 53)}),
and the corresponding attractor strategy as follows:

AL (Fp) = {(x4, s2)}, np((x4,52)) = o1,
A2(F p) = {(x3, 53), (x3, $2), (x3,51)} UAL(F p),

- 7p((x3,53)) = 02, 1p((x3, 52)) = 02, 7p((x3, 51)) = 02,
A3 (F p) = {(x1,50), (x4, s1)} UA2(F p), mp((x1,50)) = 02, 7p (x4, 51)) = 01,
AY(F p) = {(x2, 51), (x2,53)} UA(F p), mp((x2,51)) = 01, wp((x2,53)) = o1,
A*(Fp)=A(Fp) =AT(Fp).

The control strategy (Wpg, mp) solves Problem 5.3 for P, where Wpy =
{(x1, 50)} and p is as defined above. The final step is the transformation of
(Wpo, p) into a control strategy (X%, §2) for T. The set of initial states is
X QT) = {x1}, and the feedback control automaton C = (S¢, Sco, X, 7, X, )
(shown in Fig. 5.10), which defines the history dependent control function 2,
is constructed as in Definition 5.9, and formally defined as:
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Sc = {50, S1, 52, 53},

Sco = {so},

X = {x1, x2, x3, X4, X5},

T(s0, X1) = 51, T(51, X2) = 51, T(51, X3) = 52, T(51, X4) = 51, T(52, X3) = 2,
T(82, X4) = 53, T(83, X2) = 51, T(53, X3) = 52

X ={o1, 02},

7 (S0, X1) = 02, 7W(S1, X2) = 01, 7W(S1, X3) = 02, 7W(S1, X4) = 01, 7T(52, X3) =
02, (52, X4) = 01, (53, X2) = 01, (53, X3) = 02.

Remark 5.2 In a Biichi game over a product automaton P = T ® B, a state (x, )
is added to Wp only if there is a control strategy guaranteeing that all runs pp of
P originating from (x, s) satisfy that the projection of pp onto S (Biichi automaton
states) is an accepting run of B. The condition is necessary to guarantee that each
run of T that originate from x is satisfying. While the product is a non-deterministic
Biichi automaton, this condition is stronger than the Biichi acceptance: a word is
accepted by a non-deterministic Biichi automaton if there exists an accepting run.
In other words, it is not necessary that all runs are accepting. Due to this difference
in the notion of the satisfying TS states and non-deterministic Biichi acceptance,
an algorithm similar to Algorithm 11 cannot be used for non-deterministic Biichi
automaton, which is illustrated in Example 5.10.

Fig. 5.10 The control
automaton obtained by
solving the Biichi game on
the product automaton
shown in Fig.5.9¢
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P Oy >—Q Oy ()

(a) T (b) ¢ = 00, (c) P1=T ®B (d) ¢ = co02, )P, =TR®B,
B B

Fig. 5.11 Transition system 7 (a), Biichi automata B; (b) and B> (¢), the product of 7 and B; (d),
and the product of 7 and B, (e) from Example 5.10

Example 5.10 Consider the transition system 7 shown in Fig. 5.11a and speci-
fication ¢ = <0, over its set of observations. A deterministic Biichi automaton
and a non-deterministic Biichi automaton that accept the language satisfying
the formula are shown in Figs.5.11b and 5.11d, respectively. The correspond-
ing product automata are shown in Figs.5.11c and 5.11e. T has a single run
XpXpX, ... originating from x; and it satisfies ¢;. Due to the non-determinism
of T, there are multiple runs originating from x;. The run x;x;x; ... origi-
nating from x; produces the word 0;0;0; ... that violates the formula, and
all other runs originating from x; satisfy the formula. Therefore, we have
X‘; = {x2}. We can easily verify this observation by running Algorithm 12
on the product automaton P; with ¥ = {0}, i.e., a single control input labels
all the transitions. The algorithm returns Wp = At (Fp) = {(x2, 50), (x2, s1)}
hence Wpo = {(x2, 50)} and X% = {x,}.

Now, consider the product P, (Fig.5.11e) of T and the non-deterministic
Biichi automaton B, accepting the same language as Bj. It is not possible to
differentiate (x;, so) and (x,, o) on P, via reachability analysis or recurrence
set construction, since satisfying and violating runs originate from both (x;, so)
and (xz, S()).

5.3 Control of Transition Systems from scL.TL
Specifications

A solution to Problem 5.1 is found more efficiently when the specification ¢ is an
scLTL formula. This is due to the simple FSA acceptance condition for scLTL for-
mulas. The solution we present here resembles the one we presented in Sect.5.1



104 5 Finite Temporal Logic Control

for arbitrary LTL specifications. The procedure involves the construction of an FSA
from the specification formula ¢, the construction of the product automaton of the
system and the FSA, solving a reachability problem on the product automaton to find
a control strategy for the product automaton, and finally translation of this strategy to
the transition system. While a control strategy for the product automaton was found
by solving a Rabin game in Sect.5.1 and a Biichi game in Sect.5.2, the product of
an FSA and a nondeterministic transition system is a nondeterministic finite state
automaton (NFA), for which a control strategy can be found by solving a reachability
problem. This step can be interpreted as finding the attractor set of the accepting states
of the product automaton and the corresponding control strategy. Moreover, when 7
is deterministic, the product is an FSA and the largest controlled satisfying region
can simply be found by traversing the graph of the product automaton starting from
its set of accepting states. The procedure for determining control strategies for non-
deterministic transition systems from scLTL formulas is summarized in Algorithm
13. The details are presented in the rest of this section.

Algorithm 13 SCLTL CONTROL(T, ¢) : Control strategy (X ¢ §2) such that all tra-

jectories in T (X ¢, §2) satisfy scLTL formula ¢

1: Translate ¢ into an FSA A = (S, 59, O, 84, F)

2: Build a product automaton P = T ® R

3: Solve a reachability problem on the graph of the product automaton

4: Map the solution to the reachability problem to a control strategy for the original transition
system T'

The first step of Algorithm 13 is to translate the scLTL specification ¢ into an
FSA A = (S, 50, O, 64, F). This can be done using off-the-shelf tool as discussed
in Sect.2.3. The second step is the construction of a product automaton P of the
transition system 7' = (X, X, §, O, o) and the FSA A. The product automaton P =
(Sp, Spo, X, 8p, Fp) is constructed as described in Definition 5.3 with the exception
that the set of accepting states of P is definedas Fp = X x F.The product automaton
P is a NFA if T is nondeterministic, and it is an FSA if 7' is deterministic.

Each accepting run pp = (x1, 51)(x2, 52) . . . (x4, s,) of the product automaton P
can be projected into a trajectory x;xp...x, of T, such that the word
o(x1)o(xz) ...o(x,) is accepted by A (i.e., all words that contain the prefix o(x;)
o(xy) ...0(x,) satisfies ¢) and vice versa. Analogous to the solution for arbitrary
LTL specifications presented in Sect.5.1, this allows us to reduce Problem 5.1 to
finding a control strategy (W, m) for P, which is defined as in Definition 5.4.

Problem 5.4 Given a product NFA P = (Sp, Spo, X, 8p, Fp), find the largest set
of initial states Wpy C Spo for which there exists a control function 7p : Sp — X
such that each run of P under the strategy (Wpg, wp) reaches the set of accepting
states Fp.
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We use Wp to denote the set of states of P from which a visit to the set of accepting
states can be enforced by a control function. This set and the corresponding control
strategy can easily be computed with a single attractor computation:

Wp = Fp UAY(Fp),

where AT (Fp) is the proper attractor of Fp and 7p is the corresponding attractor
strategy, which are described in Definition 5.11.

This computation results in a control strategy (Wpg, p) that solves Problem 5.4,
where Wpo = Wp N Spg. The final step of Algorithm 13 is the transformation of
the control strategy (Wpq, p) for the product P into a control strategy (X%, £2)
for T. The control function £2 for T is history dependent and takes the form of a
feedback control automaton C = (S¢, Sco, X, T, X, m), which is constructed from
P, T and A as described in Definition 5.9. The set of initial states X ‘;ﬂ of T is given
by a(Wpy), where o : Sp — X is the projection from states of P to X. The control
function 2 is given by C as explained in Sect.5.1. The product automaton of 7 and
C will have the same states as P but contains only transitions of P closed under
mp. Then, all trajectories in T(X?, £2) satisfy ¢. Moreover, if (xy, s;) ¢ Wp, then
8p((x1,81),0) € Wp forall 0 € X, which implies that there exists a run of P that
originate at (xy, s1) and can not reach Fp regardless of the applied control function.
Therefore, in the case when ¢ is an scLTL formula, X ? is the largest controlled
satisfying region and the strategy (X 2. §2) obtained from Algorithm 13 is a solution
to Problem 5.1.

Complexity The complexity of finding the control strategy for the product
automaton P (step 3 of Algorithm 13) is &'(|Sp|| X]), since an attractor set is com-
puted in maximum &' (|Sp|| X|) iterations.

Example 5.11 Consider the nondeterministic transition system 7" shown in
Fig.5.12a and the scLTL formula over its set of observations:

¢ = oy A (—o3U04) A (—04U07).

We follow Algorithm 13 to find the control strategy (X%, £2) that solves
Problem 5.1 for transition system 7" and formula ¢. We first construct an FSA
A (Fig.5.12b) that accepts the good prefixes of the formula. Then, we construct
the product of the system and the FSA. The product automaton P, which is
shown in Fig. 5.12c, is an NFA since 7 is nondeterministic. Note that the states
that are not reachable from non-blocking initial states are removed from P and
are not shown in Fig.5.12c.
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To find a control strategy for P, we compute the converging sequence W}*
and control function 7p:

WI(;)’* = {()Cs, 52)}, ﬂp(()CS, SZ)) = 0]
W};* = {(_XS,SI)} U WO*, p((xs,51)) = 07
Wi = {(x2, 50), (x2, 51)} U W, m0p((x2, 50)) = 01, wp((x2, 51)) = 07
W3* = {(xs, 50), (x4, 51)} U W3*, m0p((x4, 50)) = 01, Tp((x4, 51)) = 07
W4* — W3*.

P P

The control strategy (Wpo, wp) solves Problem 5.4 for P, where Wpy =
{(x2, 80), (x4, S0)} and mp is as defined above. The final step is the trans-
formation of (Wpg, mp) into a control strategy (X%, £2) for T. The set
of initial states is X ? = {x2, x4}, and the feedback control automaton C =
(Sc, Sco, X, T, X, ), that defines the history dependent control function £2,
is constructed as in Definition 5.9, and formally defined as:

Sc = {50, 51, 82},

Sco = {so},

X = {x1, x2, X3, X4, X5},

T(80, X2) = 51, T(S0, X4) = 51, T(S1, X2) = 51, T(S1, X4) = 51, T(51, X5) = 82,
7(s2, X5) = 52,

X ={o1, 02},

7 (S0, X2) = 071, (S0, X4) = 071, 7W(S1, X2) = 07, 7T(S1, X4) = 07, 7TW(S1, X5) =
o1, (82, X5) = O].

5.4 Notes

We presented a complete treatment of the LTL control problem for a finite tran-
sition system. If the transition system is deterministic, the problem can be solved
through model-checking-based techniques (see Chap.3). Indeed, an off-the-shelf
model checker can be used to model check the system against the negation of the
formula. If the negation of the formula is not satisfied at a state, i.e., there exists a run
violating the negation of the formula, then it is returned as a certificate of violation.
This run, which satisfies the formula, can be enforced in the deterministic transition
system by choosing appropriate controls at the states in the run. This approach was
used in [105] to develop a conservative solution to an LTL control problem for a
continuous-time, continuous space linear system.

In this chapter, we focused on the case when the transition system is non-
deterministic. We showed that, in the most general case, the problem can be reduced
to a Rabin game [146]. There are various approaches to solve Rabin games [55, 90,
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(a) Transition system T (b) @ = c04 A (m03U04) A
(—|04U02)

(c) The product of T (a) and FSA (b)

Fig. 5.12 Transition system (a), the FSA (b), and the product of them (¢) from Example 5.11.
For the FSA, so is the initial state and s, is the accepting state. For the product automaton,
{(x1, s0), (x2, s0), (x3, S0), (x4, 50)} is the set of initial states, and (x5, s7) is the accepting state.
The blocking state (x3, so) that is reachable from a non-blocking initial state (x1, s9) is shown in

grey
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141]. The solution we presented is based on [90]. The Rabin game based approach
to the control problem from this chapter is based on [170]. For the particular case
when the LTL formula can be translated to a deterministic Biichi automaton, we
showed that the control problem reduced to a Biichi game [38], for which efficient
solutions exist [167]. A treatment of the control problem for this case can be found
in [104]. Finally, if the specification is given in the syntactically co-safe fragment
of LTL, called scLTL [156], then the solution reduced to a reachability problem,
for which we propose an efficient algorithm. In all three cases mentioned above, the
control strategy for the original transition system takes the form of a feedback control
automaton, which is easy to interpret and implement.

For simplicity of exposition, we only consider synthesis from LTL specifications.
Readers interested in CTL and CTL* specifications are referred to [9, 57, 92]. There
has also been some interest in combining optimality with correctness in formal
synthesis. Examples include optimal LTL control for transition systems [51, 161,
171] and Markov decision processes [40, 52, 160], and optimization problems with
costs formulated using the quantitative semantics of logics such as signal temporal
logic (STL) and metric temporal logic (MTL) [12, 19, 54, 59, 94, 95, 107, 176].
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Chapter 6
Discrete-Time Dynamical Systems

In this chapter, we introduce the two classes of discrete-time dynamical systems
that we will focus on in the rest of the book: piecewise affine control systems with
polytopic parameter uncertainties and switched linear systems. As particular instanti-
ations of the first class, we define autonomous systems, fixed parameter systems, and
combinations of the above. By generalizing the ideas already presented in Sect. 1.2
and Example 1.8, we define embeddings of such systems into (infinite) transition sys-
tems. This enables formal definitions for their semantics and the use of abstractions
to map analysis and control problems for such systems to verification and synthesis
problems for finite transition systems, which were treated in Part II.

6.1 Piecewise Affine Systems

Let L be a finite index set and X;, [ € L be a set of open, full dimensional polytopes!
in RV, such that X;, N X;, = @ forall [, , € L, where [; # L.

Definition 6.1 (PWA Control System) A discrete-time, uncertain-parameter piece-
wise affine (PWA) control system % over X = |J,, X; is defined as:

W o x(k+1)=Axk)+ Buk) +c, xk) e Xy, utk)eU, le L (6.1)

where, at each time step k =0, 1, ..., x(k) € RY is the state of the system and u (k)
is the input restricted to a polytopic set U C RM. Matrices A; € P', B, € RVM,
¢; € Py are the system parameters for mode / € L, where parameters A; and ¢; for
each [ € L are restricted to polytopic sets P;* ¢ RV*Y and P{ C RY, respectively.

Note that, for technical reasons to become clear later, we assume that there is no
parameter uncertainty in the control parameter matrix B;.

'In the rest of the book, we assume polytopes are open and full dimensional, unless specifically
mentioned otherwise. See Sect. A.1. This assumption is discussed in Sect. 6.3.
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In the following, we define several subclasses of PWA systems used later in the
book, which are obtained by restricting Definition 6.1.

Definition 6.2 (Fixed Parameter PWA Control System) A fixed-parameter PWA con-
trol system is a PWA system (Definition 6.1) where, for all modes / € L, the sets PIA
and P{ are singletons, i.e., A; € RV and ¢; € RY.

In the particular case when P; = ¢J, for all [ € L, the system from Definition 6.2
is called a fixed parameter piecewise linear control system. In other words, such a
system is described by x(k + 1) = A;x (k) + Bju(k), x(k) € X;, u(k) e U,l € L.

Definition 6.3 (Autonomous PWA System) An autonomous PWA system is a PWA
system (Definition 6.1) with input u(k) = O for all time steps k =0, 1, ... i.e.,

W xtk+1)=Axk)+c¢, xtk)eX;, l e L. (6.2)

Definition 6.4 (Autonomous Fixed Parameter PWA System) An autonomous, fixed-
parameter PWA system is an autonomous PWA system (Definition 6.3) where, for
all modes € L, the sets P and P} are singletons, i.e., A; € RV*N and ¢; € RV,

In the particular case when P; = ¢J, for all [ € L, the system from Definition 6.4
is called a fixed parameter piecewise linear system. In other words, such a system is
described by x(k + 1) = A;x(k), x(k) € X;, [ € L.

Definition 6.5 (Autonomous Additive Uncertainty PWA System) An autonomous,
additive uncertainty PWA system is an autonomous PWA system (Definition 6.3)
where, for all modes [ € L, the set P,A is a singleton, i.e., A; € R¥*N and P/ C RN
is a polytopic parameter set.

In other words, only the vector component ¢; is uncertain in Definition 6.5, while
the matrix component A; is fixed. Both the vector and matrix parameter components
are fixed in Definition 6.4.

System % evolves along different affine dynamics in different regions of the
continuous state space X. When # is in a state x (k) € X; for some [ € L, we say
that the system is in mode | € L. Then, the next visited state x (k 4+ 1) is computed
according to the affine map of Eq. (6.1) with parameters A; and ¢;, specifying the
dynamics of % in mode /. Starting from initial conditions x (0) € X, forsomely € L
a trajectory of system % can be obtained by the following (numerical simulation)
procedure:

1. Start from initial conditions x(0) € X,,, where the system is in mode /.
ii. Select parameters A € P;?) and ¢ € P; from the allowed parameter sets.
iii. Select an input # € U from the allowed input set.
iv. Apply the affine map of Definition 6.1 to compute the next state x (1) = Ax(0) +
Bju + c.
v. Find the mode /; € L of # such that x(1) € X,.
vi. Repeat this procedure iteratively for each subsequent step.
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(a) Cobweb diagram of PWA system %/ (b) A trajectory produced by 7.

Fig. 6.1 A one dimensional PWA system is defined by the three regions of different dynamics,
separated by dashed lines in (a). The parameters of the system in each mode are represented by the
black lines in (a). Applying the PWA map iteratively is represented by the cobweb diagram from
(a) and generates the trajectory of the system shown in (b). See Example 6.1 for additional details

The operating regions X;, ! € L from Definition 6.1 of a PWA system are also
considered as regions of interests of system #'. As we are only interested in tra-
jectories of system # evolving in X, we define an additional mode Out with triv-
ial dynamics x(k + 1) = x(k) and region Xo, = R" \ X. Informally, a trajectory
wx = wx(1)wx(2) ... produces a word w;, = wy (1)w,(2) ... such that wy (i) is the
index of the region visited by state wx (i), i.e., wx(i) € X,,, ), and wy (i) is Out if
wx (i) ¢ X. For example, trajectory x(0)x(1)x(2) . .. satisfying x (0), x(1) € X}, and
x(2) € X, for some [y, € L produces word [,/;/, .. .. After a short example, we
formalize the semantics of PWA trajectories and their satisfaction of LTL formulas
through an embedding into a transition system, which generalizes the one already
introduced in Sect. 1.2.

Example 6.1 We define the fixed-parameter, autonomous, one dimensional
(N = 1) piecewise affine system % shown schematically in Fig. 6.1a, which
has three different modes (L = {1, 2, 3}). Regions X, X, and X3 are open, full
dimensional polytopes in R!, defined in V-representation (see Definition A.5)
as the interiors of the convex hulls (Definition A.3) X; = int(hull({1, 25})),
X, = int(hull({25, 60})) and X3 = int(hull({60, 100}) (i.e., V(X;) = {1, 25},
V(X;) = {25, 60} and V (X3) = {60, 100} are the sets of vertices of closures
of polytopes X, X, and X3, respectively). These polytopes define the regions
of the state space of # where the system operates under different parameters
(i.e., # isin a different mode in each region). They are represented in Fig. 6.1a,
b by dashed lines, partitioning the state space X = X; U X, U X3.

The parameters of system % are defined as A} =2, by =1, A, = 1.5,
b, =25 and Az = —0.5, b3 = 60 and are represented as thick black lines
in Fig.6.1a.
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Selecting initial conditions x(0) = 5 allows us to generate a trajectory
wx of # by applying the update map iteratively (the map update is rep-
resented by the cobweb diagram of Fig.6.1a). The initial state and the fol-
lowing 10 steps wx (1) ...wx(11) = x(0)...x(10) of this trajectory are rep-
resented in Fig.6.1b. It is easy to see that in states x(0), x(1), x(2), x(5) €
X1, x(3), x(6), x(8), x(10) € X, and x(4), x(7), x(9) € X3 the system is in
mode 1,2 and 3, respectively. Then, the word produced by this trajectory
is wy where, for the fragment wy (1) ...wy(11), we have wy (1) = w,(2) =
wr(3) =w(6) = 1L,wr(4) =wr(7) =wr(9) =wr(11) =2 and w.(5) =
wp(8) =wr(11) =3 (G.e,w, =11123123232 ...).

Definition 6.6 (Embedding Transition System for #') The embedding for PWA
control system % (Definition 6.1) is a transition system (Definition 1.1) T =
Xy, Xy, 8y, Oy, 0 ) With:

Xy =R",

Xy =1,

Sy (x,u)=A;x + Bu+c¢,ifx € X,

Oy = L U{Out},

oy (x) =1 if and only if there exists / € L such that x € X; and oy (x) = Out
otherwise.

The embedding transition system from Definition 6.6 has an infinite number of
states and inputs and is non-blocking. Furthermore, for the general class of uncertain-
parameter PWA systems, the embedding transition system is non-deterministic.
Indeed, given state x € X and input # € U, multiple states can be reached in a single
step through the dynamics defined in Definition 6.1, depending on the choice of
parameters A; € P and ¢; € P{—the possible non-deterministic next-state choices
are captured in the set 8y (x, u). In contrast, a fixed-parameter PWA system %" (Def-
inition 6.2) leads to a deterministic embedding transition system, since for each state
x € Xand input u € U, only a single state x’ = A;x + Bju + ¢; satisfies the dynam-
ics of # and, therefore, 8+ (x, u) is a singleton. Since the other PWA subclasses
from Definitions 6.3, 6.4, and 6.5 are particular cases of the general PWA from
Definition 6.1, the embedding T defined above applies with minor and obvious
adjustments. For example, for the autonomous PWA systems from Definitions 6.3
and 6.5, the embeddings T’y are non-deterministic transition systems with no inputs,
while for the PWA from Definition 6.4, the embedding is a deterministic transition
system with no inputs.

Only infinite words are produced by the embedding transition system for each of
the system classes defined above and, therefore, LTL formulas over L U {Out} can
be interpreted over such words, leading to the following definition:

Definition 6.7 (LTL satisfaction for #) Trajectories of a PWA system % (Defini-
tion 6.1) originating in a polytope Xy € X satisfy formula ¢ if and only if Ty (X()
satisfies ¢ (according to Definition 3.1).



6.1

Fig. 6.2 A two dimensional PWA system % is defined by the four regions of different dynamics
but trajectories of the system might leave the defined state space. In a, such a trajectory is shown
evolving along the state space X of the system, where the initial state and subsequently visited states
are represented by circles. The larger circle at the boundary of the outer polytope represents all
states of index larger than 5. To formulate specifications over linear predicates that do not observe
the initial set of polytopes, additional partitioning of the state space might be necessary as in (b).

Piecewise Affine Systems

See Example 6.2 for additional details

Example 6.2 We define the two dimensional (N = 2) autonomous fixed-
parameter PWA system % (Definition 6.4) shown schematically in Fig.6.2a,
which has four different modes (L = {1, ..., 4}). The state space of # is
X =X, U...UXy, where X, ..., Xy are open, full dimensional polytopes
determined by cutting hull({[1, O], [8, 1], [7, 6], [3, 8], [0, 3]}) with hyper-
planes[1 — 2]x = —1and [—1.83 — 1]x = —9.65 (Fig. 6.2a). The parameters
of the system in each mode are defined as

4 _[055-05] T3 4 _[035-05] _T25
=107 065 "7 | =1 25050152 |0 | 63)

A = [0.95 —0.5:| = [ 0.5 ] Ay = [0.95 —0.5] 4= [3]
0.5 0.65 |’ —1.3 ] 0.5 0.65 |’ 0

A trajectory wx., = wx,, (Dwyx,, (2)... of # is generated, starting from
initial conditions wy,,, (1) = x(0) = [7.7, 2.5]. After five steps, the trajectory
exists X (i.e., wx,, (6) = x(5) = [0.5489, 1.2808] ¢ X). Since PWA systems
were defined with trivial dynamics in mode Out (i.e., when a state outside
the defined state space is visited) the trajectory remains in state x(5) for all
future times (i.e., fork = 6,7, 8, ... we have wy,, (k) = x(5)). The word pro-
duced by trajectory wy,, is wo,, = wo,, ()wo,, (2) ..., where wo,, (1) =
3, wo, (2) =wp, 3) =wp, 4) =1, wo,(5) =2 and wp,, (k) = Out
fork=6,7,8,...(G.e.,wp, =311120utOut...).
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If we are interested in behaviors of the PWA system % where the second
component of the state x reaches values above 5, we need to further partition the
state of the system using hyperplane [0, 1]x = 5. This results in a system with
6 polytopicregions (L = {1, ..., 6})denoted by X{, . . ., X¢ (see Fig. 6.2b). To
specify that all trajectories eventually visit a state where the second component
of x has a value above 5, we write the LTL formula <>(2 Vv 4). In other words,
we require that trajectories eventually visit regions X, or X4, where the above
specification is satisfied.

6.2 Switched Linear Systems

Definition 6.8 (Switched Linear System) A discrete-time switched linear system
over X C RY is defined as

S ixtk+D)=A,xk), ywel, (6.4)

where, at each time stepk =0, 1, ..., x(k) € RY is the state of the system, y4 is the
input that selects the active subsystem from a finite index set I", and A, € RN*N,
forally e I'.

System . evolves along different linear dynamics, depending on the chosen
value of y; from I at time k. Similar to the terminology for system % defined
above, when . evolves along dynamics y, we say that the system isinmode y € I'.
Starting from initial conditions x(0) € X and initial mode y, € I", given a function
y :{0,1,2,...} = I', a trajectory of system . can be obtained by the following
(numerical simulation) procedure:

i. Start from initial conditions x(0) € X and initial mode y, € I".

i. Apply the linear map from Eq. (6.4) to compute the next state x(1) = A, x(0).
iii. Update the mode y; according to function y.

iv. Repeat this procedure iteratively for each subsequent step.

| pE—,

We are interested in studying trajectories of system .#” with respect to a finite
set of semi linear sets X;,/ € L, where X;, NX;, =@, for any [; # I, and X =
Urer X (see Appendix A.4 and Example 10.1). Informally, similar to the PWA
system % presented above, a trajectory wx = wx(1)wx(2)... produces a word
wr =wr(Dwr(2) ... such that wy (i) is the index of the region visited by state
wx(i), i.e., wx(i) € X,,, ). As it will become clear in Chap. 10, because of the par-
ticular problem of interest, the trajectories of . always stay inside X, and the extra
mode Out is not necessary in this case. Also, as in Sect.6.1, we informally think
of X;, 1 € L as a partition of X, and ignore behaviors on the boundaries of X;. This
assumption is discussed in Sect. 6.3.
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Definition 6.9 (Embedding Transition System for ) The embedding for the
switched control system . (Definition 6.8) is a transition system 7 = (X &, X &,
8.9, 0%,0) with:

e X=X,

e Yo=1,

o do(x, V) = Ayxa

e Oy =1L,

e 0v(x)=1I,l € Lifandonlyifx € X.

The embedding transition system from Definition 6.9 has an infinite number of
states and finitely many inputs. It is deterministic and non-blocking. It produces
infinite words, and, therefore, LTL formulas over L can be interpreted over such
words, leading to the following definition:

Definition 6.10 (LTL satisfaction for .”) Trajectories of a switched system .& (Def-
inition 6.8) originating in a region Xy € X satisfy LTL formula ¢ over L if and only
if T.»(Xp) satisfies ¢ (according to Definition 3.1).

Similar to the PWA system # treated in Sect. 6.1, we can define different types of
embeddings for . as particular cases of the one defined above. With particular rele-
vance to the verification Problem 10.2 treated in Chap. 10, an autonomous embedding
transition system that captures the behavior of . under all possible switchings can
be defined as T4 = (X», 8%, O, 0.»), where X &, O, and 05 are as defined
above and 8%, (x) = {A,x, y € T'}.

6.3 Notes

Piecewise affine systems (PWA), i.e., systems that evolve along different discrete-
time affine dynamics in different polytopic regions of the (continuous) state space are
widely used as models in many areas. They can approximate nonlinear dynamics with
arbitrary accuracy and are equivalent with several other classes of systems, includ-
ing hybrid systems [82]. In addition, there exist efficient techniques for the identi-
fication of such models from experimental data, which include Bayesian methods,
bounded-error procedures, clustering-based methods, mixed-integer programming,
and algebraic geometric methods (see [64, 97] for a review).

We made some simplifying assumptions in our definition of the PWA system #
and its embedding (Definitions 6.1 and 6.6), which is inspired from [5, 7, 138, 163]
(see also [72, 74, 105, 106, 162, 180, 184, 185]). First, we defined the system on a
set of open full dimensional polytopes, thus ignoring states where the dynamics are
ambiguous (states on the boundaries between regions). This is enough for practical
purposes, since only sets of measure zero are disregarded and it is unreasonable to
assume that equality constraints can be detected in real-world applications. Trajec-
tories starting and remaining in such sets are therefore of no interest. Trajectories
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starting in the interior of full-dimensional polytopes also cannot “vanish” in such
zero-measure sets unless the dynamics of the system satisfy some special condi-
tions, which are easy to derive but omitted. Furthermore, if such sets are of interest,
the results presented throughout the book can be extended to more general case
where the state space is partitioned into polytopes with some of the facets removed.
In particular, facets are simply lower dimensional polytopes and the results can be
extended by induction. Second, the semantics is defined over the polytopes X;, which
are given a priori. However, arbitrary linear inequalities can be accommodated by
including additional polytopes (as long as the region / € L visited at each step can be
observed), in which case the system will have the same dynamics in several modes.

Switched systems have been extensively studied for more than fifty years. They
have numerous applications in mechanical systems, automotive industry, power sys-
tems, aircraft and traffic control. Switched linear systems, as defined in this chapter,
attracted most of the attention. Existing works focus on analysis of stability, control-
lability, reachability, and observability. Excellent overviews can be found in [125,
159]. Note that, for switched linear systems ./, we make the same simplifying
assumptions as for the piecewise affine systems %, and the limitations induced by
these assumptions are similar.



Chapter 7
Largest Satisfying Region

In this chapter, we develop a procedure that attempts to find the largest set of initial
states from which an autonomous PWA system (Definition 6.3) satisfies an LTL
formula over the set labeling the polytopes in its definition. The same problem was
considered in Chap. 4 for a finite transition system and an LTL formula over its set
of observations. Several methods were presented to find an exact solution to this
problem. As expected, since PWA systems have infinitely many states, we are only
able to find a subset of the largest satisfying region in this chapter. We formulate the
problem for the general case of autonomous PWA systems with uncertain parameters,
and we show that more efficient solutions can be found for the particular cases of
autonomous PWA systems with fixed parameters and additive uncertainties. The
problem that we consider in this chapter can be formally stated as follows:

Problem 7.1 (Largest Satisfying Region for PWA Systems) Given an autonomous
PWA system % (Definition 6.3) and an LTL formula ¢ over L U {Out}, find the
largest set of initial states from which all trajectories of # satisfy ¢.

From Definition 6.7, solving Problem 7.1 involves working with the infinite
embedding transition system 7% (Definition 6.6) and formula ¢. In Chap.3, we
described LTL model checking as an algorithmic procedure for deciding whether a
finite transition systems satisfies an LTL formula. Then, in Sect.4.1, we used model
checking to develop an analysis procedure for finite transition systems (Algorithm 3).
Since the embedding T from Definition 6.6 is infinite, neither model checking, nor
the analysis procedure from Algorithm 3 can be applied directly to solve Problem 7.1.

In Chap. 4, we also developed several methods for the analysis of potentially large
transition systems through the construction and refinement of their quotients. In the
following sections, we show that this theory can be extended to infinite transition
systems such as T, in order to address Problem 7.1.

First, we consider autonomous, fixed-parameter PWA systems (Definition 6.4)
and autonomous, additive-uncertainty systems (Definition 6.5). For these systems,
we show that the quotient construction and refinement procedures from Chap.4
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are implementable, and use them to solve Problem 7.1 in Sect.7.1. For general
autonomous PWA systems with uncertain parameters (Definition 6.3), we develop a
conservative procedure in Sect.7.2.

7.1 PWA Systems with Fixed and Additive Uncertain
Parameters

The following discussion applies to autonomous PWA systems with additive para-
meter uncertainty (Definition 6.5). All the results automatically apply to the subclass
of autonomous fixed-parameter PWA systems (Definition 6.4). We will discuss the
differences as appropriate.

We describe the construction of quotient Ty /. = (Xy/n, S/ mss O, Oy )
through the construction of its sets of states and observations, and observation and
transition maps. From the definition of the observational equivalence relation ~
(Definition 1.2), induced by observation map oy of Ty (Definition 6.6) and the
definition of the quotient T /.. (Definition 1.3), the set of states X /.. of quotient
Ty ]~ is simply the set of observations X /.. = O» = L |J{Out} of Ty /.., which
is inherited from 7%, and the observation map is identity. Given a state [ € Xy /~,
where [ # Out, the set of all equivalent states from / is

con() =X. (7.1)

In other words, each equivalence class is a polytope from the PWA system definition
(Definition 6.1), while the explicit representation of the set con(Out) = RV \ X is
not required for our methods.

In order to complete the construction of quotient T /.., we need to compute the
transition function 8 .. In Sect. 1.3, we showed that through Eq. (1.7), transitions
of the quotient T /.. can be found by computing the set of successors of a region
in Ty using the Post () operation defined in Eq. (1.4)—given states [}, [, € Xy /~,
there exists a transition from /; to l; (i.e.,l, € d4 ~(l})) if and only if the intersection
Post(con(l1)) Ncon(l,) is non-empty. From the computation of the set of equivalent
states con(l) for an equivalence class! € Xy /. giveninEq.(7.1), checking if a tran-
sition between states /1, [, € X/~ exists amounts to checking the non-emptiness
of the intersection Post(X;,) N X,,. Formally, the computation of transitions in the
quotient T /.. for any states I;,l, € Xy /~, where [} # Out and I, # Out is
summarized as

I, € 8 (1) if and only if Post(X;,) N X,, # 0. (1.2)



7.1 PWA Systems with Fixed and Additive Uncertain Parameters 121

Given a polytope X; for some [ € L, the set of successor states Post(X;) is
another polytope computable as':

Post(X)) = AX; @ P, (7.3)

where A;X; is the image of polytope X; through matrix A; (see Appendix A.3) and
“@” denotes the Minkowski (set) sum (Definition A.7). Since Post (X)) is a polytope,
for any states /1, [, € Xy /.~ the intersection Post(X;,) NX,, is also a polytope and
its non-emptiness can be checked easily using polyhedral operations. Note that, for
the particular case of a fixed parameter PWA system, P} in Eq.(7.3) is a singleton
C] € RN.

Given a state [ € X /~, where [ # Out, a transition from state / to state Out is
assigned in accordance to Definition 6.6 as

Out € 8 (1) if and only if Post(X)) ¢ X, (7.4)

which is also checked easily, since both Post(X;) and X are polytopic sets. To
complete the construction of §y ., transitions for state Out € X /. must be
assigned but, from Definitions 6.1 and 6.6, it only has a transition to itself (i.e.,
8w .~ (Out) = {Out}).

Algorithm 14 Ty /.. =QUOTIENT(%#) : Compute the quotient T /.. of an additive
uncertainty PWA system #

1: Xop /o := L J{Out}

: OW = Xw/~

3:foralll € X/~ do
41 oy (D) :=1

50 Sy =0
6.
7
8

N

if Post(X;) ¢ X then
Sy (1) := 8y (1) U {Out}
: end if
9: foralll’ € X+ /. do
10: i Post(X;) N Xy # @ then
1 Sy (D) i= 8y () U}

12:  end if
13: end for
14: end for

15: 8+ ~ (Out) := {Out}
16: return Toy /oo = (X [, 8 oo Oy s 0y )

The transition map of quotient 7o /. is constructed using the computation
described above, which completes the quotient’s construction. The computation of

In this chapter, we assume, for simplicity of presentation, that all matrices A;, [ € L are invertible.
This assumption can be easily relaxed as discussed in Sect.7.4. The technical details are included
in Sects. A.3 and A.4.
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Ty [~ is summarized in Algorithm 14, which is implementable using polyhedral
operations on polytopes. Since the number of regions L of PWA system % is finite,
Ty has a finite set of observations O and, as a result, the set of states Xy /.. of the
quotient is also finite. This allows the application of model checking or analysis of
Ty [~ through Algorithm 3 but the implementation of the more advanced analysis
procedure from Chap. 4 requires additional operations, which will be discussed next.

Example 7.1 We apply Algorithm 14 to construct the quotient 7 /.. for the
PWA system % defined in Example 6.2. Initially, the system had four regions
(Fig. 6.2a) but additional partitioning of the state space was required to accom-
modate some specifications, resulting in a system with six regions denoted by
Xi, ..., Xs (Fig.6.2b) with L = {1, ..., 6}. Therefore, the quotient T /.~
has six states X/~ = {1, ..., 6} where, for each state [ € X /~, the set
of equivalent states of T (and therefore %) is given by con(l) = X; as in
Eq.(7.1).

To compute the transitions of 75 /., we compute the set of successors
Post(X;) for each region X; of T (see Fig.7.1). Checking the non-emptiness
of the intersection Post(X;) N X;, allows us to compute the transitions
of Ty /~. Only the set of successors of region 6 is completely included
within the defined state space X and, therefore, all other states have a tran-
sition to state Out (note that Post(X;) ¢ X, although this is not obvi-
ous from Fig.7.1a). This leads to the inclusion of transitions §x (1) =
{1,2,3,Out}, 6 ~(2) = {2,3,4,0ut}, 5 ~(3) = {3,6,0ut}, b ~(4) =
{3, Out}, 65 ~(5) = {1, 2,3,5,6,0ut} and 6 ~(6) = {1, 5, 6}. The result-
ing quotient 7% /.. is shown in Fig. 7.2, where the observations for each state
are omitted but are clear from the state labels.

By embedding the PWA system % into an infinite transition system 7% (Defini-
tion 6.6), we reduced Problem 7.1 to Problem 4.1. However, since T+ was infinite, the
analysis procedure outlined as Algorithm 3 in Chap.4 could not be applied directly.
So far, we showed that the quotient T /.. of the embedding 7> under the observa-
tional equivalence relation ~ (Definition 1.2) can be constructed using polyhedral
operations (Algorithm 14). Since T /~. is finite, this allows us to apply the analy-
sis technique described in Sect. 1.3. However, as discussed there, such an approach
leads to a conservative solution to Problem 7.1. In order to obtain less conservative
results, bisimulation-based and formula-guided quotient refinement techniques were
proposed in Sects. 4.3 and 4.5, respectively. Both methods were initialized by con-
structing a finite quotient such as T /. but in addition required the implementation
of a state refinement procedure.



7.1 PWA Systems with Fixed and Additive Uncertain Parameters 123

. (a) Post(Xy). . (b) Post(X3).
7 o
6 % 6F %

X Xy

(¢) Post(X3). (d) Post(Xy).

Xl X

(e) Post(Xs). ®) Post(X;).

Fig.7.1 Successor states (shaded gray) of different regions of PWA system % defined in Example
6.2 (Fig.6.2b). See Example 6.2 for additional details
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Fig. 7.2 Finite quotient
Ty [~ of PWA system #
defined in Example (6.2)
(Fig. 6.2b). Observations of
the states are omitted. See
Example 7.1 for additional
details

In the following, we focus on the implementation of the refinement procedure
REFINE() (Algorithm 5, Chap. 4) and show that for autonomous additive uncertainty
(and fixed parameter) PWA systems all its operations are computable through poly-
hedral operations. Specifically, as the embedding of a PWA system with additive
parameter uncertainty is non-deterministic, we will refer to Algorithm 5. For the
particular case of a PWA with fixed parameters, whose embedding is deterministic,
the refinement procedure is described in Algorithm 6.

To implement function REFINE() for T, given states [,/ € Xy /~ such that
I, € 4 ~(1)) (i.e., I is reachable from /; in Ty /~.), we need to be able to construct
a state I, such that con(l’) = con(l}) N Pre(con(ly)) (see Algorithms 5 and 6).
From Eq.(7.1), this computation reduces to the construction of a state I’ where
con(l") = X;, N Pre(X},).

Under the invertibility assumption made earlier in this chapter, which, as stated,
can be easily relaxed (see Sect. 7.4), this intersection is computable as

X, N PreX,) =X, N Afll(Xl2 op), (7.5)

where © denotes the Minkowski difference (Definition A.8). Note that while the
Pre() operation is applied to region X;,, the parameters of region X, are used for
the computation, which is consistent with Definition 6.2. Using Eq. (7.5) to refine the
states of Ty /.. and Eq. (7.3) to update its transitions wherever necessary (see Algo-
rithms 5 and 6) allows the implementation of function REFINE() and all computation
is performed using polyhedral operations.
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(a) Refined quotient T, /~, (b) Equivalence classes X/,

Fig. 7.3 Refined quotient T /~, =REFINE(T /~, 6) (a) and equivalence classes X /~, (b)
of PWA system % from Example 6.2 (Fig. 6.2b). The successor states Post(con(6.1)) (dark gray),
Post(con(6.2)) (medium gray) and Post(con(6.3)) (light gray) are also shown for the refined
subsets 6.1,6.2,6.3 € Xy /~,, where con(6.1) U con(6.2) U con(6.3) = con(6) for state 6 €
X+ [~ . See Example 7.2 for additional details

Example 7.2 We apply function REFINE() (Algorithm 6) to refine the quotient
Ty / ~ (constructed in Example 7.1 and shown in Fig.7.2) of PWA system #
defined in Example 6.2 (Fig.6.2b). We target refinement to state 6 € Xy /.
and construct the refined quotient 7% /., =REFINE(T /~, 6). State 6 has
three successors in Xy /. (i.e., d» ~ = {1,5,6}) and, therefore, refine-
ment results in three subsets in Xy /., denoted as 6.1, 6.2 and 6.3, where
con(6.1) U con(6.2) U con(6.3) = con(6). Each subset has only a single out-
going transitions in T /., (see the sets of successors shown in Fig.7.3b),
which is implicitly induced through the refinement and incoming transitions
are recomputed (see Algorithm 6). This results in the construction of the refined
quotient Ty /.~ shown in Fig.7.3a.

Note that the notation is abused in this example and in the rest of this
chapter. As we assumed that all the polytopes are open, the equality con(6.1) U
con(6.2)Ucon(6.3) = con(6) does not hold precisely. Indeed, con (6) contains
some facets of con(6.1), con(6.2), and con(6.3), which are not contained in
con(6.1) U con(6.2) U con(6.3). More discussions are included in Sect.7.4.
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Afterastate] € Xy /~ isrefined into states /; and [, such that con(l;)Ucon(l) =
con(l), the computation from Egs.(7.3) and (7.5) can be applied to the subsets /;
and /,. This enables the iterative refinement of the quotient T /. and allows the
implementation of the bisimulation algorithm (Algorithm 1) and the analysis methods
described in Sects. 4.3 (Algorithm 7) and 4.5 (Algorithm 8) for PWA systems.

A termination condition based on the sizes of equivalence classes was also pro-
posed in Chap. 4 for the analysis procedures discussed there. To determine if a state
l € Xy /~ is “large enough” to undergo additional refinement, we compute the
radius of the largest sphere inscribed in polytope con(l) and apply the refinement
procedure only if it is larger than a certain predefined limit ¢. In other words, we
apply the refinement procedure to state [ only if 7 (X;) > &, where r (X)) is the radius
of the Chebyshev ball of X; (see Definition A.9 in the Appendix).

Example 7.3 We apply the analysis method from Sect.4.3 summarized as
Algorithm 7 to identify satisfying and violating regions of PWA system %
defined in Example 6.2 and shown in Fig.6.2a. We are interested in testing
whether trajectories of the system keep reaching values over Sin the second
component x, of the system state x. Therefore, we introduce additional par-
titions to the states space of the system as shown in Fig.6.2b and formulate
the specification as the LTL formula ¢ = [<(2 Vv 4), requiring that states
from regions X, and X, are visited infinitely often. Furthermore, we want to
guarantee that trajectories of the system remain within the defined state space
X and therefore augment the specification as ¢’ = <2 v 4) A O=Out.

We set ¢ = 0.1 as the limit on the states from X /., that can undergo
refinement, which guarantees the termination of the analysis procedure. While
only an under-approximation of the largest satisfying and strictly violating
regions of Ty (and therefore %) is obtained as discussed in Chap. 4, most of the
system’s state space is characterized as satisfying or violating (see Fig.7.4a).

All trajectories originating in the regions shown in dark and medium gray
in Fig.7.4a violate specification ¢'—trajectories originating in the dark gray
region leave the defined state space X, while trajectories originating in the
light gray region oscillate but do not visit states where the values of the sec-
ond component x, are above 5. However, all trajectories originating in the
satisfying region shown in light gray in Fig.7.4a are guaranteed to satisfy the
specification.
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Fig. 7.4 Satisfying (light gray) and violating (medium gray) regions of PWA system % defined in
Example 6.2 (Fig. 6.2b) for specification “[J<>(2 v 4) A J—Out” were identified using the analysis
procedure described in Sect.4.3 (Algorithm 7). Trajectories of # originating in the region shown
in dark gray leave the defined state space of the system and therefore are also violating. A violating
trajectory wx (a) and (b) and a satisfying trajectory w (c) and (d) were obtained by initializing #
in the violating or satisfying regions (initial conditions are shown as large circles). See Example 7.3
for additional details

Note that for an autonomous, fixed-parameter PWA system % (Definition 6.4),
the embedding T’ is deterministic, which allows the application of the more effi-
cient refinement strategies from Algorithm 6. The computation from Eq. (7.5) is also
sufficient to implement refinement strategies for autonomous, additive uncertainty
PWA systems (Definition 6.5) through Algorithm 5. Refinement strategies for more
general autonomous, uncertain parameters systems are discussed in the following
Sect.7.2.
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7.2 PWA Systems with Uncertain Parameters

‘When the matrix component of the parameters is allowed to vary as in the autonomous
PWA system from Definition 6.3, given a polytope X;, the set Postr,, (X;) is not
necessarily convex and, in general, there are no algorithms capable of its exact com-
putation. Thus, the computational procedures for the construction and refinement
of quotients described so far in this chapter do not apply directly to such systems.
Instead, in the following we develop an analysis strategy for autonomous, uncertain
parameter PWA systems based on the construction of over-approximation quotients.

Proposition 7.1 Given a polytope X;, a convex over-approximation of Postr,, (X;)
can be computed as:

Postr,, (X)) = hull{Ax | A € V(P{‘),x e V(X)) @ P, (7.6)
where hull() and V () denote the convex hull and set of vertices, respectively (see
Sect. A.1).

Proof Let V(X)) = {vi,...,vg} and V(PY) = {wy,...,wy}. Let x € X, and
AeP! . Thenx =3 av, A=Y 1,w,,and

M R M R
Ax = (Z mem)(z ArVp) = ZZMm)‘ervr
m=1 r=1 m=1 r=1

Since [y, A, > 0 and Zﬁle U = Zle Ar = 1 then w,,A, > 0 for any m, r and
Znﬂle Zle mA, = 1. Therefore

Ax € hullfwv, w € V(P), v € V(X)}

and the rest of the proof follows from Definition A.7. |

The computation from Eq. (7.6) produces an over-approximation of the reachable
states from a given region and is the smallest convex set containing Postr,, (X;):

Postr, (X)) € Postr, (X)) (7.7)

Although a precise distance between the real set and its over-approximation is hard
to quantify, the volume of Postr,, () was not significantly increased by the approxi-
mation for the systems we considered.

Using the over-approximation WTW (X)), instead of the exact Postr,, (X;)
an over-approximation quotient Ty /. = (Qw /~, W_N Oy, 0y ~) can be con-
structed. From Eq. (7.7), it follows that for alll € Q« /~, we have § ~ C Sy ~,
which leads to

frw - ZTW/N - Dfm (7.8)
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Therefore, the over-approximation quotient T /. simulates the exact quotient
Ty /~ and Ty /. can be used instead of Ty /. for the methods we developed
in Chap. 4 but the results become more conservative. The over-approximation quo-
tient T/~ can be computed through Algorithm 14 by substituting the Postr,, ()

operation with its over-approximation Postr,, () when the matrix component of
¢

the parameters of % is uncertain. This leads to the computation of X TV where
X ?W = cX (’wa L EX ‘;ﬂw , following from Eq. (7.8). While this is sufficient to apply

some of the analysis strategies developed previously, additional refinement strategies
are required to obtain less conservative analysis results but for autonomous, uncertain
parameter PWA systems, the Pre() operation is not easily computable. Instead, we
apply a refinement approach, where a polytope X; is split along each dimension e.g.,
through the center of the Chebyshev ball of X; (Definition A.9). While this strategy
is less efficient since the dynamics of the system are not taken into account during
refinement, it allows an implementation through quad-tree data structures and their
extensions into higher dimensions.

By constructing the over-approximation quotient in Algorithm 7 and using it
within the analysis methods from Chap. 4 (e.g., Algorithm 8) together with the refine-
ments strategy described above, a (more conservative) solution to Problem 7.1 is
obtained even for autonomous, uncertain parameter PWA systems.

Example 7.4 Consider a two dimensional (N = 2) autonomous PWA sys-
tem that has a total of nine rectangular regions X, ..., Xy labeled by L =
{1,2,...,9}. The parameters for each region for an initial fixed parameter
model (where P;*, P{ are singletons A;, ¢;, respectively) are as follows:

0.82 0.00 ] 0.82 —0.37
Ar=A4s =49 = [o.oo 0.67 " A2 =48 = [0.00 0.67 ]
0.82 0.00] 0.96 —0.39 0.82 0.00
Ar=4s = [—0.52 067 A= [—0.55 0.80 ] y A= [0.00 0.67] ’
16.68 ] 19.37 3.08
= [25.55_ ’ 2= [25.55]’ @ = [25.55]’
16.68 ] 14.66 3.08
“4= 4334 = 4297 C= 4765
[ 16.68] _[25.12 _[3.08
T=| 247 | B=| 247 | 0= 247

Under the fixed parameters, dynamics 3 and 7 have unique, asymptotically
stable equilibria inside rectangles X3 and X7 (see Fig. 7.5). An interesting prob-
lem is finding the regions of attraction for the two equilibria and exploring how
those regions change when parameter uncertainty is introduced. By exploiting
convexity properties of affine functions on polytopes, it can be easily proved
that under the fixed parameters, X3 and X7 are invariants for dynamics 3 and
7, respectively. From this, we can immediately conclude that X3 and X5 are
regions of attraction for the two equilibria. Therefore, our problem reduces to
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Fig.7.5 Simulated trajectories of the autonomous PWA system from Example 7.4. Initial conditions
are denoted by red squares
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finding maximal regions satisfying LTL formulas ¢ = ¢J3 and ¢, = QLI7.
In other words, we want to find maximal sets of initial conditions, from which
trajectories will eventually reach regions X3 or X7 and stay there forever.

To explore how the sizes of the attractor regions change, hyper-rectangular
parameter uncertainty was introduced in the model by allowing each compo-
nent of the parameters A; and ¢; for region [ € L to vary in a range of size
specified as a percentage of the fixed parameter value and centered around it
(parameter components equal to 0 were also allowed to vary in a small range).
Results from the computation with various levels of uncertainty are compared
with the ones obtained under fixed parameters (Fig. 7.6). Because of the rectan-
gular initial partition of the state space, 2" -trees could be used as an efficient
splitting strategy for the uncertain parameter case. Our method identifies only
an attracting region for the equilibria at X3 for 5% uncertainty. As expected,
increasing the level of uncertainty in the parameters decreases the size of the
identified regions of state space (but a region identified at higher uncertainty
is always a subset of the one identified at lower uncertainty).

Even if smaller limit ¢ is used, under parameter uncertainty it is possible
that a subset of the state space is never included in the identified regions—a
property resulting from nondeterminism introduced in the embedding tran-
sitions system. Even though complete partitioning of the state space might
not be possible, decreasing ¢ provides further refinement and greater detail of
the identified regions (initial iterations attempt to capture large satisfying (or
violating) regions, while subsequent ones expand the solution less but provide
greater resolution on its boundaries).

Example 7.5 Consider the PWA system from Example 7.4, where additive
uncertainty is introduced by allowing each parameter ¢; for region /[ € L to
vary in a range of 10% of its original value (as before, parameter components
equal to O were also allowed to vary in a small range). This corresponds to the
PWA from Definition 6.5. As in Example 7.4, we are interested in identifying
maximal regions satisfying LTL formulas ¢; = O3 and ¢, = OO7. This
problem can be approached by applying the refinement strategy for uncer-
tain parameter systems as in Example 7.4, leading to the identification of the
satisfying and violating regions presented in Fig. 7.7a, b. Alternatively, the spe-
cialized refinement strategy for additive uncertainty systems can be applied,
resulting in the identification of the regions presented in Fig.7.7c, d. Such a
strategy leads to a finer partition, since at each step a region is refined by con-
sidering all combinations of regions reachable from it. However, this allows
the identification of larger satisfying and violating regions for the same limit
& = 5, compared to the more general refinement strategy.
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(a) ¢ for fixed parameters (b) ¢, for fixed parameters

(c) ¢ for 1% parameter uncertainty (d) ¢ for 1% parameter uncertainty

1

(e) ¢ for 5% parameter uncertainty (f) ¢, for 5% parameter uncertainty

Fig. 7.6 Results for Example 7.4. Regions satisfying the formula are shown in green, while regions
satisfying the negation of the formula are shown in red. The refinement exploits the system dynamics
(using Pre) for the case when the parameters are fixed ((a) and (b)) and it uses a generic rectangular
partitions when the parameters are uncertain ((c), (d), (e), and (f))
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Fig. 7.7 The general refinement strategy for uncertain parameter systems and the specific refine-
ment strategy for additive uncertainty systems were applied to the PWA system from Example 7.4
with 10% additive uncertainty. Regions satisfying the formula are shown in green, while regions
satisfying the negation of the formula are shown in red. While the general strategy leads to fewer
regions after refinement with the given limit ¢ = 5, the additive uncertainty refinement allows the
identification of larger satisfying and violating regions

Example 7.6 Consider a three dimensional (N = 3) autonomous PWA
system that has a total of 27 rectangular regions Xi, ..., X;7 labeled by
L = {1,2,...,27}. The parameters for each region for a fixed parameter
model (where P/, 7 are singletons A;, ¢;, respectively) are as follows:
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A13,7,9,19,21,25,27
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Az.820,26 =
A462224 =
Asoyz =
Al0,12,16,18 =
A =
Az s =
Ay =
26 26 26 ]
c1=| 26 cp= 1|26 c3=1| 26
26 38 33 |
26 26 26 ]
c7=(33| ecg=|[33| c9g=]33
26 48 33 |
38 33 48 7
ci3= |31 | cia=|33| c15=| 28
26 33 3.3 ]
3.3 3.3 [3.37]
cl9=|26 | cpp=1] 26 | c21 =] 26
26 38 33 ]
3.3 33 [3.37]
cp5=|33|cp=1]33]|cyy=133
26 48 33 ]

[067 0 O
0 0.67 O
| 0 0 0.67
[0.67 0 0 ]
0 067 O
| 0 —0.630.67 |
[ 067 0 0
—0.63 0.67 0
| O 0 0.67
[ 0.67 0 0
—0.63 0.67 0
| 0.29 —0.63 0.67
[0.67 0 —0.63
0 067 O
| 0 0 0.67
[0.67 0.29 —0.63]
0 0.67 0
| 0 —0.63 067 |
[ 0.67 0 —0.637]
—0.63 0.67 0.29
0 0 067 |
[ 0.58 0.29 —0.6
—0.6 0.58 0.29
| 0.29 —0.6 0.58
|:26i| |:26j| 26i|
cq = | 38 cs = | 38 ce = | 38
26 31 33
|:38i| [31} 48
ci10=126| c11=|26| cip=| 26
26 38 L 3.3 |
38 28 48
cl6 = |:3.3:| c17 = |:3.3i| cig=1| 3.3
26 48 | 3.3 |
3.3 33 33
622=|:48:|623=|:48:|624= 48
26 28 | 3.3 ]

The dynamics of the system are illustrated by simulated trajectories in Fig. 7.8.

We are interested in testing whether a

11 initial conditions lead to oscillatory
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behavior and define sub-formula ¢, which is satisfied when the value of state
variable 1 is above a certain threshold (i.e., ¢ is the disjunction of all regions X;
such that Vx € X;, [1 0 0]x > 60). By analyzing the system with LTL formula
0o AO—¢) we search for the maximal set of initial conditions guaranteeing
that trajectories of the system keep oscillating between low and high values
of the first component of the state. No violating region was identifying using
the analysis approach, while most of the region [0, 100]*> was identified as
satisfying, with the exception of a small uncertain region shown in Fig.7.8.

7.3 Formula-Guided Refinement

The analysis approach for PWA systems described in Sect. 7.1 is based on the con-
struction and refinement of finite quotients inspired by bisimulation algorithms. As
described in Sect. 4.5, an alternative approach to the analysis of large or infinite tran-
sition systems is to perform quotient refinement based on the exact specification for a
particular problem. The goal in this case is to construct a formula-equivalent quotient
(instead of a bisimilar one), which could be used for analysis instead of the original
system, where all results are equivalent for the specific property of interest.

The approach from Sect.4.5 can be implemented using polyhedral operations,
utilizing the computations already described in Sect. 7.1, together with computational
techniques described in Chap.5. Using such a formula-guided refinement strategy,

(a) Refinement limit € =5 (b) Refinement limit € = 1

Fig. 7.8 Results of the analysis in Example 7.6. Initial states of simulated trajectories are shown
as circles. The specification is the system oscillates such that the value of the first component of
the state goes above and under 60. Results for two refinement limits are shown. No violating region
was identified for this property, while the largest satisfying region that was identified includes most
of the state space [0, 100]3, with the exception of the uncertain region shown in gray
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the computation is performed on the product automaton and could lead to improved
efficiency, since all refinement is guided by the specification, while the resulting
refined system is simplified at each step. To illustrate this, the two approaches are
compared in Example 7.7.

Example 7.7 To illustrate the differences between the analysis strategies
described in Sects.7.1 and 7.3, we apply these approaches to the two-
dimensional (N = 2) PWA system introduced in Example 7.4 (denoted as
#; in the following) and the three-dimensional (N = 3) PWA system intro-
duced in Example 7.6 (denoted as #53).

For %5, we seek the maximal sets of initial conditions guaranteeing that
all trajectories of the system eventually reach regions X3 or X7, respectively,
specified using LTL formulas <>3 and <>7.

For 743, we are interested in testing whether all initial conditions lead to
oscillatory behavior and define sub-formulas ¢; and ¢,, which are satisfied
when state variable 3 is respectively low and high (i.e., ¢; is the disjunction
of all regions X; such that Vx € X;, [0 0 1]x < 30 and, similarly, ¢, is the
disjunction of all regions X; such that Vx € X;, [0 0 1]x > 60). By analyzing
the system with LTL formula CJ($¢; A <$¢y) we search for the maximal set of
initial conditions guaranteeing that trajectories of the system keep oscillating
between low and high values of state variable 3.

Theresults obtained by applying the analysis methods described in Sects. 7.1
and 7.3 to both systems are summarized in the following table (the numbers
corresponding to the approach from Sect.7.1 are given in parentheses). The
reported computation times correspond to a 20-iteration limit. The relative vol-
umes (as a percentage of the total state space) of the identified satisfying and
violating regions are reported as “% Satisfaction” and “% Violation”, respec-
tively. The number of states in the initial quotient and the quotient after all
refinement steps are reported as | X/~ | and |X /~|, respectively. The number
of states in the product automaton after all refinement, updating and simplifi-
cation is reported as |3’ p| (no product simplification is involved for the method
described in Sect. 7.1 and the number of states of the product automaton with
the specification and the negation of the specification are reported separately).
The approach from Sect. 7.3 allows us to consider only a single product automa-
ton, unlike the one from Sect. 7.1, where both the product automaton with the
formula and its negation are constructed. In addition, the minimizations of
this product automaton keep the number of the states to be considered low.
As a result, the computation times are improved significantly by using the
formula-guided approach, while the results (in terms of identified satisfying
and violating regions) are comparable between the two methods.
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System V.23 W3
Specification O3 7 L(Op1 A Oe2)
Computation time 2997) s 28.9 (96) s 17 (153) min
% Satisfaction 79.7 (79.8) 20.1 (20.1) 99.62 (99.76)
% Violation 20.1 (20.1) 79.7 (79.8) 0(0)

[ X/~ 9 9 27

|1 X/~ | 423 (463) 419 (459) 2845 (2970)
|Sp| 7 (926,463) 7 (918,459) 17 (8910,8910)
7.4 Notes

In this chapter, which is based on [177, 181-183, 185], we showed that the methods
developed in Chap.4 for finite transition systems can be extended to autonomous
discrete-time PWA systems with parameter uncertainties. We developed a method
that attempts to find the largest region of initial states from which such a system
satisfies an LTL formula. Motivated by the fact that finite bisimulations only exist
for very limited classes of dynamical systems [83—86], central to our approach is the
notion of simulation. Related, probabilistic versions of this method can be found in
[1, 96, 115].

There are several simplifying assumptions that we made for simplicity of com-
putation and presentation. First, we assumed that the LTL specification is given over
the set of symbols labeling the polytopes from the definition of the PWA system
(Definition 6.3). Note that, as suggested in Example 7.1, this can be easily relaxed
to allow for formulas over arbitrary predicates in the state variables of the system.
Indeed, given a set of such predicates, a finer partition can be constructed by adding
polytopes and labeling them according to the satisfaction of the predicates (see also
Sect. 1.2).

Second, both in the definition of the system (Definitions 6.3, 6.4, and 6.5, which
are particular cases of 6.1) and its semantics (Definitions 6.6 and 6.7), we considered
only open, full dimensional polytopes as discussed in Sect. 6.3. Third, we assumed
that the A;-matrices of the system were non-singular. While seemingly restrictive,
this assumption was made purely for simplicity of presentation. The implementation
of the Post and Pre operators can be easily extended to semi-linear sets and singular
affine functions as discussed in Sect. A.4.

While in this chapter we focused on the problem of finding largest sets of satisfy-
ing initial states, the results presented here can be used to perform “classical” LTL
model checking of PWA using standard tools such as SPIN [89], NUSMV [43],
PRISM [114], or DIVINE [18]. Given a PWA system %/, the exact finite quo-
tient T/~ or the over-approximation finite quotient 75 /.. can be constructed as
described in Sects. 7.1 and 7.2. Then, T / ~. or Ty / ~. can be checked against an LTL
formula ¢ over the index set L of #. In addition, the special observation Out can
be used as an atomic proposition in ¢. As a simple example, consider the problem
of guaranteeing that region X is an invariant for all trajectories of a PWA system #'.
We formulate the specification ¢ = [J—Out requiring that trajectories of the system
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never visit the region labeled by Out. In other words, satisfying trajectories of #
will never leave X. We can model check the quotient T /.. against ¢ using standard
tools and if Ty /. satisfies ¢ we can guarantee that all trajectories of # satisfy
the specification (the same is true for the over-approximation quotient T /.). In
subsequent chapters we will use this strategy to guarantee that trajectories of % do
not leave the defined state space of the system.

It is important to note that simply model checking the quotient T /.. (and espe-
cially the over-approximation Ty /..) is restrictive as discussed in Chap.4, which
motivated the development of additional refinement strategies. While the satisfac-
tion of the formula can be guaranteed for all trajectories of %" when the quotient
satisfies the formula, nothing can be guaranteed if the formula is violated. Since, in
general, Ty /.. is coarse (it contains few states), positive verification results can be
rarely obtained. In Chap.4, we extended the standard model checking methods in
order to obtain more informative results. In this chapter, we showed that the con-
struction of quotients is possible for PWA systems and the techniques from Chap. 4
can, therefore, be extended to such systems.

For the computation of an over-approximation of the set of states reachable from
a certain region in a PWA system with parameter uncertainty, we defined the Post
operator. Intuitively, in this treatment we assume that the parameter uncertainty is
inherent in the dynamics of the system and must be handled as such as part of the
analysis problem. An alternative formulation, where such uncertainty is considered
as an allowed range in which the system’s parameters can be tuned (corresponding
to a parameter synthesis problem) is presented in Chap.8. A treatment related to
Eq.(7.6) can be found in [16], where it is shown that this over-approximation is the
smallest convex set containing the states reachable from a given region.

The methods presented in this chapter involve model checking of the finite quotient
Ty / ~. ateach step of the iterative procedure. Even though the worst case complexity
of LTL model checking is exponential in the size of the formula, this upper limit is
rarely reached in practice. We use an in-house model checker, which allows us to
model check Ty /.. from specific states only and perform computation (such as the
construction of Biichi automata) only once instead of recomputing at each step.

The construction and refinement of finite quotients used in our approach is based
on polyhedral operations, which also have an exponential upper bound. Therefore, the
applicability of the method depends on controlling the number of states as refinement
progresses. When applied to a state X, the refinement procedure REFINE(Ty /., X)
can, in general, produce a maximum of 2¥ subsets, where k = |Postr,, ;. (X)]|is the
number of states reachable from state X. In the particular case when the parameters
of the PWA system are fixed, only k subsets can be produced. To limit the explosion
in the number of states in the quotient, we only refine states when this can improve
the solution. Even so, due to its inherent complexity, this method is not suitable for
the analysis of systems in high dimensions or when many iterations are required to
find a solution. As expected, the method performs best if large portions of the state
space can be characterized as satisfying the formula or its negation during earlier
iterations.
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The formula-guided refinement method for PWA systems presented in Sect. 7.3 is
based on the approach for constructing formula-equivalent quotients from Sect. 4.5.
The main advantage of this approach is that the specification is incorporated directly
as part of the refinement procedure and the computation is performed on the prod-
uct automaton, which allows for certain optimizations. Compared to the iterative
refinement approaches presented in Sect.7.1, this procedure aims at constructing
formula-equivalent abstractions that might be coarser than bisimulation for certain
systems (conditions under which the analysis results from the formula-guided refine-
ment approach are exact are described in Sect.4.5 although, in general, the overall
procedure is still conservative). Additional notes on the formula-guided refinement
approach (in the context of transition systems rather than PWA systems) are available
in Sect.4.6.

The analysis of PWA systems for properties such as stability, invariance and reach-
ability has also been considered elsewhere (e.g., [28]) but the approaches presented
in this chapter allow greater expressivity through LTL specifications.

The algorithms presented in this chapter were implemented in Matlab and made
available for download at http://sites.bu.edu/hyness/fapas/. The tools, called FAPAS
(short for “Formal analysis of Piecewise Affine Systems”) and FFAPAS (short for
“Formula-guided Formal analysis of Piecewise Affine Systems”), use the MPT Tool-
box [113] for polyhedral operations and the LTL2BA package [65] for the construction
of Biichi automata from LTL formulas. For the two-dimensional (N = 2) case study
presented in Example 7.4, the computation using FAPAS required under 20 s for the
fixed parameter case, and under 10 min for all the uncertain parameter cases, where
the limit on refinement was settoe = 1 and & = 5. For the three-dimensional (N = 3)
case study presented in Example 7.6, the computation required under 20 min where
¢ = 5. This computation was performed on a 3.4 GHz machine with 1 GB of mem-
ory. The evaluation presented in Example 7.7, where the iterative and formula-guided
refinement analysis approaches (described in Sects. 7.1 and 7.3) were compared, was
performed on a 3.0 GHz machine with 4GB of memory.


http://sites.bu.edu/hyness/fapas/

Chapter 8
Parameter Synthesis

To study the satisfaction of LTL formulas by trajectories of a PWA system 7/, in
Chap. 6 we defined the embedding transition system 7', which was infinite. We
showed that finite quotients of 7% can be computed through polyhedral operations
and in Chap.7 we used such quotients to develop an analysis procedure for PWA
systems. We discussed how this procedure can be used to find a region of initial
conditions of %, from which all trajectories are guaranteed to satisfy the specifi-
cation. Our procedure was also capable of handling PWA systems with uncertain
parameters restricted to polytopic ranges. We assumed that parameter uncertainty
was inherent in the system and, in order to guarantee satisfaction, trajectories must
satisfy the specification regardless of the (nondeterministic) choice of parameters
from the allowed range.

In this chapter, we take a different approach to study autonomous PWA systems
with uncertain parameters. The parameters of the system are allowed to vary in
predefined polytopic ranges as before, but in this chapter we assume that those
ranges can be restricted further. In other words, we treat the parameter ranges not
as an uncertainty inherent in the system, but rather as allowed ranges in which the
system parameters must be tuned. Our goal is to find subsets of the allowed parameters
for each region, such that the satisfaction of a specification can be guaranteed. The
problem that we consider in this chapter can be formally stated as follows:

Problem 8.1 (Parameter synthesis) Given an autonomous, uncertain parameter,
discrete-time piecewise affine system % (Definition 6.3) and an LTL formula ¢
over L U {Out}, find subsets of system parameters Pf¢ C Pf and Pf’ s S P; for each
region / € L and a non-empty set of initial states Xg 4, such that all trajectories of
the system originating there satisfy the formula under all identified parameters.

In other words, we are interested in excluding parameters from the allowed sets PlA
and Py for eachregion/ € L, for which the formula is not satisfied. As it will become
clear later, for each region/ € L, our solution will be in the form of a union of disjoint
open polytopes, which are subsets of the allowed polytopes P,A and Pj. In general,
it is possible that for some states, no allowed parameters can be found such that the
satisfaction of the specification can be guaranteed. Such states are excluded from the
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allowed initial states of the system X 4 and, therefore, the overall problem involves
searching for both parameter ranges and initial states from which the satisfaction of
the specification can be guaranteed, leading to the formulation of Problem 8.1.

Our approach to Problem 8.1 involves the construction of discrete abstractions in
the form of finite transition systems as described in Chap. 7 and a counterexample-
guided strategy allowing the identification and elimination of parameters leading
to violating trajectories in the system. We first embed the autonomous PWA sys-
tem % into Ty (see Definition 6.6 in Chap.6), which has infinitely many states
and is, in general, non-deterministic: given a state of T several states might be
reachable under different parameters from the allowed sets. Thus, there is a corre-
spondence between the transitions of To and the parameters of % and a possible
approach to Problem 8.1 involves iteratively model checking 7% with LTL formula
¢ in order to generate counterexamples as described in Chap. 3 and eliminating such
violating behavior by restricting the allowed parameters of " to appropriate sub-
sets. When no additional counterexamples can be generated, the satisfaction of the
specification by the system is guaranteed. Such an approach resembles iterative,
counterexample-guided “debugging” of system T, corresponding to a parameter
synthesis procedure for #. However, since Ty is infinite and model checking cannot
be applied directly, our parameter synthesis strategy relies on the construction of the
finite over-approximation quotient 7% /.. (or the quotient T /.. for autonomous,
additive uncertainty PWA systems), whose language includes the language of 7% as
described in Chap. 7. Model checking can then be used to cut transitions from T /
and, correspondingly, cut sets of parameters from % until all system trajectories
satisfy the formula.

To provide a solution to Problem 8.1, in Sect. 8.1 we discuss the problem of identi-
fying a subset of the transitions for a finite transition system (such as 7% /..) in order
to satisfy an LTL formula. In Sects. 8.2 and 8.3, we characterize sets of parameters
associated to transitions in quotients of uncertain parameter PWA systems.Then, in
Sect. 8.4, we present a solution to Problem 8.1. Alternatively, in Sect. 8.5, we propose
a method for the direct construction of a bisimulation quotient.

Example 8.1 A 2-dimensional (N = 2) PWA system is defined on the set
of polytopes X ...Xo (L={1...9}) shown in Fig.8.1a. This system is sim-
ilar to the one defined in Example 1.8 but is autonomous and has uncertain
parameters. For each mode [ € L the parameters are restricted to the ranges
PZA and P;. Initially, all modes have identical allowed parameter ranges (i.e.,
Vvl € L, P} = P, P¢ = P°), which are defined by restricting the individ-
ual parameter components of A = |:a1 2

as da
0.8 <a <1,-055 <a, < —0.050.05 < a3 <0.55,08 < a4 <1,
—1<c¢c;<land —-1<c¢ <1.

:| and ¢ = [cy, c3]7 to the ranges
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(a) Simulated trajectory in state space (b) Simulated trajectory over time

Fig. 8.1 A simulation of an uncertain parameter PWA system in state space (a) and over time (b).
The trajectory’s initial state is marked by a disk in a, while visits to the “unsafe” region X5 are
highlighted in gray in b. See Example 8.1 for details

Fig. 8.2 Quotient of the
example PWA system from
Fig.8.1 described in
Example 8.1. A dot next to a
state indicates a self-loop
transition, while the Out
state as well as transitions to
it from all other states are
omitted

A simulated trajectory of the system visits region Xs (see Fig.8.1a, b),
which is considered “unsafe” in this example, and eventually leaves the defined
state space X. Through the rest of this chapter, we will develop a framework
that allows us to formulate requirements such as “stay inside X and never
visit X5, or richer behaviors such as permanent oscillations, and to enforce
such specifications by restricting the allowed parameters in each mode of the
system to different subsets of the allowed parameters. The method is based on
the construction of finite quotients as in Fig. 8.2.

8.1 Counterexample-Guided Pruning of Finite Systems

In this section, we focus on finite transition systems with no inputs and consider the
following synthesis problem:
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Problem 8.2 (Transition system synthesis) Given a finite transition system 7 =
(X,48, 0,0) and an LTL formula ¢ over its set of observations O, find a subset
of transitions §, € § and a region Xo4 € X such that transition system Ty =
(X, 8¢, O, o) satisfies ¢ from X 4 (i.e., Tp(Xo,4) F ¢).

Our goal in Problem 8.2 is to obtain a transition system 7} that satisfies spec-
ification ¢ but preserves the states of 7. One possible approach to Problem 8.2 is
based on the idea of counterexample guided “debugging”. Using the LTL model
checking procedures described in Chap.3 we generate a counterexample—a run of
T satisfying the negation of the formula —¢. If such a run exists, then we eliminate it
by removing one of the traversed transitions. Then, we reiterate the process until no
additional counterexamples are found, in which case we obtain the transition system
T, satisfying ¢.

In general, several different transitions are taken during the generation of a coun-
terexample and removing any one of them will remove the counterexample from the
language of the quotient. Selecting the best transition to remove at each step is non-
trivial and, in general, it is not clear if removing a particular transition will lead to a
solution or to the “best” solution when several solutions exist. In order to obtain more
general results, we exhaustively generate all solutions by testing all transitions taken
by a counterexample. This process can be seen as generating a tree (see Fig.8.3),
having as its root the initial system 7', together with a set of states to be considered
as initial (e.g. Xy = X). Each child node in the tree represents a transition system
that has the same set of states as the parent, but only a subset of its transitions. To
construct the children of a node, model checking is applied to the system represented
by it and a counterexample is generated. Each child represents the system obtained
by removing one of the transitions traversed by the counterexample from the parent
system. The exact order in which counterexamples are generated is not important
because the entire tree is explored by this procedure.

When transitions are removed, a state might become blocking, resulting in the
appearance of finite words in the system’s language. Since the semantics of LTL are
defined only over infinite words, we recursively make all blocking states unreachable
by removing all their incoming transitions. This allows us to guarantee that blocking
states are never reached. We must also guarantee that the system is not initialized
in a blocking state and, therefore, we remove any blocking states from the initial
set Xo. If the initial set X, becomes empty at a node of the tree, further removal of
transitions will not lead to a solution and such systems are ignored.

A leaf node in the tree constructed as described above represents a transition
system for which computation has stopped and no additional counterexamples can
be generated. Such systems either include empty initial sets (since blocking states
are removed) and are ignored, or otherwise, do not include any blocking states and
therefore their languages are non-empty and contain infinite words only. Furthermore,
since no additional counterexamples can be generated, all words in the languages of
such transition systems are guaranteed to satisfy the LTL formula.

Some additional optimizations to the procedure described above can be performed.
It is possible that the same transition system is obtained through different branches
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of the tree (i.e., through a different sequence of counterexamples). This might lead
to unnecessary computation and therefore, the tree is always pruned so that repeated
nodes are never added. Furthermore, once a satisfying transition system is found, the
tree is pruned to remove all its subsets, thus preserving the richest system with most
transitions. Finally, if the negation of the LTL formula is satisfied at any step of the
procedure, then no satisfying runs exist in the system and further computation will
not lead to solutions, so the tree is pruned accordingly.

The procedure described so far is summarized as Algorithm 15. Since T is finite
and therefore contains a finite number of transitions, the termination of Algorithm 15
is guaranteed—in the worst case, all transitions of 7 will be eliminated. Since the
entire computation tree of transition systems described above is explored, the solution
to Problem 8.2 generated by this procedure is complete. When X, = ¢ for all leaf
nodes of T;, then no T and X 4 that solve Problem 8.2 exist. In general, several
satisfying transition systems (represented by leaf nodes in the computation tree)
might be obtained. In this case, selecting the “best” solution (line 15) might involve
additional metrics, for example by ranking all transition systems providing a solution
to Problem 8.2 based on the number of transitions they include or the expressivity
of their languages.

Algorithm 15 Given a finite 7 = (X, 8, O, 0) and an LTL formula ¢ over O, find
Ty = (X, 84, 0,0) and X 4 € X, such that 64 € & and Ty (Xo4) F ¢

I T = {(T, X)}

2: for all leaf nodes (7, X(), T' = (X, &', O, o) of T;, where X, # @ do

Generate a counterexample w € £y N .2~

for all transitions x’ € §'(x) from w do

4

5:  Construct §” by removing x’ € §'(x) from §’
6: Construct 7”7 = (X, 8", 0, 0)
7.
8

Construct X € X, and adjust 8” to ensure that 7" is non-blocking
. if T” ¢ T;, and T” ¥ —¢ then
9:  Add (T"”, X{)) as a child of (T", X)) in T},

10:  end if
11: end for
12: end for

13: Select a leaf node (T3, Xo,¢) of T} where X 4 # 9
14: return (73, Xo,4)

Example 8.2 To illustrate the counterexample-guided pruning of finite sys-
tems, we apply Algorithm 15 to the simple system shown as the root of the tree
in Fig. 8.3. The observations of the system, where each state X = {X; ... X5}
has an unique observations o(X;) = o;, are omitted in the illustration. We
are interested in pruning the transitions of the system such that all trajectories
keep visiting states with observation o, (i.e., state X;). Therefore, we apply
Algorithm 15 using the specification (JQo0,. To simplify the illustration, we
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Fig. 8.3 The computation tree generated by Algorithm 15 when applied to a simple, finite transition
system (illustrated at the root of the tree) using the specification [I00,. In other words, we require
that trajectories of the system (originating in state X ) always keep visiting states with observation
07, which in this case is only state X» (the unique observations o(X;) = o; are omitted from the
illustrations). At each node, the indicated transition is removed from the system and the resulting
transition systems are illustrated next to each node. A dot next to a state indicates a self-transition.
See Example 8.2 for additional details

consider only state X as initial, instead of identifying the set of satisfying
initial states while pruning the transitions.

The first counter-example generated by the algorithm is 0;0;(03)®, which
can be removed by pruning the transition from state X; to X, the one from
X, to X3 or the self-transition at X5. Pruning the transition between states X
and X, leads to a blocking system that does not satisfy the specification. The
pruning of each one of the other two transitions is explored separately and
additional counterexamples are generated.

When Algorithm 15 terminates, the entire computation tree illustrated in
Fig. 8.3 is explored. The leaf nodes represent transition systems that have been
pruned in such a way that the specification is satisfied.
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8.2 Parameter Sets and Transitions

For simplicity of presentation, in the rest of this chapter we use a slightly different
notation from the one introduced in Sect.6.1. There, the parameter ranges for an
autonomous, uncertain-parameter PWA system were defined as PIA and P} for each
region / € L. For the following discussion, it is convenient to consider a notation
with only a single parameter set for each region. We define the set of parameters P;
for each region / € L as a polytope in RN that combines P and P. The linear
functions A : RV V) — RN and ¢ : R¥+M 5 RV take the first N2 and the
last N components of p € RN and form a N x N matrix and N x 1 vector,
respectively. The dynamics of the autonomous, uncertain parameter PWA system
from Definition 6.3 are then described by

W oo xtk+1)=A(p)xk)+c(p), xk)eX;, peP,lelL, k=0,1,...
(8.1

Remark 8.1 For the case when the parameter set P; is given as an union of polytopes
P, = |J;., P}, the formulas for the calculation of Post and Post of X; from Eqgs.(1.4)
and (7.6) can be extended to | J!_, hull{A(p)v + ¢(p),v € V(X)), p € V(P))}.

In Sect.7.2, we described the construction of the over-approximation quotient
T>y / ~. of an uncertain parameter PWA system 7. In this section, we use LTL model
checking to “cut” transitions from 7 /.. until we obtain a transition system T /..,
satisfying the formula ¢. Once a satisfying transition system is obtained, we modify
the original PWA system % by removing parameter values in such a way that the
language of the embedding transition Ty, system of the modified % is included in
the language of T/ / ~.,,. In other words, Ty /., becomes a quotient of the modified
embedding T ,, which guarantees the satisfaction of the formula by the system.

The finite quotient Ty /. = (X /~, Sy .~, O, 09 ) is constructed so that it
captures all possible transitions of the embedding T = (X, S, Ow, 09). By
the definition of the embedding, transitions are included in the embedding if and
only if appropriate parameters for such a transition are allowed. Therefore, we can
relate the transitions present in the finite quotient to sets of allowed parameters for
the PWA system. These relationships are formalized in the following and are used
as part of the parameter synthesis procedures.

Definition 8.1 Given states [,!’ € X/, let
P~ = (p e RV | Post(X;, p) N Xy # B) (8.2)

denote the set of parameters for which a state from region X; makes a transition into
region X, in /.

In other words

p € P! & 3x € X, such that A(p)x + c(p) € Xy (8.3)
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and the transition [ — [’ is included in the quotient T /. (or its over-approximation
Ty /~)if and only if some parameters from the set P'~! "are allowed inmode € L of
PWA system #. This relates the transitions of the quotient with the set of parameters
allowed at a given region as

I'edsy ()P NP~ £ (8.4)

Equivalently, if the set of parameters allowed for % in mode / € L is restricted to
any subset of set

Pl =P = (p e RVV | Post (X)) N Xy = 0}, (8.5)

where Pi."ll denotes the complement of P _’1/, then a transition between states / and
[’ is impossible in Ty /.. In other words

I'¢Sy() <P P, (8.6)

The equivalence from Eq.(8.6) provides a strategy for eliminating transitions of
Ty |~ (or Ty /) by restricting the parameters of # to appropriate sets. This allows
the implementation of the algorithm developed in Sect.8.1 to the quotient of #,
provided that the set P/ can be computed.

We first consider the computation of the sets from Definition 8.1 and Eq. (8.5) for
autonomous, additive-uncertainty PWA systems, where the following computation
is possible:

Proposition 8.1 Given states |,1' € Xy /., the V-representation of set P! from
Definition 8.1 can be computed from the V-representations of X; and Xy as

) i {pe RN N | A(p) = Ay, c(p) € B} where 8.7)
B =hull({y/ — Apv,ve VX)),V e VIX)D}. (8.8)

Proof We need to show that

pE | Al A(p) =A;,c(p) €B é dx € X; such that A;x + ¢(p) € Xp

(<) Let 3x € X, such that A;x 4+ c(p) € Xp. Let m = |V(X))| and x = X" A;v;,
where 0 < A; < 1foralli =1,...,mand X |X; = 1. Let n = |V(X;)| and
x' = Z;‘zlujv;.,whereo <pj<lforallj=1,...,nand Zyzluj = 1. Then,

AL hivi +e(p) = T uv; = e(p) = B v — AL hvi =
= E,m=12;'l=1)~iﬂj(‘/j — Api) = c(p) € hull({y' — Apv,v e VX)), v € VX))

(=) Letce(p) € hull({ — Apv,v € VX)), Vv € VX)), c(p) = TR v

(v;. —Av;),where0 <v;; <1l,i=1,...,m,j=1,...,nand E;’;IE;‘zlvij = 1.
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Let 4; = X7 vij and uj; = XL, vj;. Of course, 0 < 4; < lforalli =1,...,m,
0 <p; <lforallj=1,....,nand ¥4 = E}_u; = L, 5 v = 1.
Then, for x = X7 | A;v; and x’ = E}?Zl,ujv’j we have A;x + c¢(p) = x’ and therefore
dx € X; such that A;x 4+ ¢(p) € Xp. |

In the equations above, A; represents the (singleton) parameter value of the matrix
corresponding to mode ! € L. Following from Proposition 8.1, the removal of a
transition between states [ and I’ in T /.. amounts to the restriction of the allowed
parameters in mode / of % to any set

P, C P\ P, (8.9)

and all computation can be performed using polyhedral operations.

For autonomous PWA systems where the matrix component of the parameters is
allowed to vary, the set P! =" cannot be computed easily. Instead, we focus directly
on the computation of a subset

Pl c Pl (8.10)

guaranteeing that a transition from all states in region X; to any state in region Xy
is impossible in Ty . This allows the removal of transition [ —,., I’ in Ty /. by
restricting the parameters of # toasetP; C (P, NP'™"). In the following, we develop
two different strategies leading to the the construction of P ! which offer a tradeoff
between computational complexity and the accuracy of the obtained approximation.

Our first computational strategy is based on the following observation: a transition
from [ to !’ is impossible in Ty /.. under parameters p € P, (i.e., Post(X;, p)NXy =
#)) when one of the inequalities defining the H-representation of region X is violated
by all successor states A(p)x + c(p) € Post (X)), x € X;.

Proposition 8.2 Given states 1,1" € Xy /~, the H-representation of a conserv-
ative under-approximation of set P'™""" from Eq.(8.5) can be computed from the
V-representation of X; and the H-representation of X = {x € RY | hiTx <ki,i=
1,...,n}as

Pl = Jip e RY*M [ nIop > kW e VXD Vi = 1,....n) S P,
i=1
(8.11)

2 A
RNV the X operator reshapes

where, for any state x € RY and parameters p €
vector x so that Xp = A(p)x + c(p).

Proof

Letp e P = | Jip e RV | nlop > k. Vv e VX)), Vi=1,....n} =

i=1
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= Utp e RY*™M ] (Ap)v + e(p)) > ki Vv € V(X)) =
i=1

=3i,1<i<nWeVX),h (A(p)v+c(p) >k &

& Vx e X, bl (A(p)v +c(p)) > ki &

& Ix eX, A(p)x+c(p) eXp &

< PostX;,,ppNXy =0
[ |

Using the computation from Proposition 8.2, the under-approximation P/ is
obtained as a union of polyhedral sets and allows the computation of a set of allowed
parameters P, = (P; N B’*’Z/) for mode [ of #, guaranteeing the removal of the
transition between states [ and [’ in Ty /.

A second strategy for the computation of an under-approximation to P! for some
[,I" € Xy /~ is based on the set difference operator © introduced in Definition A.8
and the observation that, given parameters p € Py,

Post(X;, p) NXy #0 < 0 € Post(X;, p) © Xy (8.12)

Proposition 8.3 Given states 1,1’ € Xy /. and the V-representations of X; and Xy,
the V-representation of a conservative under-approximation of the set from Eq.(8.5)
can be computed as

Pl ={p eRV™N |0 %p <"V, Wwe VX)W e VX)) € P! (8.13)

for any h € RY. Furthermore, a less conservative under-approximation can be
computed as

P>l = Jip e RN N | h"op < TV, Wy e VX)W € V(X)) S P
heH
(8.14)

where H C RV,

Proof To guarantee that all points from a polytope x € X satisfy a linear inequality
hTx < k it is necessary and sufficient to guarantee that the inequality is satisfied at
all vertices v, € V(X))

Ywe VX)), hlv<keoVxeX, hlx<k (8.13)

Let p € P Then, for some h € RY we have

Wwe VX)), Yve VX)), hop < kv =
= Vv e VX)), Vv e V(X),h' (A(p)v+c(p) =) <0,

which, from Eq. (8.15), implies that
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Vx € Post(X;, p) © Xy, Wx<0=0 ¢ Post(X;, p) © Xy.

From Eq. (8.12) this guarantees that Post (X;, p) N X, = @. Extending this compu-
tation to a union of sets as in Eq. (8.14) is straightforward, since the result holds for
any h € H, where H C RY is a set of samples. |

The quality of the under-approximation P’ computed through Proposition 8.3
improves as the number of samples in set H from Eq. (8.14) is increased. To obtain
better coverage, the set H can be obtained through uniform sampling of rotation
groups. While, in terms of computational complexity, this approach could be more
costly than obtaining the under-approximation | through Proposition 8.2, it
allows control over the quality of the approximation by selecting the number of
samples in H.

8.3 Transient Parameters

In this section, we consider the particular case when a self loop (i.e., a transition
| — [ for some ! € Xy /.) must be removed during the application of the pro-
cedure described in Sect. 8.1 to the quotient 7% /... Although such transitions can
be removed by restricting the parameters of PWA system % to appropriate subsets
using the computation from Proposition 8.2 or Proposition 8.3, this might lead to
very conservative results. In fact, such an approach would require that whenever a
self loop at a state [ € X+ /. is removed, all trajectories of % leave region X; in a
single step, which is hard to enforce. Instead, in the following we derive conditions
guaranteeing that if the parameters are restricted appropriately, trajectories of the
system leave the region eventually, but not necessarily in a single step, which leads
to a less conservative parameter synthesis procedure.

Definition 8.2 A subset of parameters P} C P, is transient at mode [ € L of PWA
system # if and only if, for all trajectories x(0)x(1)x(2) ... such that x(0) € X,
there exists a finite k > 1 such that x(0), ..., x(k) € X; and x(k + 1) ¢ X.

Remark 8.2 The above definition of transient parameters is related to the definition
of stuttering inputs from Definition 9.2 in Sect.9.3 from Chap.9. Propositions 8.4
and 8.5 are stated in more general forms as Propositions 9.5 and 9.6, respectively,
and their proofs are therefore postponed to Chap. 9.

Restricting the parameters of a PWA system % to a transient subset P, C P;
guarantees that region X; becomes a transient region for all trajectories of the system.
While this does not eliminate the self loop at state / € X /.. in the quotient T/,
it guarantees that this loop cannot be followed infinitely often along any trajectory. In
the particular case when a specification expressed as a formula ¢ from the LTL\O
fragment is considered, this allows us to safely ignore transition / — [ without
violating the inclusion of the system language within the quotient language. Formally,
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this result follows from the stutter equivalence (i.e., an equivalence with respect to
the order of observations visited along all trajectories but not the exact number of
repetitions of each observation) of the quotients constructed with and without stutter
transitions such as the self loop at state /. In the following, we derive a necessary
and sufficient condition characterizing a subset of parameters as transient and use it
to develop a computational procedure based on polyhedral operations for restricting
the parameters of a PWA system to transient subsets.

Proposition 8.4 A subset of parameters P, C P, is transient at mode | € L of PWA
system W' if and only if

0 ¢ hull({(A(p) — Dv+c(p), Vv e V(X)),Vp € V(P)}) (8.16)

where I € RVN*N denotes the identity matrix.

The characterization from Proposition 8.4 provides a computational procedure that
allows us to check if a set of parameters is transient. Since this condition is necessary
and sufficient, in the following we use it to restrict a set of parameters to a transient
subset.

Proposition 8.5 Given state | € Xy /~. and the V-representation V (X)) of X, the
subset of parameters with the following H-representation

P ={peRV™N | nTop < hTv, Vv € V(X))} (8.17)

is transient at mode | € L for any h € RV,

Note that the computation from Proposition 8.4 is similar to the one from Proposi-
tion 8.3 but does not allow a larger transient set of parameters to be computed as
a union of smaller ones as in Eq. (8.14). However, sampling might still be benefi-
cial in order to find larger subsets of parameters that are transient. In other words,
given the set of samples H, generated by uniformly sampling rotation groups as
in Proposition 8.3, we seek to find an 7 € H that maximizes the volume of the
intersection

P, =P N{peRV™N | hTdp < hv, Vv e V(X)). (8.18)

8.4 Parameter Synthesis for PWA Systems

Using the results described in Sects. 8.3 and 8.2 and the method discussed in Sect. 8.1,
a solution to Problem 8.1 can be obtained as follows. Given PWA system % with
embedding T and LTL formula ¢, the quotient T /.. (or its over-approximation
Ty /~) is constructed as described in Chap.7 and Algorithm 15 is applied to it.
Whenever a transition between states [ and [’ is removed as part of the computation,
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the set of system parameters of % is restricted using Propositions 8.2 or 8.3. In the
particular case when [ = I” and ¢ is from the LTL\ (O fragment, the self loop [ — [
is removed through Proposition 8.5 in order to obtain less conservative results.

The computation from Algorithm 15 is guaranteed to terminate returning a tree,
where the root node represents the quotient T /.. (or Ty /) and every other node
represents a transition system that has the same states as T/~ (and Ty /) but
only a subset of its transitions (see Sect.8.1). Each transition system from this tree
is, in fact, a quotient of a PWA system where parameters have been restricted to
appropriate subsets using the computation described so far. In other words, each
node in the tree represents a triple (7, /~, #”, X{,) where

i. Xj € X', /~ is aset of initial states from the quotient T, /-,

ii. the difference between # and # is in the parameter sets where, for each mode
[ € L, the parameter set of #” is a subset of the allowed parameter set for #
(i.e.,P; C P, forsome!l € L),

iii. the difference between T, /. and T/ is the set of transitions where, for each
state ] € Xy /~, the set of reachable states from [ in T, /.. is a subset of the set
of reachable states in Ty /., and

iv. T}, is the embedding of %, while T, /. is the quotient of 7, induced by the
observational equivalence relation ~.

Therefore, Ty, /. simulates T, and the language inclusion 7, € %7, ,_ is guar-
anteed. When a leaf node in the tree returned by Algorithm 15 represents the triple
(Ty /|~ W', X{), we know that T, /. satisfies ¢ from region X, (see Sect.8.1)
and, therefore, %" satisfies ¢ from region con(Xy), which provides a solution to
Problem 8.1.

The PWA system structure allows different regions to share the same set of para-
meters, for example, whenever the initial partitioning of X is refined to accommodate
a specification. Therefore, it is possible that additional transitions besides the target
one are removed at each step of the computation described above and, to account for
this, we reconstruct the quotient every time parameters are cut. If, during the com-
putation, the set of allowed parameters for some mode / € L of % becomes empty,
then we consider state / and all states from region con(l) as blocking in T /.. and
Ty , respectively, and we make them unreachable by restricting the parameters of all
other regions accordingly. Whenever an over-approximation quotient is constructed,
a spurious transition might appear in place of one that was already eliminated but we
prevent this by enforcing that once a transition is removed it never reappears in the
quotient.

The computation described so far in this section is summarized as Algorithm 16,
which covers the most general case of parameter uncertainty in 7. This proce-
dure is guaranteed to terminate but, while our solution to the purely discrete prob-
lem discussed in Sect.8.1 was complete, Algorithm 16 might not find a solution
to Problem 8.1 even when one exists. Due to the construction and use of (over-
approximation) quotients to guide the removal of parameters and the computation of
under-approximate parameter sets for the removal of transitions, the overall method
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becomes conservative, but the correctness of the solution (when one is found) is guar-
anteed. As for Algorithm 16, the procedure summarized in Algorithm 16 returns a
tree, where several solutions to Problem 8.1 might be possible and are represented
by its leaf nodes. Selecting the “best” solution is a non-trivial problem, and might
depend on the application. It is possible to introduce additional constraints (such as
requiring that a particular transition is present) or compare total number of transi-
tions of the solutions, since more reachable states from the initial one with more
transitions result in a richer language.

Both the number of states and transitions in the embedding T /.. contribute to
the complexity of Algorithm 16. A high dimensional system with many regions of
different dynamics would be embedded in a transition system with a large number
of states. This, together with the size of the LTL formula affects the time required
to perform model checking on the system. The number of transitions in the original
embedding, on the other hand, depends on the dynamics of the system and determines
how many iterative model checking steps must be performed during the generation
of the computation tree. As a result, Algorithm 16 can perform well even on high
dimensional systems, as long as the total number of transitions is low or only few
transitions must be removed to reach a solution.

Algorithm 16 Given a PWA system % (embedded in T ) and an LTL formula ¢,
identify a region X, 4 and construct a system % ? that satisfies ¢ from Xy 4 and, for
each mode [ € L, its parameters are a subset of the allowed parameters for #.

1: Construct quotient Ty /~. from Ty

2: Let X := X/~ \ {Out}

3: Initialize T3 := {(Toy /~, 7/, X0)}

4: for all leaf nodes (T;,,/N, w', X)) of T, where X, # ¢ do
5: Generate a counterexample w € .,%’frw AEZ

6: for all transitions / to ” from w do

7. if I =1"and ¢ € LTL\O then

8:  Construct P/ as a transient subset of P,

9: else

10: P/ =@ NP~

11:  endif

12:  Construct PWA system " (the parameter set for mode [ € L is P)

13:  Construct quotient 7_"1,;, J~ of W

14:  Enforce no transition between / and I’ in T}, /..

15:  Recursively make all blocking states of 7_“;}, /~ unreachable and restrict the parameters of
W' appropriately

16:  Construct initial set X{j € X{, by excluding blocking initial states

17:  if no node from T, has 7_1’,’, /~ as its quotient then

18:  add (T}, /~,#", X{) as achild of (T}, /<, #', Xo) in Ty

19:  end if
20: end for
21: end for

22: select a leaf node (TW¢/N, W, Xo,¢) of T;» where Xo ¢ # 9
23: return #® and Xo,p = con(Xo,¢)
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Fig. 8.4 First 20 nodes of the computation tree generated by Algorithm 16 when applied to the PWA
system from Example 8.1 (simulated trajectory in Fig.8.1 and quotient in Fig.8.2). In contrast to
the transition system synthesis algorithm application illustrated in Fig. 8.3, here multiple transitions
are often removed at each node as a result of restricting the parameters of the system as explained
in Sect. 8.2

Remark 8.3 1In order to prevent unnecessary computation, we can first model-check
the quotient T /.. from each initial state against —¢. The satisfaction of this negation
from an initial state implies that there are no satisfying trajectories originating there
under any of the allowed parameters and a solution to Problem 8.1 will not be found
by our parameter synthesis procedure.

Example 8.3 To illustrate the parameter synthesis for PWA systems approach
presented in this chapter, we apply Algorithm 16 to the PWA system defined
in Example 8.1. The initial system has uncertain parameters and, for some
parameter values, trajectories of the system visit region X5, which we consider
unsafe. In addition, it is possible that trajectories of the initial system leave
X, which is required to be invariant. Finally, we require that trajectories of
the system oscillate, visiting regions X; and Xo, while avoiding region Xs. To
capture all these properties, we use the specification [1(—=5 A =Out A $1 A
<>9). The invariant X is enforced as a pre-processing step by restricting the
parameters of the system to suitable sub-sets and therefore the specification
reduces to [J(=5 A &1 A 59).

The first 20 nodes (corresponding to different quotients) of the computation
tree generated by Algorithm 16 are shown in Fig. 8.4. Compared to the counter-
example guided pruning of transitions in a finite system (illustrated in Fig. 8.3),
multiple transitions are removed in this case since the parameters of the PWA
system are restricted at each step and the quotient is recomputed.



156 8 Parameter Synthesis

(a) (b)
10
6 %
8 X X3
6 % e 4
4 Pl i M %
2 wi! " 2
£ 0 o % sk
* " \.} i
e o
ek
-4 -ttt .
. o ~ 2
-6 :'%
8 4
-10
10 -8 -6 -4 -2 0 2 4 6 8 10 20 40 60 80 100 120 140 160 180 200
X Step (k)

Fig. 8.5 A satisfying trajectory in state space (a) and time (b) for the system synthesized in
Example 8.3. The initial state is shown as a disk in a

Fig. 8.6 Resulting quotient
after parameter synthesis for
the system in Example 8.3.
All transitions to state Out
are also removed to enforce
X as an invariant, while
self-transitions are preserved
but the parameters are
restricted as stuttering to
enforce the progress of
trajectories of the system

Only a single satisfying PWA system is identified in this case after the
algorithm terminates and a simulated trajectory of the resulting system is shown
in Fig.8.5. This illustrates that the system satisfies the specification and the
trajectory oscillates without visiting region Xs or leaving the invariant X. The
quotient of the resulting system is shown in Fig. 8.6, which illustrates that
a number of transitions were removed in order to satisfy the specification
compared to the quotient of the initial system shown in Fig. 8.2.

Interestingly, for this example no solutions are identified unless the com-
putation of transient parameters described in Sect. 8.3 is utilized. Indeed, the
quotient shown in Fig. 8.6 retains self-transitions at a number of the states and
the trajectory illustrated in Fig. 8.5 makes several steps within the same region
before making a transition to an adjacent region along the oscillations.
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8.5 Parameter Synthesis Using Bisimulations

The construction of finite bisimulation quotients for PWA systems is attractive due to
their equivalence with respect to model checking. One possible approach to the com-
putation of bisimulation quotients involves the construction and subsequent refine-
ment of simulation quotients as discussed in Chap. 7. However, this procedure is not
guaranteed to terminate since, in general, a PWA system might not admit a finite
bisimulation quotient. Here, we consider an orthogonal approach where, instead of
attempting to construct a bisimulation quotient for a given PWA system directly
(which might be infeasible), we first restrict the system’s behavior by restricting its
sets of parameters appropriately. While, in doing so, we sacrifice possible behavior
and restrict the richness of the system’s language, we obtain a system for which a
bisimulation quotient can be computed trivially.

A bisimulation quotient constructed using the approach outlined above is not
directly guaranteed to satisfy a given specification (Problem 8.1). However, as it
will become clear in the following, each transition of such a bisimulation quotient
corresponds to a specific set of parameters. Then, a particular property can be easily
enforced (for example by pruning transitions and the corresponding parameter sets
using the approach described in Sect.8.1). In addition, the bisimulation quotient
can be used interchangeably with the restricted-parameter PWA system for model
checking or analysis.

As before, we begin by studying the relation between the set of parameters of %
and transitions in the quotient Ty /.

Definition 8.3 Given states [, [’ € X/, let
P = (p e R¥HV) | Post(X,, p) € X} (8.19)

denote the set of parameters for which every state x € X; makes transitions to states
in X, only.

In other words,
peP=l & vx eX), A(p)x +c(p) € Xy (8.20)

From Eq. (8.19) it follows that restricting the allowed parameters in mode / € L of
PWA system # to any subset P} C (P,NP=H) guarantees that only the deterministic
transition / — [’ is possible in Ty /.

Proposition 8.6 If, for each mode | € L, the parameters of PWA system W are
restricted to the subset P, = P; N (U, o, PX7%"), then the quotient Ty |~ is a
bisimulation quotient.

Proof The proof follows immediately from Definitions 8.3, 1.4 (bisimulation)
and 6.6 (embedding of PWA systems). |

After the parameters of # are restricted as described in Proposition 8.6, the quotient
Ty ]/~ is still computable as before but its transitions are implicitly induced by
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-1 <PnNn P> £ ). Note that Ty /.. is in general nondeterministic since the
parameter set P; N PX'=X/ might be nonempty for several different /' € L.

Proposition 8.7 Given states l,1' € X /~, the H-representation of parameter set
P'=" from Definition 8.3 can be computed from the V-representation con(l) = X; =
hull(V (X;)) and the H-representation con(l') = Xy = {x € RV | hiTx < ki, i =
1,...,n}as

P2 = (p e RV | bl (A(p)y + c(p)) < ki, Wy e VX)), Vi =1,....n)

Proof (=) Let p € RV N such that Vv € V(X)),¥i = 1,...,n, h! (A(p)v +
c(p)) < k;. From Eq. (8.15), this implies that Vi = 1, ...,n, Vx € X|, hl-T(A(p)x—l-
c(p)) < k; or, equivalently, Vx € X;, A(p)x + c(p) € X, and therefore
Post(X;, p) C Xy.

(<) Let p € RY*V guch that Post(X;, p) € Xy Then, hull({A(p)v + c(p), v €
V(X)) € Xy, whichimpliesthatVi = 1,...,n, Yv € V(X)), hiT(A(p)v—l—c(p)) <
k;. [ |

The computation from Proposition 8.7 allows us to restrict the parameters of % as
described in Proposition 8.6, which guarantees that the quotient T /. is, in fact, a
bisimulation quotient of T .

Example 8.4 Weillustrate the parameter synthesis using bisimulations method
presented in this chapter on the two-dimensional (N = 2) PWA system defined
in Example 7.4. As before, we assume hyper-rectangular parameter sets, where
each parameter is restricted to a range defined by £=50% of the fixed parameter
values from Example 7.4 (parameters equal to O are restricted to the range
[—1.0E~2, 1.0E~?2]). Furthermore, the parameters for each region / € L are
restricted to ensure that X is an invariant of all trajectories of the system.
This can be accomplished using a computation similar to the one described in
Proposition 8.7, where the entire X is used as the target (instead of a specific
X)) to restrict the parameters for each region X;. The quotient of this system
under the uncertain parameters is illustrated in Fig. 8.7a.

We apply the method described in Sect.8.5 in order to modify the para-
meters of the system and obtain a bisimulation quotient directly. A graphical
representation of the resulting bisimulation quotient is shown in Fig.8.7. As
expected, a number of transitions of the system are lost when parameters are
restricted to the smaller sets guaranteeing bisimulation. For example, the para-
meter set for region X7 retains around 50% of its original volume, while the one
for region X5 retains only 0.017% when only parameters guaranteeing bisim-
ulation are preserved. However, due to the language equivalence between the
bisimulation quotient and the initial PWA system, the two systems can be used
equivalently for model checking.
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Fig. 8.7 a Quotient of the
PWA system from

Example 7.4 with uncertain
parameters restricted to
+50% of the fixed-parameter
values. b Bisimulation
quotient after the application
of the parameter synthesis
approach described in
Sect.8.5. Self-loop
transitions at a state are
indicated by a dot next to it.
See Example 8.4 for details
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(b) Bisimulation Quotient (after parameter synthesis)

In this chapter, which is based on [178], we showed that an iterative procedure can
be used to obtain subsets of parameters for a PWA system, such that an LTL formula

is satisfied (Problem 8.1).

The counterexample-guided pruning method presented in Sect. 8.1 focuses on the
problem of enforcing that a finite transition system satisfies an LTL specification. The
approach involves iteratively generating counterexamples through model-checking
(Chap. 3) and removing these violating behaviours by pruning the transitions of the
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system. This approach is similar to counterexample-guided abstraction refinement
(CEGAR) [44] in the sense that counterexamples are generated iteratively. However,
while with CEGAR counterexamples are removed from the language of the system
by refining the abstraction (unless a counterexamples is not spurious, in which case
the analysis terminates), here we directly remove each counterexample by pruning
transitions. More generally, enforcing a particular property for a finite system could
be considered as an instance of the supervisory control problem (e.g., where a sep-
arate controller is synthesized to disable unwanted transitions and behaviors of the
system) but here we consider autonomous systems, while the removal of transitions
corresponds to a memoryless control strategy. The counterexample-guided pruning
approach from this chapter is also different from other synthesis methods, since the
states of the system remain unchanged and only its transitions are modified. This
restriction is required in order to apply the approach for synthesis of PWA sys-
tems, where only the system’s parameters (and the transitions they induced) can be
restricted.

To apply this approach to PWA systems, in Sect. 8.2 we derived conditions guar-
anteeing that a given transition is present or not present in the quotient. For systems
with additive parameter uncertainty only these conditions are exact, while other-
wise the results are conservative (e.g., the sets of parameters preventing a transition
between two states of the quotient are under-approximated). Two strategies were
proposed for computing an under-approximation of parameter subsets guaranteeing
that a transition between two regions (states in the quotient) is not possible. The com-
putation from Proposition 8.3 could be more costly than the one from Proposition 8.2
but it allows some control over the quality of the approximation (e.g., by sampling
of rotation groups, for example using the methods described in [133]). Using the
properties from Sect. 8.2, the removal of a transition in the finite quotient can then
be enforced in the PWA system by restricting the parameter sets to a suitable subset.
In general, several transitions are removed at each step as a result of restricting the
system’s parameters, which was illustrated in Fig. 8.4.

In addition, weaker conditions were derived for restricting the parameters of a
system to subsets that enforce transitions eventually rather than in a single step or,
equivalently, enforcing that unwanted self-transitions at specific states of the quotient
cannot be taken infinitely. While this computation can be applied only for a subset of
specifications (LTL formulas without the next operator), this enables the synthesis
of satisfying PWA systems in the cases where no subset of parameters can be found
otherwise as in Example 8.4. The computation of such parameter sets is related to
approaches for dealing with liveness properties (e.g., [24]) and stuttering behaviour
in the quotient, which is discussed in more detail in Sect.9.3.

In Sect. 8.5, we also derived conditions guaranteeing that only deterministic transi-
tions exist in the quotient for certain subsets of parameters. This allowed us to restrict
the parameters of a PWA system to subsets guaranteeing that a finite bisimulation
quotient is constructed. While this restricts the possible behaviour of the system as
illustrated in Example 8.4, it provides a strategy for obtaining finite bisimulation
quotients, which can be used equivalently with the modified, concrete PWA systems
(with restricted parameters) for analysis or model checking.
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In the controls and formal methods communities, the parameter synthesis problem
has been considered for a variety of systems. For example, in [86] parametric con-
straints were derived for guaranteeing the correctness of hybrid automaton models
with respect to safety properties and a counterexample-guided parameter synthe-
sis approach was developed for linear hybrid automata in [62]. In [53] a parameter
synthesis approach was developed for dynamical systems modeled as nonlinear dif-
ferential equations based on sensitivity analysis and search over initial conditions.
Parameter synthesis has also been explored for other continuous time hybrid models
such as piecewise multi-affine systems [22-25]. These approaches share many simi-
larities with the methods for discrete time systems presented in this chapter, including
the construction of finite abstractions as well as the identification of parameter sets
inducing particular transitions or transient behaviors in such quotients.

The counterexample-guided pruning approach employed in this chapter for finite
transition systems to drive the parameter synthesis in Sect.8.4 is complete (even
though our solution to the overall PWA parameter synthesis method is conservative)
but computationally intensive as it explores the entire computation tree (where each
node corresponded to a PWA system with different parameter sets and quotient)
exhaustively. As formulated, the method performs best when the system has “little”
violating behavior consisting of short executions, which can be removed after the
generation of a small number of counterexamples. However, the conditions relating
the parameter ranges of a PWA systems to transitions in the resulting quotient can also
serve as a foundation for more efficient approaches, based on improved strategies for
enforcing the satisfaction of an LTL property in a finite transition system or various
heuristics. For example, in [24] a parameter synthesis approach similar to a binary
search was developed. However, this approach cannot be applied directly here, since
the set of parameters cannot always be partitioned into a subset inducing a given
transition and one that does not due to the use of under-approximations. Also, the
parameter sets for each state region were independent rather than linked through a
common parameter. Alternatively, parallel model checking methods could improve
the scalability of parameter synthesis approaches as demonstrated in [17].

The algorithms presented in this chapter were implemented as a software tool
for Parameter Synthesis for Piecewise Affine Systems PARSYPAS, which is freely
downloadable at http://hyness.bu.edu/software. The tool is built under MATLAB,
and uses our in-house LTL model checker described in [103], LTL2BA [65] for the
conversion of an LTL formula to a Biichi automaton, and the MPT toolbox [113]
for polyhedral operations. The evaluation presented in Example 8.4 was performed
on a 3.6 GHz machine with 32 GB of memory and required around 70 min for the
synthesis of a satisfying PWA system.


http://hyness.bu.edu/software

Chapter 9
Temporal Logic Control

In Chaps. 7 and 8 we considered autonomous PWA systems. We showed that finite
quotients of such systems can be computed and, based on this, developed methods for
analysis and parameter synthesis from temporal logic specifications. Unlike the sys-
tems we discussed in previous chapters, which evolved autonomously, in this chapter
we consider PWA control systems, which can be affected externally by applying a
control signal. Then, it is possible to guarantee the satisfaction of a specification by
trajectories of a PWA control system if an appropriate control signal is applied. More
specifically, in this chapter we focus on fixed-parameter, PWA control systems and
consider the following problem:

Problem 9.1 (PWA Control) Given a fixed-parameter PWA control system % (Def-
inition 6.2) and an LTL formula ¢ over L U {Out}, find a control strategy such that
all trajectories of the closed loop system satisfy ¢.

Using Definition 6.6, Problem 9.1 becomes an LTL control problem, where we
seek a feedback control strategy (Xo, §2) for the infinite, deterministic embedding
transition system 7T . In this chapter, we assume that the state of the system cannot
be measured precisely or the applied inputs are corrupted by noise and, therefore,
seek control strategies that are robust both with respect to measured state and applied
input. As a result, the set of initial states X, and control function §2 from the feed-
back control strategy (X, §2) (see Definition 5.1) are defined in terms of the initial
regions of % and no state refinement is performed (such approaches will be consid-
ered in subsequent chapters). In Chap.5 we discussed the problem of controlling a
finite, possibly nondeterministic transition system from LTL specifications. To apply
the methods presented there to Problem 9.1, we develop an approach based on the
construction of a finite abstraction for 7%, which we refer to as the control transition
system T, such that a control strategy generated for 7, using the algorithms from
Chap. 5 can be adapted for Ty .

More specifically, we construct 7, through a two step process. In the first step, by
using the state equivalence relation induced by the polytopes from the definition of
the PWA system, we construct a quotient T /.., which has finitely many states but
an infinite set of inputs. This part of the procedure is similar to the methods we used

© Springer International Publishing AG 2017 163
C. Belta et al., Formal Methods for Discrete-Time Dynamical Systems,
Studies in Systems, Decision and Control 89, DOI 10.1007/978-3-319-50763-7_9



164 9 Temporal Logic Control

in Chaps. 7 and 8, with the exception that fixed-parameter, PWA control systems are
considered, resulting in the construction of quotient transition systems with inputs.
Thus, these results provide an extension of the methods for the construction of finite
abstraction of autonomous PWA systems from Chap. 7 to a control framework. Once
the quotient Ty /.. is constructed, we then define an equivalence relation in the
control space, which leads to the construction of the finite control transition system
T, which is suitable for the methods from Chap. 5. The solution to Problem 9.1 is
obtained by implementing the control strategy for 7, as a feedback control automaton
for the initial PWA system that reads the index of the region visited at each step and
supplies the next input. As it will become clear later, our approach is robust in the
sense that the closed loop system is guaranteed to satisfy the specification, even when
state measurements and applied inputs are perturbed.

The remainder of this chapter is organized as follows. In Sect.9.1 we define the
control transition system 7, and outline an algorithm for its computation. In Sect.9.2
we show how the methods from Chap. 5 are applied to 7, to formulate a solution to
Problem 9.1. In Sect. 9.3 we discuss a strategy for reducing the conservatism of the
overall method by characterizing the stuttering behavior (self transitions at a state
of T, that can be taken infinitely in 7, but do not correspond to real trajectories of
Ty ) inherent in the construction of the control transition system. This approach is
related to the characterization of transient regions and parameters from Chap. 8 as
well as the well known Zeno behavior and addresses a major source of conservatism
with the abstraction procedure from Chap. 7.

9.1 Control Abstraction

In this section, we define the finite control transition system 7, = (X, X, 8., O¢, 0;)
for the (infinite) embedding Ty = (Xw, Xy, S, O, 0 ) (Definition 6.6) and
present an algorithm for its computation. In Sect. 9.2 we will show how the control
methods from Chap. 5 are applied to 7 to solve Problem 9.1.

9.1.1 Definition

As in Chap.7, the observation map oy of Ty induces an observational equiv-
alence relation ~ over the set of states Xy . However, the systems we consid-
ered before were autonomous and here, the quotient transition system Ty /.. =
Xy /~, Xy, 0y ~, Oy, 0y ~) induced by ~ has an infinite set of inputs Xy =
U, which is preserved from T . The set of transitions of Ty /. is defined as
I" € 8y ~(,u) if and only if there exist u € U,x € X; and x’ € X' such that
x" = 84 (x, u). Note that in general Ty /.~ is nondeterministic, even though Ty is
deterministic. Indeed, for a state of the quotient/ € X/~ itis possible that different
states x, x’ € X; have transitions in Ty to states from different equivalence classes
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under the same input. The set of observations Oy = L of Ty /. is preserved from
Ty and the observation map oy . is identity.

The transition map 8 _~. can be related to the transitions of 7% by using the Post
operator defined in Eq. (7.3):

Sy~ uy={l' € Xoy/~ | Post(X, {u}) N Xy # 0}, 9.1

foralll € Xy /~ andu € Xy . For each state [ € X /., we define an equivalence
relation ~; over the set of inputs X'y as

(ur, uz) € iff Sy (L, ur) = 8y (L, u2). 9.2)

In other words, inputs u; and u, are equivalent at state / if they produce the same set
of transitions in Ty /~. Let UZC, 1 € L,C e 2%7/~ denote the equivalence classes
of Xy in the partition induced by the equivalence relation ~:

Uf ={ue Xy |ép~(u)=C) 9.3)
Let c(U lc) be an input in U, IC such that
Yu € Ty, d(c(US),u) <e=uelUf, (9.4)

where d(u, u") denotes the distance between inputs u, u’ € X'+ and ¢ is a predefined
parameter specifying the robustness of the control strategy. As it will become clear
in Sect.9.1.2, d(u, u') is the Euclidian distance in R™ and c(U,C) can be computed
as the center of a sphere inscribed in U

Initially, the states of T, are the observations of Ty (i.e., X, = L). The set of
inputs available at a state [ € L is X! = {c(UF) | C € 2X»/~} and the transition
map is §.(/, c(U,C)) = C. In general, it is possible that at a given state /, Eﬁ =,
in which case state [ is blocking. As it will become clear in Sect.9.1.2, such states
are removed from the system in a recursive procedure together with their incoming
transitions and therefore X. € L. The set of X, observations and observation map
of T, are preserved from T /., which completes the construction of the control
transition system.

Following from the construction described so far, the control transition system 7
is a finite transition system and a control strategy for it can be generated using the
methods presented in Chap. 5. In Sect.9.2, we will show that a control strategy for
T, can be adapted as a robust control strategy (with respect to knowledge of exact
state and applied input) for the infinite 75, . This will allow us to use 7, as part of
our solution to Problem 9.1.
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9.1.2 Computation

Initially, the states of the control transition system 7, are simply the labels L of the
polytopes from the definition of the PWA system (Definition 6.2). To complete its
construction, we need to be able to compute the set of inputs X i available at each state
| € X, and the transition map J., while eliminating the states that are unreachable in
order to guarantee that 7, remains non-blocking.

Given a polytope X; from the definition of the PWA system, let

' ={ue Ty | Postr, (X;,u) C X} 9.5)

be the set of all inputs guaranteeing that all states from X; transit inside X (i.e., X' is
the set of all inputs allowed at /). In other words, regardless whichu € ¥’ and x € X;
are selected, x will transit inside X under u in T . Then, in order to guarantee that
X is an invariant for all trajectories of the system (an assumption that we made in the
formulation of Problem 9.1) it is sufficient to restrict the set of inputs X! available
at each state [ € X, to Z‘LI, c 3l

Proposition 9.1 Let X = {x € RY | Hx < K} be the H-representation of the
polytope X from the definition of the PWA system (Definition 6.2). Then, X' is a
polytope with the following H-representation:

S ={ueU|YWweVX), HBu < K — H(Ay + ¢))}, (9.6)
where V (X)) denotes the set of vertices of X.
Proof Note that the set defined in Eq. (9.5) can be equivalently written as

S ={ueU|VxeX,Ax+Bu+c eX} 9.7)

Let u € U such that Vx € X,. A;x + Bju + ¢; € X. Then,

VxeX,. HAx+Bu+c¢)<K=VxeX,. HBu < K — H(A;x +¢)) =
=>WeVX). HBju < K — H(Apv+¢))
Let u € U such that Vv € V(X;). HBju < K — H(A;v + ¢;). Then, Vv €
V(X)). Av+Biu+c € X.Letm = |[V(Xp)|, x = X[ A;jvi, wherev; € V(X)),0 <
A <1foralli=1,...,mand X" A; = 1. Then,

Aix + Biu +¢; = AIEi"’:lkivi + Biu+c¢ = El’ril)‘i(Alvi +Bu+c¢)eX=
=>VxeX.Ax+Bu+ceX

The set of states reachable from state / in T /.. under the allowed inputs is
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Postr,; (I, ") ={l' € Xy /~ | Postr, (X;, Z') N Xy # 7} 9.8)

and can be computed using polyhedral operations, since
Postr, (X;, 2y = AX, + B X +¢. 9.9)

Given a polytope X; from the definition of the PWA system (Definition 6.2) and
an arbitrary polytope X', let

UX=X = {(u e Ty | Postr, (X;,u) N X' # @) (9.10)

denote the set of all inputs under which 7> can make a transition from a state in X;
to a state inside X'. Equivalently, applying any input u € U, u ¢ UX~X guarantees
that T will not make a transition inside X', from any state in X;. The following
proposition states that UX'~X’ is a polyhedral set that can be computed from the V-
(vertex) and H- (hyperplane) representations of X; and X':

Proposition 9.2 Let H and K be the matrices in the H-representation of the follow-

ing polytope:
(xeRY |IxeX, Ax+X+ceX) 9.11)

Then UX1~X s a polytope with the following H-representation.:
UX>X =y e U| HBu < K} 9.12)

Proof The set defined in Eq. (9.11) is a polytope with the following
V-representation:

hull{y’ — (Av+c¢) | ve VX)), v € VX)} (9.13)

Let x € X; such that Ajx + % +¢ € X. Letm = |V(X))| and x = ZM v,
where 0 < A; < L foralli = 1,...,mand £ A = 1. Letn = |V(X')| and
x' = Z‘}’zl,ujv/j,whereo <pj<lforall j=1,...,nand Z‘;’zluj = 1. Then,

N , . ,
A Ay X+ = E;;lﬂjvj =X = E;l:l'ujvj — A X v —¢ =

= I T0_ ki 0 — (A +ep) = £ € hullyy — (Av+ o)y e VX)), v € V(X))
Let x = Z‘i’"zlz;’:lv,-j(v/j —(Ayi+c¢)), where 0 < v;; < l,i=1,...,m,j =
L,....,nand X2, 5% \v;; = 1. Let A; = X%L,v;; and u; = X, v;;. Of course,
0<i <lforalli=1,...,m,0<pu; <lforall j=1,...,nand X" }; =
X=X 2% _vij = L Then, forx = X, 4;v; and x" = X_ ;1 ;v we have
A;x +X +¢; = x’" and therefore 3x € X such that A;x +x +¢; € X'. To conclude the
proof of Proposition 9.2, let H, K be the matrices in the H-representation of the set
defined in Eq. (9.11) and note that the set defined in Eq. (9.10) can be equivalently
written as
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U>X —{ueU|3xeX, Aix + Biu+ ¢, € X'} (9.14)

Proposition 9.3 Given a state | € X, and a set of states C € 2%, the set UZC from
Eq. (9.3) can be computed as follows:

U]C — m UX[-)X,/ \ U UX/—)X,// (915)
l'eC 1"¢C

Proof From Egs. (9.1) and (9.3) we have

Uf ={ue Xy |VI' €C, Postr, (X;,u) N Xy # 0,
VI" ¢ C, Postr, (X, u) N Xy = @) =
={u€ Xy |VIl' € C, Postr,, (X, u) N Xy # @} \
{ue Xy | 3" ¢C, Postr, X, u) N Xy # 0} =

— m UX=Xe U X=X

Irec 1¢c
|

We can guarantee that if a state [’ is not reachable from state / in T /. (i.e.,l’ ¢
Postr,,;_(l, ")) then UX =X = ¢and therefore, US = Wif C € Postr,, ;. (I, X')
and otherwise the computation in Eq. (9.15) reduces to

U]C — m UX,—)X,/ \ U UXI_>X1” (916)

l'eC I"ePostr,, ;. (I,E)\C

A non-empty input region U IC is in general nonconvex but can always be repre-
sented as a finite union of open polytopes (see Eq. (9.16)). In order to guarantee the
robustness of the control strategy (as described in Sect.9.1.1) we only include input
sets that are “large enough” (i.e., r(UlC) > ¢, where ¢ is a predefined robustness
parameter and r () is the radius of the Chebyshev ball (Definition A.9). Note that in
general this approach might be conservative, since a sphere inscribed in a union of
polytopes from U, IC might have a larger radius. Following from the results presented
in this section, the control transition system 7, can be computed using polyhedral
operations only (the computation is summarized in Algorithm 17).

Remark 9.1 1t is possible to reduce the size of T, after it is initially constructed
without sacrificing solutions. More “nondeterminism” available at a state does not
result in more winning strategies for Algorithm 17, while at the same time unnec-
essarily increases the complexity of the method. Formally, let u; = c(UZC') and
Uy = c(U,Cz) where C, C, € 2?, C| C C, be inputs of T, available at state [ € X,
(.e., {u, ur} < Z’é). If input u, is used in a control strategy, then the specification
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Algorithm 17 T, = CONTROL- TS(#/, €): Construct control transition system 7
1. X.:=1L

2: for each/ € X, do

3: »l:= 2! [Eq. (9.5)]

4: compute Postr,, ;.. (I, Z') [Eq. (9.8)]
5: for each C C Postr,,;_ (I, ') do
6: compute U,C [Eq. (9.16)]

7. if r(UlC) > ¢ then

8:  include input c(US) in X!

9: include transition §.(/, ¢ (U, lc)) =C
10:  end if

11: end for

12: if X! = ¢ then

13:  recursively make state / unreachable and set X, := X, \ /
14: end if

15: end for

16: Ze = Ujex, &1
17: return T,

is satisfied regardless of which state I’ € C; is visited in the next step. Clearly, the
same holds for input u#; since C; is a subset of C, but keeping both inputs is unnec-
essary. Therefore, at each state [ € X, we set Z’L’,S = Z‘é‘v \upyifuy,u, € Z’Z,S or
b L’f‘ =X L’f‘ \Nuyifu,u; e » L’f‘ when the property described above holds.

9.2 LTL Control of PWA Systems

In Sect.9.1 we defined the control transition system 7, as a finite abstraction of
the infinite T and showed that it can be computed using polyhedral operations.
In Sect.5.1 of Chap.5, we presented an approach for controlling finite transition
systems (such as 7;) from specifications given as LTL formulas. In this section, we
show that a control strategy generated for 7, can be adapted to the infinite 7%, while
the satisfaction of LTL formulas by the closed loop systems is preserved, which
completes the solution to Problem 9.1.

Definition 9.1 (PWA control strategy) A control strategy (X, £2¢) for 7, can be
translated into a control strategy (Xo, £2) for Toy as follows. The initial set X C
X, gives the initial set X = J lexs X; € Xy . Given a finite sequence of states
x(0)...x(k) where x(0) € X, the control function is defined as £2(x(0) ... x(k)) =
Qo (x(0)) ... op (x(k))).

Proposition 9.4 Given a control strategy (X, §2¢) for T, translated as a con-
trol strategy (Xo, $2) for Ty, Lr,, (Xo, 2) € L1, (X§, $2°), which implies that if
T.(Qg, $2°) satisfies an arbitrary LTL formula ¢, then so does Ty (Xo, $2).
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Proof Transition systems 7, and T have the same set of observations and therefore
the same LTL formula can be interpreted over both systems. Let x(0) € X, be an
initial state for T . Its observation is x(0) = o (x(0)), which is a satisfying initial
state for 7, (i.e., x°(0) € X¢). The nextinput to be applied in 7, is given by the control
function (u¢(0) = £2(x°(0)) € ¥. C Xy ) and we can guarantee that regardless
which input u(0) € Xy such that d(u(0), u°(0)) < € is applied in T, we have
Sy (x(0),u(0)) € 8.(x(0), u°(0)). This shows that a finite fragment of a word in
Ty (Qo, £2) is also a finite fragment of a word in 7.(Qg, §2¢) and the rest of the
proof follows by induction. |

The overall solution to Problem 9.1 consists of constructing the control transition
system 7, (Sect.9.1), finding a satisfying control strategy for 7, and adapting it to
the original Ty, or equivalently PWA system (Definition 9.1), which from Propo-
sition 9.4 guarantees the correctness of the solution. It is important to note that a
control strategy generated using this approach is robust with respect to knowledge
of the exact state of the system (i.e., the control strategy depends on the observation
of a state rather than the state itself). In addition, the control strategy is robust with
respect to perturbations in the applied input bounded by ¢, which can be used as a
tuning parameter.

9.3 Conservatism and Stuttering Behavior

In Chap.5 we described a solution to the problem of controlling a finite and possibly
nondeterministic transition system from LTL specifications. In order to generate
a control strategy for an infinite transition system such as 7% (Problem 9.1) we
described the construction of a finite control abstraction 7, in Sect.9.1. However, due
to spurious trajectories (i.e., trajectories of T, not present in 7% ) we cannot guarantee
that a control strategy will be found for 7, even if one exists for 75 and therefore,
the overall method is conservative. In Chap. 7, we eliminated spurious trajectories
through state refinement but the states of 7, cannot be refined. Indeed, the control
strategies we consider in this chapter cannot differentiate between states x1, x; € Xy
when o(x;) = o(x;) and therefore the states of 7, must satisfy o.(l;) = o.(/») if and
onlyif [y = [, foralll;, I, € X..In the following, we present an alternative approach
for reducing this conservatism.

Similar to the approach for the characterization of transient parameters from
Sect. 8.3, here we characterize stutter steps as a specific class of spurious trajectories,
which we introduce through Example 9.1 and Fig.9.1.
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(a) (b)

Fig. 9.1 A trajectory remaining forever in state /5 exists in the finite abstraction (b), although such
a behavior is not necessarily possible in the concrete system (a)

Example 9.1 Assume that a constant input uuu ... produces a trajectory
X1X2X3X4 ... In Ty where o(x1) = [1,0(x3) = o(x3) = bL,o(xy) = I3
(Fig.9.1a). The corresponding word [;lrl!5 ... is a trajectory of 7. (i.e.,
li,1,I3 € X.) and from the construction described in Sect.9.1 it follows
that I, € 8.(l;, u) and {l5, 3} € 8.(l», u) (Fig.9.1b). Then, there exists a tra-
jectory of 7, that remains infinitely in state [, € X, under input u, which is not
necessarily true for T . Such spurious trajectories do not affect the correctness
of a control strategy but increase the overall conservativeness of the method.
We address this by characterizing stuttering inputs, which guarantee that the
system will leave a state eventually, rather than in a single step, and using this
additional information during the construction of the control strategy for 7.

Definition 9.2 (Stuttering inputs) Givenastate! € X.and asetof states C € 2%¢, the
set of inputs U,C is stuttering if and only if [ € C and for all input words u(0)u(1) ...,
where u(i) € UlC, there exists a finite k > 1 such that the trajectory x(0)x(1)...
produced in Ty by the input word satisfies o(x(i)) = [ fori = 0,...,k — 1 and
olxk))y=U'e C,lI' #1.

Using Definition 9.2 we identify a stuttering subset Z’L[:‘ C X! of the inputs
available at a state ] € X.. Letu = c(UlC) € Z‘é for some C € 2%¢ be an input of
T. computed as described in Sect.9.1. Then u € X if and only if U is stuttering.
Note that a transition 6. (I, u) = C from a state [ € X, where u is stuttering is always
nondeterministic (i.e., |C| > 1) and contains a self loop (i.e., [ € C) but the self loop
cannot be taken infinitely in a row (i.e., a trajectory of T cannot remain infinitely
in region X; under input word uuu ...). Aninput u € X" = X!\ ¥’ induces a
transition §.(/, u) = C where: (1) when C = {l} trajectories of 7, and T produced
by input word uuu . . . remain infinitely in state / and region X, respectively, (2) when
| ¢ C trajectories of T, and T leave state [ and region X, respectively in one step
under input u, (3) when {l} C C trajectories of Ty produced by input word uuu . ..
can potentially remain in region X; infinitely. Although in case (3) it is also possible
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that trajectories of T produced by input word uuu ... leave region X; in finite
time, we have to be conservative in order to guarantee the correctness of the control
strategy.

Note that our definition of stuttering in Definition 9.2 requires that 7, leaves a
state after a finite number of transitions are taken under the same stuttering input
and therefore an infinite stutter cycle is never possible. Second, we identify a set
of stuttering inputs rather than constructing 7, as a time abstract system. While we
only characterize spurious infinite self loops (i.e., cycles of length 1), in general,
it is possible that cycles of arbitrary length are spurious in 7,. Considering higher
order cycles is computationally challenging and decreases the conservativeness of
the approach only for very specific cases, while spurious self loops are commonly
produced during the construction of 7, and can be identified or constructed through
polyhedral operations as described in the following (Propositions 9.5 and 9.6).

Proposition 9.5 Given a state | € X, and a set of states C € 2%, input region
Ulc is stuttering if and only if | € C and 0 ¢ hull{(A; — I)vy + Bv, +¢; | Vv, €
VX),Vv, € V(U, lc)}, where hull denotes the convex hull, V (.) is the set of vertices
and 1 is the identity matrix.

Proof (=) Let0 € hull{(A; — I)v, + Bjv, +¢; | Vv, € VX)), Vv, € V(U,C)}.
Then, there exists x € X;, u € UIC such that A;x 4+ Bju + ¢; = x and a trajectory of
the system produced by applying input sequence uuu ... and starting at x remains
forever inside X;. Therefore, from Definition 9.2, U ZC is not stuttering.

(&) Let0 ¢ hull{(A; — vy + By, +¢; | Vv, € VX)), Yy, € V(UZC)}. From
the separating hyperplane theorem it follows that there exists a € R such that, for
all z € hull{(A; — v, + Bjv, +¢; | Yvy € V(X))), a”z > 0. Then, any trajectory of
the system originating in X; and produced by input word uusus . . ., where u; € U, ,C
will have a positive displacement along the direction of a” at every step. Since X; is
bounded, all trajectories will leave it in a finite number of steps and, therefore, U IC
is stuttering. |

The strategy from Proposition 9.5 provides a computational characterization of
stuttering input regions. In general, however, it is possible that an input region U, IC

cannot be identified as stuttering but a stuttering subset U £ C UF can be identified.

Then, if such a subset is “large enough” (i.e., r(ﬁlc) > ¢g) it can be used in T, and
allow more general control strategies. In Proposition 9.6 we describe the computation
of such stuttering subsets.

Proposition 9.6 Given anarbitrarya € RY, the input region U]C ={u e UZC | Vv €
V(X),aT Bju > —a” (A; — Iy)v — ¢;}, where | € C is always stuttering.

Proof
UF = {ueUf | Vv, e VX)), a" Bu > —a” (Aj — Dy — ¢/} =

={ueUf |V, e VX)),a" (A; — Dvy + Bu +¢;) > 0} =
= 0 ¢ hull{(A; — Dvy + By, +¢; | Yo, € VX)), Vv, € V(UO)),
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which, from Proposition 9.5, guarantees that U ,C is stuttering. |

Although Proposition 9.6 is valid for an arbitrary a € R", the volume of the
stuttering subset 0,C C UF depends on a. Since only “large enough” input regions
are considered in 7, (see Algorithm 17), a should be chosen in such a way that the
radius r(l} IC) is maximized.

The control algorithms we discussed in Sect.5.1 can be adapted to handle the
additional information about stuttering inputs captured in 7., while the correctness
and completeness of the control strategy computation for the product automaton P is
still guaranteed. P is constructed as in Sect. 5.1 and therefore it naturally inherits the
partitioned input set X! = X' U X for each state [ € X... Going back to the Rabin
game interpretation of the control problem discussed in Sect. 5.1, we need to account
for the fact that the adversary cannot take transitions under the same stuttering input
infinitely many times in a row. As a result, the construction of the control strategy
is still performed using the same algorithm and only the computations of the direct
attractors from Definitions 5.7 and 5.8 are modified as follows (the notation used in
the rest of this section was introduced in Chap.5).

Let/ € X, and u € X’ be a state and a stuttering input of 7, (Definition 9.2).
We are interested in edge (s, u, s’) of transition §p (s, u) = S’, where a(s) = [ and
s" € 8’ (here «() is the projection of states from P to states of 7,—see Sect.4.5). Edge
(s, u, s') is called u-nontransient edge if a(s) = a(s’) = [ and transient otherwise.
Note that, even though (/, u, I) is a self loop in T, (s, u, s") is not necessarily a self
loop in P. In addition, since there is at most one self loop at a state [ € X, and R is
deterministic, there is at most one u#-nontransient edge leaving state s.

We refer to a sequence of edges (s1, uy, $2)(S2, U2, 53) ... (Sy—1, Un—1, Sy), Where
s; #sjforany i, j € {1, ..., n} as a simple path, and to a simple path
(s1,uy,82)-..(Sy—1, Un—1, sy) followed by (s,, u,, s;) as a cycle. We can observe
that any sequence of u-nontransient edges (i.e., a run of the product automaton, or
its finite fragment) is of one of the following shapes: a cycle (called a u-nontransient
cycle), a lasso shape (a simple path leading to a u-nontransient cycle), or a simple
path ending at a state where the input u is not available at all. Informally, the existence
of a stuttering self loop in a state / under input u in 7, means that this self loop cannot
be followed infinitely many times in a row. Similarly, any u-nontransient cycle in the
product graph cannot be followed infinitely many times in a row without leaving it.
This leads us to the new definitions of protagonist’s and adversary’s direct attractor.

Definition 9.3 (Modified protagonist’s direct attractor) The protagonist’s direct
attractor of §’, denoted by A}, (8", is the set of all states s € Sp, such that there
exists an input u satisfying

(1) p(s,u) S8, or
(2) s lies on a u-nontransient cycle, such that each state s’ of the cycle satisfies that
s” € §' for all transient edges (s’, u, s”).

In other words, the protagonist can enforce a visit to S’ also by following a u-
nontransient cycle finitely many times and eventually leaving it to S’.
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Definition 9.4 (Modified adversary’s direct attractor) The adversary’s direct attrac-
tor of §’, denoted by A_lg(S’), is the set of all states s € Sp, such that for each input
u there exists a state s” such that

(1) s €8p(s,u)NS’, and
(2) s’ does not lie on a u-nontransient cycle.

In other words, the adversary cannot enforce a visit to S’ via an edge of a u-
nontransient cycle. This edge can be taken only finitely many times in a row and
eventually a different edge under input u has to be chosen.

By identifying stuttering inputs during the construction of the control transition
system T, (Propositions 9.5 and 9.6) and modifying the approach from Sect.5.1 to
handle this additional information during the construction of a control strategy for
T. (Definitions 9.3 and 9.4), we can reduce the conservatism associated with the
overall method. Even so, our solution to Problem 9.1 remains conservative but it
is important to note that the only source of conservativeness is the construction of
T,—the solution to the LTL control problem for 7, is complete.

Example 9.2 We consider the problem of controlling the two-tank system
shown in Fig.9.2. The system has two state variables (N = 2) that represent
the water levels in the two tanks and range in (0, 0.7). It has one control
dimension (M = 1) representing the inflow rate, which ranges in (0, 5¢™*).
The state space of the system is partitioned into 49 rectangular regions (i.e.,
L =1,...,49) by 7 evenly spaced thresholds along each dimension. These
thresholds signify that we can only detect whether the water level in each tank
is above or below the marks at 0.1,0.2, ..., 0.7 (see Fig.9.3a). Valve v is
opened only if submerged (i.e., if the water level in either tank is above 0.2—
the height of the valve) and, therefore, the valve is closed when the system is in
regions 1, 2, 8, and 9 and opened otherwise (see Figs. 9.2 and 9.3a). Discrete-
time, linear equations describing the dynamics of the system in each mode are
derived using a 5 sec. time step and 1.54e2 m?, le=* m?, and 2.125¢=° m? as
the cross sectional areas of the two tanks, valve v, and valve v,, respectively.
The dynamics of the system for each region / € L are given by

1 0

0 0.9635
0.8281 0.1719
0.1719 0.7916

forl=1,2,8,9
A =
:| otherwise,

B, = [324.6753,01",¢; = [0,0]” forl =1, ..., 49.
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We seek a control strategy for the system guaranteeing the satisfaction of
a specification, expressed informally as “whenever tank 2 is empty, it will
eventually get filled up”. To formalize this specification we define the sub-
formulas ¢; = “the level of tank 2 is below 0.1” (i.e., “tank 2 is empty”)
and ¢, = “the level of tank 2 is above 0.4” (i.e., “tank 2 is full”’), which
can be expressed as disjunctions of regions from L as ¢; = 1 Vv ...V 7 and
¢ =29 Vv ...V 49. The above specification translates to the following LTL
formula:

¢ = (g1 = o).

Satisfying control strategies were found from all regions expect 49 when the
required robustness was set to & = S5e~® (Fig.9.3a). If stuttering inputs are
not characterized as described in Sect.9.3, satisfying control strategies are
identified for regions 29, ..., 48 only. A simulated trajectory of the closed
loop system is shown in Fig. 9.3b.

y o
< N
D

0.3 = v
/_\
0.2 — .

0.1 —

Vs

Fig. 9.2 A two-tank system. Water is drained at a constant rate from tank 2 though valve v,, while
tank 1 is filled at a rate that is controlled externally. Water can also flow in either direction, from
the tank with more water to the one with less, through valve vy, which is opened only if submerged
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(b) A simulated trajectory of the closed-loop system.

Fig.9.3 Simulated trajectories of the uncontrolled and closed-loop water tank system from Fig.9.2.
Initial conditions are shown as blue circles and regions are labeled only by their indexes in (a).
Control strategies guaranteeing the satisfaction of specification ¢ = (¢ = <¢pp) are found
from all shaded regions in (a). The water levels of tanks 1 and 2 are shown respectively as a blue
(solid) and a red (dashed) line in (b) and the trajectory is guaranteed to satisfy specification ¢. See
Example 9.2 for additional details
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Example 9.3 We apply the method from this chapter to generate control strate-
gies for a simple PWA system with two state variables (N = 2) ranging
in (0, 100). The state space is partitioned into 36 rectangular regions (i.e.,
L = 1,...,36). The system has two control inputs (M = 2) ranging in
(=15, 15) x (—16, 16). The dynamics of the system are defined as follows:

0.9900 0.0 0.9900 0.0
A1..49..12,25..28,33..36 = [ 0.0 0.9800] As. 829.32 = [_0.0200 0.9800]
A 162124 _ |:0.9900 —0.0300i| A0 = |: 0.9900 —0.0300:|
aeni i toa 0.0 0.9800 —0.0200 0.9800
5 . _ [1000]
136 =100 1.0 |
- 0.9200 . 1.3900 | e 0.1700
1.5300 1.5300 1.5300

_ [0.9200 _ 138007 _ [0.1700
€13-16 = 1 2.9000 | “17--20 = | 2.9000 | 2124 = | 2.9200

es. 25 = [0.9200} 0. 39 = [1.4100= s 36 = [0.1700}
0.1500 0.1500 | 0.1500
The PWA model captures the characteristic bistability of the system, where
trajectories of the uncontrolled system go towards one of two possible stable
equilibria located in regions X and X»7 (see Fig.9.4).

We seek a control strategy that drives the system to low values of state
variable 1 and high values of state variable 2, while avoiding intermediate
values of both state variables. We define sub-formulas ¢; = “state variable 1
is below 20 and state variable 2 is above 75 and ¢», = “state variable 1 is above
40 and below 80 and state variable 2 is above 20 and below 50 which can be

expressed as disjunctions of regions from L as ¢; = 10and ¢, := 17Vv...Vv20.
The control specification translates to the following LTL formula:

¢ = OUp1 A O—gy,

which cannot be translated into a deterministic Biichi automaton (see Chap. 2).

A control transition system 7. with 36 states was constructed. Out of the
total 949 nonempty input regions found (denoted by US in Sect.9.1), 684
were “large enough” (the radii of their inscribed spheres were larger than
& = 5e~?) to be considered for a robust control strategy and included in 7.
After reducing the size of 7, (i.e., removing unnecessary nondeterministic
transitions as explained in Remark 9.1) only 222 input regions were included
out of which 42 were deterministic and 109 were identified as stuttering. The
specification ¢ translates into a deterministic Rabin automaton with 3 states
and 1 pair in its acceptance condition.
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Satisfying control strategies with the required robustness (¢ = 5¢~2) were
found from all regions expect for 13, ...,20 (shown in light gray in Fig.
9.5a). For this particular problem, the target region X;o of specification ¢
is reachable only through transitions under stuttering inputs in 7,. Therefore,
a satisfying control strategy can be identified only from region Xj(, unless
stuttering behavior is considered. The additional computation described in
Sect. 9.3 allowed us to expand the satisfying initial set from X;( only to the
entire region highlighted in Fig.9.5.

Starting from random initial conditions, trajectories of the closed loop sys-
tem were simulated (Fig. 9.5), where at each step applied inputs were corrupted
by noise bounded by e. All simulated trajectories avoid the unsafe regions
X17...Xyo and satisfy the specification, thereby demonstrating the correct-

ness and robustness of the control strategy.

Fig. 9.4 Trajectories of the
uncontrolled PWA system go
towards one of two possible
stable equilibria located in
regions X and X»7 (initial
states are shown as small
circles and regions are
labeled only by their
indexes). See Example 9.3
for additional details

100
90

80

X2 50

10

I

/

e

AN AN A

23R \\‘\&h:\" @

/4

AR/
T

1od

10

20

30 40 30
X1

(i) 70

B0

90

100



9.3 Conservatism and Stuttering Behavior

Fig. 9.5 Control strategies
guaranteeing the satisfaction
of specification

¢ = OU¢1 A =g, are
found from all shaded
regions (regions are labeled
only by their indexes).
Simulated trajectories from
different regions satisfy the
specification. A simulated
trajectory of the closed loop
system is guaranteed to
satisty specification ¢—the
values of state variables 1
and 2 and the respective
external control values are
shown as a blue (solid) and a
red (dashed) line. See
Example 9.3 for additional
details
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(b) Simulated trajectory and control values of the
closed-loop system (over time)
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Example 9.4 We seek a control strategy for the PWA system defined in Exam-
ple 9.3 that forces the system to oscillate between states where the values of
one of the state variables is high and the other is low and vice versa, while states
where the values of both state variables are high or low are never reached. We
define sub-formulas ¢; = “state variable 1 is below 40 and state variable 2 is
above 507, ¢, := “state variable 1 is above 80 and state variable 2 is below
207, ¢3 := “state variable 1 is below 40 and state variable 2 is below 20, and
¢4 := “state variable 1 is above 80 and state variable 2 is above 50, which
can be expressed as disjunctions of regions from L as ¢; = 9V ...V 12,
¢ =25Vv...v28, ¢p3=1Vv...v4 and ¢, = 33 v ...V 36. The above
specification translated to the following LTL formula:

¢ =001 A O A —(d3 V h4)).

Satisfying control strategies where found from all regions expect 1, .. ., 4 and
33,...,36 when the required robustness was set to ¢ = Se~? (Fig.9.6a). If
stuttering inputs are not characterized as described in Sect.9.3, no satisfy-
ing control strategies are identified. A simulated trajectory of the closed loop
system is shown in Fig. 9.6b.

9.4 Notes

The material presented in this chapteris based on [170, 179, 184]. Related approaches
can be found in [138, 164], where the existence of equivalent (bisimulation) quotients
and control strategies under the assumption of controllability for discrete-time linear
systems is characterized. The monotonicity property of a discrete-time piecewise
system is exploited in [46] to develop an efficient abstraction algorithm. Algorithmic
procedures for controlling continuous-time linear systems are given in [104, 105],
where the constructed deterministic (nondeterministic) abstractions are not equiva-
lent to the original system but instead capture only a restricted but controllable subset
of its behavior. An alternative abstraction technique based on quantifier elimination
for real closed fields and theorem proving has been proposed in [168].

To solve Rabin games, we implemented an algorithm from [90] (see details in
Sect. 5.1) but extended it to deal with stuttering behavior, which leads to additional
winning strategies. The concept of stuttering (see Sect.9.3) has been established pre-
viously [15] and related work has focused on determining if a specification is closed
under stuttering [137], in which case it can be expressed in the LTL\(O fragment
(LTL without the next operator) [139] and less conservative stutter bisimulation quo-
tients can be constructed [15]. The approach from this chapter does not require any
special structure from either the specification or the quotient. Instead, we charac-
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Fig. 9.6 Control strategies
guaranteeing the satisfaction
of specification ¢ =

COB1 A Oda A —(3 V b))
are found from all shaded
regions (regions are labeled
only by their indexes). A
sample satisfying simulated
trajectory is shown. A
simulated trajectory of the
closed loop toggle switch
system is guaranteed to
satisfy specification ¢p—state
and control variables are
labeled as in Fig. 9.5b. See
Example 9.4 for additional
details
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(b) Simulated trajectory and control values of the
closed-loop system (over time)

terize individual transitions as stuttering while constructing the abstraction and use
this additional information during the solution of the Rabin game, which reduces the
conservatism of the overall method but does not restrict the expressivity of the spec-
ification. Another related approach is based on characterizing the sets of transient
states (instead of an individual transition) and augmenting the transition relation with
the corresponding transitions, which was applied to switched systems in [136]. While
considering transient sets reduces conservatism, it is computationally expensive to

characterize such sets.
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As our proposed solution to Problem 9.1 consists of (1) the construction of the
control transition system 7, and (2) the generation of a control strategy for 7, the
overall computational complexity is the cumulative complexity of the two parts. The
computation of 7, involves enumerating all subsets of L at any element of L, which
gives O(|L|-2/F) iterations in the worst case, although in practice this can be reduced
(see Eq. (9.16)). At each iteration, polyhedral operations are performed, which scale
exponentially with N, the size of the continuous state space. The characterization
of stuttering inputs described in this chapter checks each element from X, through
polyhedral operations.

The overall complexity of the control strategy synthesis for 7, is &' (k!n*), where n
is the size of the product automaton and & is the number of pairs in the Rabin condition
of the product automaton (see Chap.5). The modifications in the computation of
the direct attractor we made in order to adapt the algorithm to deal with stuttering
behavior do not change the overall complexity. Note that, in general, Rabin games
are NP-complete, so the exponential complexity with respect to k is not surprising.
However, LTL formulas are usually translated into Rabin automata with very few
tuples in their acceptance condition.

The method described in this chapter was implemented in MATLAB as the soft-
ware package CONPAS2, where all polyhedral operations were performed using the
MPT toolbox [113]. The tool takes as input a PWA system (Definition 6.2) and an
LTL formula and produces a set of satisfying initial regions and a feedback control
strategy for the system (Definition 9.1). The tool is freely downloadable from our
web site at http://sites.bu.edu/hyness/conpas2/. As an alternative to CONPAS2, the
MPT TooLBOX [113] and the HYBRID TOOLBOX [27] for MATLAB can also be used
to design piecewise affine control laws but neither can handle the richness of LTL
specifications directly. The problem of controlling Mixed Logical Dynamical (MLD)
systems from LTL specifications has been considered in [100] and is related to this
problem, due to the equivalence between MLD and PWA systems [82]. Rather than
relying on the construction of finite quotients as in this chapter, the approach taken
in [100] involves representing LTL specifications as mixed-integer linear constraints
but a finite horizon assumption is imposed.

Other temporal logic control tools include PESSOA [128], LTLMoP [61],
TULIP [174] (http://tulip-control.sourceforge.net), LTLCON [105], and its extension
BUCON [104]. PESSOA is capable of generating control strategies for linear, nonlin-
ear, and switched systems from temporal logic specifications. Abstractions based on
the notions of approximate simulation and bisimulation are constructed. LTLMOP
uses a fragment of LTL called GR(1) [109, 142], which accounts for the adversarial
nature of the environment. Similar to LTLMOP, TULIP models the environment as
an adversary and uses a receding horizon framework to alleviate the computational
complexity of synthesis. Similar to CONPAS2, TULIP can handle discrete-time affine
control systems. LTLCON addresses the control problem for linear systems but only
deterministic abstractions are allowed, which leads to very conservative results. Its


http://sites.bu.edu/hyness/conpas2/
http://tulip-control.sourceforge.net
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extension, BUCON, relaxes this but restricts the specification language to the frag-
ment of LTL generated by deterministic Biichi automata (see Sect.5.2). In contrast,
CONPAS?2 constructs nondeterministic abstractions of piecewise affine systems and
generates control strategies from full LTL specifications, while conservatism is fur-
ther reduced by identifying stuttering behavior.



Chapter 10
Finite Bisimulations

In this chapter, we focus on verification and control of switched linear systems
(Definition 6.8). We show that a finite bisimulation quotient (see Sect. 1.3) of a stable
switched linear system exists and can be constructed by performing a finite number
of basic polyhedral operations. To construct the quotient system, we use a polyhedral
Lyapunov function. The existence of such a function is a necessary condition for the
stability of a switched linear system. Once a bisimulation quotient is constructed,
the verification and synthesis problems can be solved by using techniques presented
in Chaps. 4 and 5.

Throughout this chapter, we assume that, in Definition 6.8, all matrices A, €
RV*N 'y, e I, are strictly stable (i.e., Schur), for all y € I'. We assume also that
the system is asymptotically stable in X under arbitrary switching. Specifically, we
assume that a common infinity norm Lyapunov function (LF) V : R¥Y — R* of
the form (A.13) with contraction rate p € (0, 1) is known for system 6.4 and X is
a sublevel set of V. Furthermore, we assume that, among the regions of interest X;,
[ € L, there exist one (denoted by X; , [, € L) that is a sublevel set of V.

Remark 10.1 The asymptotic stability assumption implies existence of a common
infinity norm Lyapunov function. An overview of Lyapunov stability and polyhedral
Lyapunov functions is presented in Appendix A.5. The sublevel set assumption on X
is made to simplify the presentation of technical results in this chapter. As discussed
later, this assumption is not necessary.

Example 10.1 Consider a switched linear system .% (Definition 6.8) with two
subsystems:

—0.65 0.32 065 032
A= [—0.42 —0.92] A= [_0,42 _0_92} . ={1,2).  (10.1)

The system is globally asymptotically stable, and V (x) = ||Lx||« is an infinity
norm Lyapunov function with contraction rate p = 0.94, where
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T
L— |:—0.0625 0.6815 0.9947 0.9947 ] (10.2)

1 1 0.6868 —0.0678
We define X and X as sublevel sets of V with bounds 10 and 5.063, i.e.,
X={xeR"| V() <10}, and
Xo={xeR"| V(x) <5.063}.
The regions of interests {X;};cr, L = {0, ..., 4} are shown in Fig. 10.1. In

particular, X is a sublevel set, X;, X, and X3 are non-intersecting polytopes
included in X\ X, and X} is the remaining region, i.e.

X, =X\ U X,.
Note that each X; is a semi-linear set.

We consider both temporal logic control and verification problems for system ..
In the control problem, we assume that we can choose the dynamics A,,, y € I to be
applied at each step k. Our goal is to find the largest set of initial states and a control
strategy such that all the corresponding trajectories of . satisfy a temporal logic
specification. In the verification problem, we assume that we do not have control
over the switches, i.e., at every time step a subsystem (mode) is arbitrarily chosen

Fig. 10.1 The state space X 10t
and the regions of interests
of the switched system
defined in Example 10.1. st
The boundary of X is shown
with black lines. The
sublevel set X( is shown in
yellow, X1, X, and X3 are S0
shown in cyan, magenta and
green, respectively. Xy is
shown in white 5t
~10L ‘
-10 -5 0 5 10



10 Finite Bisimulations 187

from the set I". A switched system under arbitrary switching is autonomous and non-
deterministic. Our goal is to find the largest set of initial states such that all trajectories
under all possible switching scenarios satisfy a temporal logic specification.

The asymptotic stability assumption implies that all trajectories of .% eventu-
ally sink in X, , i.e. reach X and stay in there. For this reason, we will focus on
the syntactically co-safe fragment of LTL, which includes all specifications of LTL
where satisfactions of trajectories can be determined by a finite prefix (see Defini-
tion 2.3). Since we are interested in the behavior of .% until X;, is reached, scLTL is
a sufficiently rich specification language.

The above control and verification problems can be formally stated by using
embedding Ty = (X, .0, 8.2, 0., 0.5) of .7 and its autonomous version 74, =
X, Sfi/, 0., 0.), respectively (see Definition 6.9 in Chap. 6).

Problem 10.1 (Largest controlled satisfying region for ) Given an embedding
T & of a switched linear system .¥ and an scLTL formula ¢ over L, find a control
strategy (X t, §2) (Definition 5.1) such that X?(/ is the largest controlled satisfying
region (Definition 5.2) of the embedding transition system 7" .

The embedding transition system 7" has a finite set of controls (I” from Eq. (6.4)).
However, it has infinitely many states. Therefore, the methods developed in Chap.5
on synthesis of control strategies for finite transition systems can not directly be
applied to solve Problem 10.1. We develop a computational procedure to construct
a finite bisimulation quotient 7./~ for the embedding transition system 7o of
an asymptotically stable switched linear system. Since the bisimulation quotient
preserves all properties that are expressible in LTL (and scLTL), and is finite, the
methods developed in Chap. 5 can be used to find a control strategy (X?y 1o $2/)

for T / ~, which directly maps to a strategy (X?y , §2) for T » solving Problem 10.1.

Problem 10.2 (Largest satisfying region under arbitrary switching for ) Given
an embedding T} of a switched linear system . under arbitrary switching and an

scLTL formula ¢ over L, find the largest set of states X?A from which ¢ is satisfied.
7

To solve the verification Problem 10.2, we construct the finite bisimulation quo-
tient 7%, / ~ of T4, from the bisimulation quotient 7' / ~. of T 5, then employ analysis
techniques presented in Chap. 4.

Example 10.2 Consider the switched system defined in Example 10.1, and
the specification “Never visit X, and eventually visit X;. Moreover, if X3 is
visited, then X; must not be visited at the next time step.” This specification
can be translated to the scLTL formula over L = {0, 1, 2, 3, 4}:

= 2U0NASIA (B = OQO-1)UO) (10.3)
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Note that all system trajectories reach X in finite time and sink in there since
the system is globally asymptotically stable. Therefore, “never visit X,”, rep-
resented as [1—2 in LTL, can be written as =2 U 0 in scLTL for the stable
system.

10.1 Bisimulation Quotient

In this section, we present an algorithm to construct a bisimulation ~C X o x X & of
the embedding transition system T's» = (X, I, 8., L, 0.) of system . (Eq.6.4).
The proposed algorithm is similar to the bisimulation algorithm (Algorithm 1) pre-
sented in Chap. 1 in the sense that it starts with the observational equivalence rela-
tion ~, and the corresponding equivalence classes X/, then iteratively refines these
classes. While in Algorithm 1, an equivalence class that violates the bisimulation
property is refined at each iteration, here we exploit the fact that the system is asymp-
totically stable, and guide the refinement procedure in such a way that starting from
aset Xo C X, with 0 € int(Xy), we incrementally construct a finite bisimulation
for a larger subset of X &~ as the algorithm iterates.

10.1.1 Level Sets and Slices

The proposed abstraction algorithm builds upon existence of a sequence of sets
Po,, ..., Po, satisfying properties i—iv:

i. 0e inf(P(gO),
ii. Po, =X,
iii. Po, C Pg,,,,foralli=0,...,.M —1
iv. Postr,,(Pg,, I') C Pg, , foralli =1, ..., M and Postr_ (Pg,, I") C Pg,.

We define the sequence of sets from the Lyapunov function V' and its contraction
rate p. For any ® > 0,
Po ={x€R" | V(x) < 6}

is a sublevel set of V. We define a sequence of real positive numbers ® :=
®y, ..., Oy such that the induced sequence of sublevel sets Pg,, ..., Pg, of V
(Po, = {x € RV | V(x) < ©;}) satisfies properties i-iv.

It is assumed that X » (= X) and X,,, for some [y € L, are sublevel sets of V.
Let ®x, ), > 0, such that X = Py, and X;, = P@,O. We define the sequence

O :=0y,..., O as
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O =p 'O, i=0,...,M-2, (10.4)

Oy := 6y, Oy := Ox, and

M :=arg n}/i[n{p_M@o | p ™M, > Ox.} (10.5)

Next, we define a slice of the state space X as the region between two consecutive
sets from the induced sequence of sublevel sets P = Pg,, ..., Pg,,:

Si = Po, \ Po,_,, i=1,...,M. (10.6)

For convenience, we also denote Sy := Pg, (although Sy is not a slice in between
two level sets). We immediately see that the sets {S;}i—o... » form a partition of X o».

.....

Remark 10.2 The slices are bounded semi-linear sets since the sublevel sets are
polytopes. In particular, the slices are always bounded semi-linear sets if the sublevel
sets are also bounded semi-linear sets.

Example 10.3 Consider the switched system given in Example 10.1. The
sequence @ is computed from Ox, @, and p as described above, which resulted

in M = 11. The polytopic sublevel sets P := Pg,, ..., Po, are shown in
Fig.10.2.
(@) 10 (b) 10

-10 -5 0 5 10 -10
X1

Fig. 10.2 The boundaries of the sublevel sets from Example 10.3 are shown in (a), where S5 is
shown in red. The sublevel sets, and implicitly the slices, are shown together with the regions of
interest in (b)
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Propositi(ﬂl 10.1 Assume that the set of slices {S;}io... m is obtained from a
sequence O satisfying Eq.(10.4). Given a state x in the i-th slice, i.e., x € S;, where
1 <i <M, its successor state X' € {§.»(x, y) | y € I'} satisfies x' € S; for some
Jj <.

Proof Each sublevel set P, is p-contractive (see Appendix A.5). By the definition
of a p-contractive set (Definition A.12), we have that

X' =A,x € pPo = {x e RY | V(x) < pO;}forall y € ', x € Po,.

Hence, it holds that § »(x,0) € pPg, for all 0 € X,x € Pg,. From (10.4), we

have p®; = ©;_;. Therefore Py, , = {x € RY | V(x) < ©;_} implies that
Po,, = {x e RV | V(x) < p®;} and hence Py, , = pPg, and x' € Pg, ,. From the
definition of slices (10.6), x’ € S; for some j < i. |

10.1.2 Abstraction Algorithm

We denote by ~ the observational equivalence relation (Definition 1.2) induced by
X, l e L,ie., x; ~ xp if x1,x € X, for some [ € L. The concretization map of
the equivalence classes in ~ induces a partition of X &, i.e., {X;};c.. Equivalently, an
observation preserving partition P = {P;};—; _, of X& (i.e., PN P; = @ if i # j,
X = Ujzy,..mPiand P; € X for some [ € L, foreachi = 1,...,m), induces a
relation ~pC X x X such that x; ~p xp if x;, x, € P; forsomei=1,...,m.

The proposed abstraction algorithm computes the bisimulation quotient by itera-
tively refining an observation preserving partition with respect to one step control-
lable sets. We first explain two procedures, ComputePre and RefineUpdate,
which are used by the main abstraction algorithm.

The procedure ComputePre(P, y) takes as input P, which is a bounded semi-
linear set (e.g., a slice), and y € X o, which is the switching input, and returns
the set Prer,, (P, y). In general, if P is a semi-linear set, then Prey_ (P, y) is also a
semi-linear set and it can be computed via quantifier elimination. In particular, Prer_,
of a bounded semi-linear set P can be implemented by convex decompositions and
repeated applications of (A.7) (Prer., of a polytope) as shown in Appendix A 4.

The procedure RefineUpdate(P, T, o, q) is described in Algorithm 18 and is
formulated for a general transition system 7 = (X, X, §, O, o). It takes as input a
partition P, a transition system 7, a control input 0 € ¥ of 7, and a state ¢ € X
of T. The procedure refines P with respect to Prer, (con(q), o) and updates T'. If P
consists of only bounded semi-linear sets, then the resulting refinement Pt consists
of only bounded semi-linear sets. This fact allows us to compute Prer., (P, y) with
ComputePre(P, y) only taking bounded semi-linear sets as inputs.



10.1 Bisimulation Quotient 191

Algorithm 18 [P, T7] = RefineUpdate(P, T, 0, q)
Require: ATS T = (X, X, 6, 0, 0), a partition P where con(q’) € Pforall ¢ € X, o € ¥ and
qeQ.

Ensure: P* is a finite refinement of P with respect to ComputePre(con(q), o), TT is a TS
updated from 7.

: SetP = ComputePre(con(q), o).

:SetPT =Pand Tt =T.

s for all ¢ € X such that con(q’) N P # ¥ do

Replace ¢’ in QT by {g1, g2} and set con(q1) = con(g') N P, con(qz) = con(q')\P.

Replace con(q’) in P+ by {con(q1), con(qz)}.

Replace each §(¢/, 0') = ¢ by 6T (q1,0") = ¢" and 6T (g2, 0") = ¢"".

Setst(q1.0) =¢

: end for

PRDNE R

We now present the abstraction algorithm (see Algorithm 19) that computes the
bisimulation quotient. The main idea is to start with {X;},c;, refine the partition
according to {S;}i—o,...m:

Po={X,NS:|leL,ic{O0,...,M}} (10.7)

such that Py is a refinement to both {X;};c; and {S;},—o,.. m, and then iteratively refine
Py using the Pre operator until the bisimulation quotient is obtained. Starting with
{Xi}ieL is necessary to guarantee that the partition is observation preserving. The
second step guarantees that each element in the partition is included in a slice. The
third step allows us to ensure that at iteration i of the algorithm, the bisimulation
quotient for states within Pg, is completed.

Algorithm 19 Abstraction algorithm

Require: System . with dynamics in Eq. 6.4, polyhedral LF V with a contraction rate p, sets X
and {X;}eL.

Ensure: Bisimulation quotient 7' / ~ of the embedding transition system 75 and the correspond-
ing observation preserving partition P.

1: Generate the sequence of sublevel sets Po = Pg,, ..., Pg, andslices S, ..., Sy as defined
in Eq.(10.6).

2: SetPy={X;NS;|leL,icf0,...,M}}.

3: Initialize T.s» /~, by setting X o/~ as the set labeling Pg. Set transitions only for the state
qi, € X /~, where con(qy)) = So = Xy, with §/~(qi,, v) = qi, forally € I'.

4: foreachi=0,...,M — 1do

5: Sf}[Tlgﬁ/Ni+1 ZTy/NI. and P, =P;.

6: for each g € X o /~, where con(q) C S; do

7: foreachy € I" do

8: Set [Piy1, T /~;,,] = RefineUpdate (Piy1, T /~ip1» Vs @)-

9:  end for

10: end for

11: end for

12: Top/n = Tp [y, and P = Py
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The correctness of Algorithm 19 will be shown by an inductive argument. Given
a sublevel set Pg, and a partition P; as obtained in Algorithm 17, we define P; as

P,:={PecP;|PCPy) (10.8)

From Algorithm 19, we see that Py partitions all the slices, and since P; is a
finite refinement of Py, we can directly see that f’i is a partition of Pg,. Consider an
embedding transition system 7 s (i) as a subset of 7' with set of states {x € X & |
x € Pg,}. Then the following result holds:

Proposition 10.2 Az the completion of the i-th iteration (of the outer loop) of Algo-
rithm 19 (where Py is obtained), if ~; induced by P; as defined in (10.8) is a
bisimulation of T & (i), then ~;,1 induced by Py, is a bisimulation of T (i + 1).

Proof We show that at the end of i-th iteration, each transition originating at a state
q € X/~,, with con(q) € Pg,,, satisfies the bisimulation requirement (Defini-
tion 1.4).

By Proposition 10.1, for each x € S;; and y € I', X’ = A, x must be in a slice
with a lower index and thus x’ € T (i). Let x € con(q) € P;.If x' € §;, then we have
x € ComputePre(con(q’), y) (from step 1 of Algorithm 18) forsome g’ € X o /~..
The RefineUpdate procedure replaces con(q) with con(q;) = con(g) N P and
con(qz) = con(q) \ P, and updates T/~ . We note from the definition of Pre
operator that for any x € con(q;),x’ = A,x € con(q’), thus for any x;, x, € con(q1),
X1 ~ x2,A,x1 ~ A, x». Moreover, the same argument holds for any subset of con(q).
Therefore, the transitions given in steps 6 and 7 of Algorithm 1 satisfy the bisimulation
requirement.

On the other hand, if X" ¢ S;, then x" € ; for some j < i and x is already in a set
con(q), where § »/~..,(q, y) = ¢’ for some ¢’ satisfying the bisimulation require-
ment. Therefore, step 8 of Algorithm 19 provides exactly the transitions needed for
all states in S;;; and thus, ~; induced by 13,4_1 is a bisimulation of T+ (i +1). W

Theorem 10.1 The quotient transition system T & | ~ obtained from Algorithm 19 is
a bisimulation of the embedding transition system T .

Proof From Algorithm 1, we have that P; is a refinement of {X;};c; for any i =
0, ..., M. Therefore, Py, and its induced relation ~, are observation preserving.
At step 3 of Algorithm 19, we set 6/~,(q1,. ¥) = qi,, V¥ € I" where con(q;,) =
Pg,. From the definition of 7o, we see that since g, is the only state, ~( induced
by P, is a bisimulation of T & (0). Using Proposition 10.2 and induction, at iteration
M — 1, we have that ~; induced by 15M is a bisimulation of T~ (M). Note that f’M
is exactly Py, Pg,, is exactly X.»» and T»» (M) is exactly T.s». Therefore ~; induced
by Py, is a bisimulation of T o. |
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(a)tor (b)10

-10 -5 0 5 10
X1

Fig. 10.3 a At the end of the forth iteration (i = 3), the bisimulation quotient for states within Pg,
is completed, which are shown in red (Pg,) and grey (S4). In the forth iteration, the states within
Pg,, \Pg, are partitioned according to Prer ., (P,y), P € S4. Prer (S84, 1) and Prer, (S4, 2) are
shown in dark and light blue, respectively. b At the last iteration where i = 10, the algorithm is
completed. The state space covered by the bisimulation quotient is shown in red, covering all of X o

At each iteration i, the number of updated sets is finite as the partition P; and the
set of inputs I are finite, and therefore, we have:

Corollary 10.1 The bisimulation quotient T & / ~, can be generated in a finite number
of steps, which is determined by the contraction rate of the Lyapunov function.

Example 10.4 Algorithm 19 is applied on the same setting as in Example 10.3
to compute the bisimulation quotient. P, and P;; are shown in Fig. 10.3.

Remark 10.3 The assumptions on sets X, and X;, are made for simplicity of pre-
sentation. The problem formulation and the approach described in this chapter can
be easily extended to arbitrary positively invariant sets X and X;, with X;; € X,
i.e., not obtained as the sublevel sets of a Lyapunov function, by considering the
largest sublevel set that is included in X;, and the smallest sublevel set that includes
X (®y and Ox can be made arbitrarily small and arbitrary large, respectively, so as
to capture any compact subset of RY).

10.1.3 Extensions

Although the focus of this chapter is on switched linear systems with polyhedral Lya-
punov functions, the presented approach for construction of a bisimulation quotient
can also be applied to other classes of discrete-time systems with different Lyapunov
functions, if
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i. the sublevel sets of the Lyapunov function are semi-linear sets,
ii. the pre-image of abounded semi-linear setis computable and is also a semi-linear
set, and
iii. the dynamical system has a finite set of controls.

The first condition guarantees that the slices are semi-linear sets, and therefore the
initial partition is composed of semi-linear sets. The second condition allows us to
compute pre-images throughout the algorithm. Finally the last condition is necessary
since the pre-images of the partition elements are computed for each control input
(line 7 of Algorithm 19).

For example, consider fixed parameter piecewise linear systems % (see Defin-
ition 6.4 and the accompanying text) described by x(k + 1) = A;x(k), x(k) € X,
l € L. The sets X, [ € L provide a partition of X and are assumed semi-linear. As
discussed in Sect. 10.3, for such systems Lyapunov functions with piecewise polyhe-
dral sublevel sets can be constructed. A fixed parameter piecewise linear system with
a piecewise polyhedral Lyapunov function satisfies the three properties stated above.
The extension of the method presented in this chapter for such systems requires to
refine the initial partition according to X, / € L. Then, the proposed algorithms can
be used to construct a quotient transition system T /~. In this case, in step 3 of
Algorithm 18, it is sufficient to refine a state ¢’ only if con(g’) C X, since only mode
[ can be active in con(q’). By eliminating some of the transitions of T /. according
to Xy, i.e., Sy (q,1) = ¢ only if con(q) € X;, we obtain a bisimulation quotient
Ty / ~ for the corresponding embedding transition system.

Example 10.5 In this example, we show how the proposed method to con-
struct a bisimulation quotient can be applied to an autonomous fixed-parameter
piecewise linear system (Definition 6.4).

We define a two-dimensional system % with 24 modes (L = 0, ..., 23).
The operating regions {X;};c; are shown in Fig.10.4. The dynamics of the
system are defined by

[—0.0546 —0.77647 .
A= 00212 —08521 |*F=0 121213, 14

[—0.0700 —0.81507 .
Ai=1 00700 —0.7300 | ¢ =3 %> 15.16,17,

[ —0.9200 —0.02007 .
Ai=| 07580 —0.0200 | ‘=678 1819,20

[ —0.9200 0.0200 | .
A = | 07580 —0.0200 ,i=9,10,11,21,22,23.

(10.9)

The system is asymptotically stable and admits a piecewise linear Lyapunov
function

V) = Il xlle, ifxe$,, L, eR*N >N 1eN, (10.10)
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where {£2,},<r is a conic partition of R, and

L L. [02997 48651 ] . _ [4.7802 0.3846
P= 57 14,8651 —0.2997 |° 2~ = | 0.3846 —4.0110 |°
L, — | 50549010997 | [~0.1099 5.0549
= 0.1099 5.0549 |* 4~ 8 5.0549 0.1099
(10.11)

In particular, the operating regions are defined with respect to the conic
partition as follows:

X; C .QU/3J+1VZ' =0,...,23.

X and the yellow region (UZ=0 X3;) are defined as sublevel sets of V with
bounds 19.75 and 10, i.e.,

X={xeR"| V) <19.75}, and

7
U X5 ={xeRY | V(x) <10}
i=0

Note that X = Uizio X;, and each operating region X; are semi-linear sets.
In Fig. 10.4, operating regions X3;_1, X3;,_», X3;_3 that are in the same cone
£2; are shown with different colors. For example regions Xj,, X3 and X4 in
£23 N X are shown with yellow, white and green, respectively.

The sublevel sets of V (10.10) are not polytopic, however, the slices are still
bounded-semi linear sets and can be computed as explained in Sect. 10.1.1
(M = 11). These slices and sublevelsets are shown in Fig. 10.5a. Algorithm 19
is used to compute a quotient transition system 7% /~. The resulting partition
is shown in Fig. 10.5b. By eliminating some of the transitions according to
{Xi}ier, 1., 8 /~(q, y) = ¢ only if con(q) C X;, we obtain a bisimulation
quotient 7% / ~, for the piecewise linear system. Note that each state g of T / ~
has a single outgoing transition, and the system is not controlled.

10.1.4 Complexity

The proposed algorithm for construction of a bisimulation quotient involves com-
putations of pre-images of bounded semi-linear sets through linear dynamics, inter-
sections and set differences for semi-linear sets at each iteration. The number of
operations performed, and hence the complexity of the algorithm, scale linearly with
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X3
4 A
X X9 X
3 ONE20, Koo)X L’X2
2
X18 X21
1
S o X6 Xis Xy Xi
)
X X3 Xio X3 Xy
Xo|X
5 9| X6
3
X14 < Xl(l X7
4 |
4¥ 2 0 2 4
Xll X1

Fig.10.4 The operating regions of the system from Example 10.5. The inner sublevel set is shown
in yellow. The intersections of cones §2; with X are shown with black boundaries. There are exactly
3 regions in each intersection (§2; N X), and these are shown with different colors

(a) N (b)
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Fig. 10.5 The boundaries of the sublevel sets from Example 10.5 are shown in (a), where S¢ is
shown in red. The boundaries of the semi-linear sets from the resulting partition Py; are shown

in (b)

the size of the resulting partition |Py,|. Therefore, it is enough to derive an upper
bound on |Py,| with respect to the number of slices, observations and controls.
Let s; be the number of sets in partition Py, that are included in slice §;, i.e.,

si:=|{P € Py|P C §;}|.

Similarly, s? denotes the number of sets in the initial partition Py that are included in
slice S;. In the subsequent analysis, r is used to denote the number of observations
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within X o \ X, (r = |L| — 1), and e is used to denote the number of input symbols
(e=II"]).

Lemma 10.1 The number s; of sets in the resulting partition Py, that are included
in slice i > 1 is less than or equal to

i—1 ¢
E,-:r(Zsk) ) (10.12)

k=0

Proof Aset P € Py with P C §; is partitioned only if there exists y € I" and P’ € §;
for some j < i such that P N Prey_, (P', y) # @ and P\ Prey_, (P', y) # () (step 3 of
Algorithm 18). Therefore,

(a) for any two states g1, g2 € X/~ With con(q,), con(qx) C S;ifo(q)) = 0(q>),
there exists y € I" such that §.»/~(q1, ¥) = ¢}, 8.9/~(q2. ¥) = ¢}, and ¢ # g5.

From Proposition 10.1 and the bisimulation requirement (Definition 1.4), we have
that

(b) for each g € X o/~ with con(q) C S; and for each y € I, there exists a state
q' with con(q') C §; for some j < i suchthat§»/~(q,y) =¢'.

Given properties (a) and (), the number of sets obtained from partitioning a set
P € Py with P C §; is bounded by the number of permutations of size e, with
unrestricted repetitions, taken from a set of size Z;;lo Sk

The given bound is obtained by observing that s? <rforalli=1,..., M, since
the initial partition Py is obtained by refining the coarsest observation preserving
partition {X;},c; (see (10.7)) according to slice partition. |

Remark 10.4 The bound on s; (10.12) is attained when the following conditions are
satisfied.

i s? =r.

ii. Let y;...y. be a sequence of controls such that y; # yx if j # k. For each
sequence of states g ...q, from X &/,  (with unrestricted repetitions), i.e.,
con(qj) € Pe,_,,j =1, ..., e, there exists a state ¢ € X/~ with con(q) C S;,
such that § »/~(q, y;)) = gjforallj=1,... e

The bound is computed through a combinatorial perspective by utilizing the con-
tractive property of the system. Even though the bound is attainable, the underlying
dynamics is not considered explicitly. Therefore, in many cases the bound is not
attained (see Example 10.6).

Remark 10.5 Py, is the coarsest refinement of Py satisfying the bisimulation require-
ment. This claim follows from statement-(a) of the proof of Lemma 10.1, and can
easily be shown by an inductive argument on the partitions of the sublevel sets, i.e.,
P; as defined in (10.8).
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Fig. 10.6 Comparison
between the number s; of
elements in a slice and the
corresponding bound s;
computed as in Eq. (10.12)

number of elements

slice number

Example 10.6 The number of sets in partition P, from Example 10.4 is illus-
trated in Fig. 10.6, where a comparison is made between the slice numbers and
their bounds computed as in (10.12).

Theorem 10.2 Letp; = |{P | P € Py, P C Pg,}|foralli =0, ..., M.Thenpy =1
and

pi<r+DZ0C  i=1,... M. (10.13)

Proof As Pg, is not partitioned, the claim holds fori = 0, i.e., pp = 1. We prove the
claim for i > 1 by induction. The definitions of p;, s; and 5; imply that

Pi+1 = pi+ Siy1 < pi + Siy1-

From (10.12) 5; = r, and hence the claim holds for i = 1 as p; < 1 + r. Assume
that inequality (10.13) holds for p; for some k£ > 1. By Lemma 10.1, we have that
Sk+1 = rp;. Therefore,

Pi+1 < px+rpp < (r+ Dpf.



10.1 Bisimulation Quotient 199

Using the inductive hypothesis on py, the left hand side can be rewritten as

Prr1 <(r+1) ((r + I)Zj';ga)e
Pk+1 <(r+1) ((r + 1)Z,k:, e’)

ko
Prat <(r+ D=0,

Thus, inequality (10.13) holds for py., and by induction we conclude that (10.13)
holds foralli=1,..., M. |

The size pys of the resulting partition of the working set X is double exponential
in M when e > 1 (switched systems). Therefore when e > 1 the number of Pre
operations performed, py,—1, is double exponential in M — 1. It is easy to verify
from (10.13) that the bound is exponential in M for linear systems, i.e., e = 1. Note
that the derived bound is an upper bound for the worst case, i.e., when s; = s; for all
i=0,....,.M.

Remark 10.6 The computational complexity increases with the number of sublevel
sets M, which is computed from the working set X, the target set X;,, and the con-
traction rate p of the Lyapunov function. Therefore, the amount of computation can
be adjusted by the choice of the working set X and the target set X;, for a given Lya-
punov function. For example, the computation time can be decreased by choosing
X, as the largest sublevel set that does not intersect with the regions of observations.
In addition, using a Lyapunov function with a minimal contraction rate can decrease
the computation time.

10.2 Synthesis and Verification

In this section, we present solutions to Problem 10.1 and Problem 10.2. In particular,
our solutions proceed by finding a bisimulation quotient of the embedding transition
system as described above. Then, we use techniques presented in Chap. 5 for finite
transition systems.

10.2.1 Synthesis

Problem 10.1 aims at finding the largest controlled satisfying region of the embedding
transition system 7 of a switched linear system .#. To solve this problem, we first
construct a bisimulation quotient 7 /~, of T (see Sect. 10.1). Then, we apply the
SCLTL CONTROL algorithm (Algorithm 13) presented in Sect.5.3 on the quotient
T/~ and specification ¢. The algorithm outputs a control strategy (X?; e $2) for
the bisimulation quotient. The final step of the proposed solution for Problem 10.1
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is the transformation of the control strategy (Xg, /e §2) for the bisimulation quotient

to a control strategy (X‘;, §2 ) for the embedding transition system, and hence for
the original dynamical system. The transformation of the set of satisfying states is
straightforward:

Xf;: U con(q).

¢
ley/:

The control function £2 is history dependent and takes the form of a feedback
control automaton C = (S¢, Sco, X, 7, I', w), which is constructed from the specifi-
cation automaton A (an FSA constructed from ¢), and transition system 7o/ .. The
control function §2 can easily be transformed to a control function for .’ through
the bisimulation relation ~:

RLo(xo...xy) =820 ...9u), Wherex; € con(q;),i =0,...,M.

Example 10.7 Consider the switched linear system given in Example 10.1
and scLTL formula ¢ given in Example 10.2. We first apply Algorithm 19 to
construct a bisimulation quotient 7'/~ of the embedding transition system
(see Example 10.4). The quotient system has 9677 states. Then, we apply
Algorithm 13 on 7./~ and ¢ to obtain a control strategy (Xﬁ,, /et $2) for
T /~. The FSA constructed from ¢, and therefore the control automaton,
have 6 states. Finally, we transform the strategy to a strategy (Xf;, 2 ) for
the embedding transition system as explained above. The set of satisfying
initial states Xf’;, is shown in Fig. 10.7.

Two trajectories of the switched system originating from X?; in closed-
loop with §2» are shown in Fig. 10.7. The first trajectory (shown in light blue

and labeled with numbers) is generated from :2273?(7)2 by the switching
sequence 2, 2, 1. The second trajectory (shown in dark blue and labeled with

4.9276
6.2883
that both trajectories are satisfying.

letters) is generated from [ ] by the switching sequence 1, 2, 1, 1. Note

10.2.2 Verification

In this section, we consider the problem of verifying the switched system under
arbitrary switching, i.e., at every time-step a subsystem is arbitrarily chosen from
the set I". Note that the system under arbitrary switching is uncontrolled and non-
deterministic. Therefore, we define an embedding transition system
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Fig. 10.7 X%, from
Example 10.7 is shown in
red. The color code used in
Fig. 10.1 is used for the
boundaries of the regions of
interests. Two simulated
trajectories are indicated by
their labels

TAy = X, SAy, L, 0.) that captures arbitrary switching (see Sect.6.2) from the
embedding transition system 7. = (X, I', §.», L, 0.&) by removing the input set
(uncontrolled) and adapting the transitions as follows:

X € 8";(x) if there exists y € I'and § » (x, y) = x'.

Note that Té, is infinite and non-deterministic.

The verification Problem 10.2 aims at finding the largest satisfying region
of the embedding transition system Tf;. To solve this problem, we first con-
struct a bisimulation quotient 7/~ of T»» (see Sect.10.1). Then, we convert the
bisimulation quotient 7o/~ = X /~, [,8%/~,L,05/~) of T to T‘L‘y/z =
X /~, 8/}/:, L,o0w/~) as follows:

q € 8% /~(q) if there exists y € I'and 8.9 /~(q, ) = ¢ .

In this case, we have a particular bisimulation relation. We consider the embedding
and the quotient transition as systems with a single input labeling all the transitions.
Then, we apply the SCLTL CONTROL algorithm (Algorithm 13) presented in Sect. 5.3
to the quotient Tf; /~ and specification ¢. The algorithm outputs the set of satisfying
initial states (Xf; /z) for the bisimulation quotient. Note that we omit the feedback
control function as we have a single “dummy” control. The final step of the proposed
solution for Problem 10.2 is the transformation of the set of satisfying states:

x% = |J conlg). (10.14)

]
qexy/z
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Fig. 10.8 X%, from 10t
Example 10.8 is shown in
red. The color code used in
Fig. 10.1 is used for the
boundaries of the regions of
interests. Two simulated
trajectories are indicated by
their labels
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Example 10.8 Consider again the switched linear system from Example 10.1
and scLTL formula ¢ given in Example 10.2. We first apply Algorithm 19
to construct a bisimulation quotient 7'« /~ of the embedding transition sys-
tem (see Example 10.4). Then, we construct the bisimulation quotient T}/ ~
under arbitrary switching from 7/~ as explained above. Finally, we apply
Algorithm 13 on Tf;; /~ and ¢ to obtain a the set of satisfying states X?, /~ of
T » /~. The set of satisfying initial states X?, of the switched system is defined
as in (10.14) and is shown in Fig. 10.8. Note that, by definition, this is a subset
of the set of initial states found for the synthesis problem (see Fig. 10.7).
Two trajectories of the switched system originating from Xf’; under arbitrary
switching are shown in Fig. 10.8. The first trajectory (shown in light blue and

labeled with numbers) is generated from |: ;79?52222 j| ,and the second trajectory
. . . 1.0822
(shown in dark blue and labeled with letters) is generated from | 31389 | At

each time step, the switching input is chosen randomly from the set I = {1, 2}
for the simulations. Note that both trajectories are satisfying.

Example 10.9 We consider the piecewise linear system given in Example 10.5
and a specification over its set of observations L = 0, . . ., 23. The specification
is “A system trajectory never visits X,, X3 (magenta regions), Xy and X4
(dark blue regions) and eventually visits X7, Xoo (cyan regions), Xs or Xg
(green regions)”, which translates to the following scLTL formula:

¢ = (—(2Vv23Vv11Vv14)UOV3IVEVIVI2VISVIEV2])AS(17Vv20V5VE).
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Fig. 10.9 X’ from
Example 10.9 is shown in
red. The color code used in
Fig. 10.1 is used for the
boundaries of the regions of
interests. Two simulated
trajectories are indicated by
their labels

To verify the system against ¢, we first construct a bisimulation quotient
Ty |~ as explained in Sect. 10.1.3 (see Example 10.5). Note that the bisimula-
tion quotient is finite and deterministic, and is not controlled. Then, we apply
Algorithm 13 to T /~ and ¢ to obtain the set of satisfying states Xg;/ /~ of
Ty [ ~. Finally, we compute Xi’, as in (10.14). X;ﬁ; and two simulated trajec-
tories are shown in Fig. 10.9.

10.3 Notes

In this chapter, which is based on our work [71, 72], we presented an algorithm for
constructing a finite quotient of a stable discrete-time switched linear system in a
bounded subset of its state space with the aid of a polyhedral Lyapunov function. In
particular, infinity norm Lyapunov functions are used in the examples. However, as
explained in Sect. 10.1.3, the proposed methods can be applied if the sublevel sets
of the Lyapunov functions are semi-linear. Furthermore, the use of infinity norm
Lyapunov functions is not limiting since the existence of a common infinity norm
Lyapunov function is a necessary condition for the stability of switched linear sys-
tems [124].

The assumption on the existence of a common Lyapunov function (i.e., the
assumption on the stability under arbitrary switching) can be relaxed by considering
restricted, state dependent switching. In particular, the system from Example 10.5
is adapted from [122], where stabilizing static feedback control laws for discrete-
time piecewise affine (PWA) systems are synthesized. The synthesis framework pre-
sented in [122] involves computation of piecewise linear Lyapunov functions that
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admit piecewise polytopic sublevel sets. Here, we considered the stable closed-loop
system, i.e., state dependent switching.

The construction of finite abstractions for dynamical systems based on stabil-
ity properties and Lyapunov functions was studied in [69, 157]. Specifically,
approximately bisimilar finite abstractions for continuous-time switched systems
were constructed under incremental stability assumptions in [69], where sublevel
sets of a common Lyapunov function (or multiple Lyapunov functions with addi-
tional assumptions) were used. The abstract model was defined by quantizing the
state space of the switched system, and sampling the trajectories originating from
the quantized state space. The approximate bisimulation relation guarantees that the
trajectories of the abstract model and the original system are close to each other [68].
In [69], the accuracy of the abstraction was defined by the quantization parameter
and the Lyapunov function. The method developed in [69] is not limited to linear sys-
tems. However, the abstraction is approximate and the case studies presented in [69]
highlight that a considerable accuracy requires a large abstract model. The authors
of [69] relaxed the incremental stability assumption in their work on construction
of approximate simulations [187]. A related approach for stochastic systems can
be found in [186]. Another conceptually related work is [157], where N Lyapunov
functions were used for the abstraction of N-dimensional continuous-time Morse-
Smale systems (e.g., hyperbolic linear systems) to timed automata. The abstraction
proposed therein is weaker than bisimulation, but it can be used to verify safety
properties.

The method presented in this chapter was implemented in Matlab as a tool called
called FBSLS (Finite Bisimulations for Switched Linear Systems), and is available
for download at http://sites.bu.edu/hyness/switchedpolybis/. Given a set of observa-
tions over polytopic subsets of the state space, a switched linear system with stable
subsystems, and a polyhedral Lyapunov function, the tool generates the bisimulation
quotient in a finite number of steps. Starting from a sublevel set that includes the
origin in its interior, the tool iteratively constructs the bisimulation quotient for any
larger sublevel set. The tool also implements synthesis of the switching law and sys-
tem verification with respect to specifications given as syntactically co-safe Linear
Temporal Logic (scLTL) formulas over the observed polytopic subsets, which are
also provided as inputs by the user.


http://sites.bu.edu/hyness/switchedpolybis/

Chapter 11
Language Guided Controller Synthesis

In Chap.9, we treated the temporal logic control problem for a PWA system %#'.
We presented an abstraction-based solution consisting of three main steps. First, we
constructed an abstract model of the system based on the partition induced by the
polytopic from the definition of . Second, we synthesized a control strategy for
the abstraction from the LTL specification formula. Finally, we refined the strategy
back to the original system %#.

While being able to accommodate full LTL specifications, the method from
Chap. 9 was conservative, mainly because the original (rough) partition of the state
space was not refined if a control strategy was not found. In this chapter, we address
this limitation. We restrict our attention to specifications given in the co-safe frag-
ment of LTL (scLTL) and present a language-guided synthesis method. Central to
our approach is the construction and refinement of an automaton that restricts the
search for initial states and control strategies in such a way that the satisfaction of
the specification is guaranteed at all times. We focus on fixed-parameter control
PWA systems % (Definition 6.2). Formally, the problem can be stated by using the
embedding Ty = (X, X, 8y, O, 0) (Definition 6.6) of # as follows:

Problem 11.1 (scLTL Control) Given a fixed-parameter PWA control system %
(Definition 6.2), and an scLTL formula ¢ over L U {Out}, find a control strategy
(X;’W, £2) (Definition 5.1) such that X?W is the largest controlled satisfying region

(Definition 5.2) of the embedding transition system 7% and Z7,, (X?W, 2) C %,

We propose a solution to Problem 11.1 by relating the control synthesis problem
with the construction of a dual automaton from the FSA that accepts the good pre-
fixes of the specification formula ¢ (Z}r,4). The states of the dual automaton will
correspond to polyhedral subsets of Xy, and therefore X, and its transitions will be
mapped to state feedback controllers. First, the transitions and the states of the dual
automaton will be removed by checking their feasibility with respect to the transi-
tions of Ty, and hence the particular dynamics of 7. Then, its states will be refined

© Springer International Publishing AG 2017 205
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until feasible region-to-region state feedback controllers are obtained. The refined
dual automaton and the controllers labeling its transitions will provide a solution to
Problem 11.1 in the form of a feedback control automaton, which will be mapped
to a control strategy as given in Definition 5.1. This approach reduces the controller
synthesis part of Problem 11.1 to solving a finite number of region-to-region control
problems. The outlined control procedure is summarized in Algorithm 20. Through
the rest of this section, we provide details of this procedure.

Algorithm 20 SCLTL CONTROL(%#, ¢): Control strategy (X?W, £2) such that all tra-
jectories in Ty (X?W, £2) satisfy ¢

1: Construct T from #

: Translate ¢ into an FSA A = (S, 5o, L U {Out}, 64, F)

: Build a dual automaton Ap from A

: Prune the states and the transitions of Ap according to 7

: Refine Ap and synthesize transition controllers

: Transform the refined automaton and its transition controllers into a control strategy for %

AN LB W N

Example 11.1 We define a two-dimensional fixed-parameter PWA control
system # (Definition 6.2) with four modes (L = {1, 2, 3, 4}). The operat-
ing regions are shown in Fig. 11.1a. The dynamics of the system are defined
by

092 0 ] [10] [0.1
A=l 0.98_’B1=_01_’01=_0]’

0.95 0.1 10 0.3 ]
2=1"0 o098 B2=]01] 2702 L
a_f099 0 . _[10] _fo1 '
STl o 098" P T o] T o]

0.99 0 10 —02]
A4=1"0 098] B=]01] %] 02 |

and the controls are constrained to set U={u | —1 <u; < 1,i=1,2}. We
consider the specification “Start in X; and eventually visit X4. Moreover, until
visiting X4, do not leave X, do not visit X3, and if X is visited, then X4 should
be visited at the next time step.” The specification is formally defined as the
scLTL formula

d=1AE0ut A=3 A (=2 Vv O4H U4
over L U {Out}. The FSA that accepts the good prefixes of the formula ¢ is

shown in Fig. 11.1b. We define the embedding transition system 7% according
to Definition 6.6. A run
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w _ | 2.0000 2.5400 2.9448 3.2271 3.3984 3.4694 5.3379
Xw =1 4.0000 || 49200 || 5.8216 |' | 6.7052 |* | 7.5711 || 8.4196 |* | 9.0513 |°

2.0000 )
4.0000 ] € Xy and generated by the input word wy,, =

. 1.0000
for k =1,...,6 is shown in Fig.11.1a. The run produces the output word
1,1,1, 1,1, 2, 4. The run satisfies the specification, since the word produced
by the run is accepted by the FSA shown in Fig. 11.1b.

of Ty originating at |:

11.1 Dual Automaton Construction and Simplification

In this section, we present the dual automaton definition and construction for a general
FSA A = (S, 50, X, 84, F). We then consider the particular case of automata with
input alphabet O and discuss the connection with the control Problem 11.1.

As explained in Sect.2.2, the good prefixes of an scLTL formula ¢ over X' are
accepted by an FSA A = (S, so, X, 84, F). The dual of an FSA A is constructed by
interchanging its states and transitions:

X, & X,
8 T/

6 1
1

1 ()
112134f0ut
2 ol
4
X X3

(a) Regions of # (b) ¢ =1A(—Out A—3 A
(=2 v O4)U4)

Fig. 11.1 The regions of the PWA system and a simulated trajectory (a) and the FSA (b) from
Example 11.1. For the FSA, s is the initial state and s; is the accepting state. For simplicity of the
representation, if several transitions exist between two states, only one transition labeled by the set
of all inputs (separated by the symbol |) is shown
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Definition 11.1 Given an FSA A = (S, 5o, X, 84, F), its dual automaton is a tuple
Ap = (Sp, Sp,, X, ép, tp, Fp) where

e Sp ={(s,0) | 5a(s, 1) # 0} is the set of states,

Spo = {(s0, 1) | 84(s0,I) # ¥} is the set of initial states,
e X is the output alphabet,

e 8p : Sp — 25 is the transition map, where

Sp((s1, 1)) = {(s2, L) | s2 = 8a(s1, 1), 8a(s2, o) # WV},

e 7p : Sp — X is the output function, where tp((s, [)) = [, and
e Fip=1{(s,0) | 8a(s, ) € F} is the set of accepting (final) states.

Informally, the states of the dual automaton Ap are the transitions of the automaton
A. There is a transition between two states of Ap, if the corresponding transitions are
connected by a state in A. The output alphabet of Ap, is the same as the input alphabet
of A, i.e., X. tp is an output function. For a state of Ap, tp produces the symbol
that enables the transition in A. The set of initial states Sp, of Ap is the set of all
transitions that leave the initial state in A. Similarly, the set of final states Fpp of Ap
is the set of transitions that end in a final state of A.

An accepting run of a dual automaton is a sequence wg, = ws, (1) ... ws,(n) €
2*, where wg, (1) € Sp,, ws,(n) € Fp and wg, (i + 1) € ép(ws,(i)) for all i =
1,...,n — 1. An accepting run wg, produces a word wy = wx(1)...wx(n), where
wx (i) = t(wg, (@), foralli = 1, ..., n. The output language .Z4,, of a dual automa-
ton Ap is the set of all words that are generated by accepting runs of Ap. The con-
struction of a dual automaton Ap from an FSA A guarantees that any word produced
by Ap is accepted by A, and any word accepted by A can be produced by Ap:

Proposition 11.1 The output language of the dual automaton Ap coincides with the
language accepted by the automaton A, i.e., £y = %4,

Proof =: For every word wy = wx(1)...wx(n) accepted by automaton A, there
exists a run wg = wg(1)...wg(n + 1) such that wg(1) is sg, ws(n+ 1) € F and
Sa(ws(i),ws(i)) =ws(i+ 1) for all i =1, ..., n. The transition sequence of this
run corresponds to an accepting run

ws, = ws, (1) ... ws, () = ws(1), we(1)) ... (Wws(n), ws (1))

of the dual automaton which generates the word wy since wg, (1) = (ws(1),
W (1)) € Spys ws, (1) = (ws(n), ws () € Fp, ws, (i + 1) € 8p(ws, (i) for all i =
1,...,n—1and tp(ws,(i)) = wx (i) foralli=1,...,n.

<: Similarly, a run ws, (n) = (ws(1), wx (1)) ... (ws(n), wx (n)) of Ap that pro-
duces the word wy = wyx(1)...wx(n) yields arun wg = wg(1) ... wg(n + 1) of A
which accepts the word wy. |
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The final states of the dual automaton Ap which correspond to the transitions that
leave a final state of A can only be reached from the initial states of Ap through
other final states of Ap. In other words, if wg, = wg, (1) ... ws, (n) is an accepting
run of Ap, and wg,(n) corresponds to a transition that leaves a final state of A,
then wg, = wg, (1) ...ws,(n — 1) is also an accepting run of Ap. For simplicity, we
construct a simpler dual automaton Ay by removing such states and the transitions
adjacent to them from Ap. Note that any accepting run of Ay is also accepted by
Ap, and any accepting run of Ap contains a prefix that is accepted by Ap . In the
following, for simplicity and without the risk of confusion, we denote the simplified
dual automaton by Ap.

As summarized in Algorithm 20, after we construct the embedding transition
system Ty = (X, Xy, S, Oy, 0y ) of the PWA control system #/, we translate
the scLTL specification ¢ over Oy into an FSA A = (S, 59, O, 84, F'), and then
take the dual Ap = (Sp, Spo, O, 8p, Tp, Fp) of the FSA A. A word

wo, =Wwo,, (1)...wo,, (n)
produced by an accepting run

ws, = ws, (1) ... ws,(n)

of Ap, i.e., ip(ws, (i) = wo,, (i) forall i =1, ..., n, defines a sequence of sets

Xwo,, (1) - - Xwo,, )

in the state space of system 7% . Any run

wx, =wyx,, (1)...wx, (n)

of Ty with wy,, (i) € X, @),1=1,...,n satisfies the specification by Proposi-
tion 11.1. Consequently, the dual automaton construction reduces the controller syn-
thesis part of Problem 11.1 to solving a finite number of region to region control
problems defined by the transitions of Ap. Note that these regions correspond to
polyhedral sets in the state space of the PWA control system %#.

For a dual automaton state s € Sp, we use R; € Xy to denote the corresponding
region of system Ty, e.g., for a state s of the initial dual automaton Ap constructed
from A, R := X;,(5). For a transition map 8p, if s € §p(s) and s # s', we denote the
transition from s to s” by (s, s"), and the set of all transitions between two different
states of Ap by

Ap = Uses, {(s,8) | 5" € 8p(s), s # ')
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Example 11.2 The dual Ap of the FSA A from Example 11.1 (Fig. 11.1b) is
shownin Fig. 11.2a. A possible accepting run ws, = (so, 1)(s2, 1)(s2, 2)(s2, 4)
(s1,4) of Ap defines a sequence of regions X; X X,>X4Xy, and any run wy,, =
wx,, (Dwx,, Q)wx,, G)wx,, 4wy, (5) of Ty from Example 11.1 that fol-
lows the sequence of regions, i.e., wx,, (1) € X, wx,, 2) € X;,wx,, (3) €
Xy, wx,, (4) € X4, wy,, (5) € Xy, satisfies the specification ¢. The run of the
embedding transition system 7% shown in Fig. 11.1a follows the sequence of
regions defined by the accepting run

ws, = (S0, D(s2, D)(s2, D)(s2, D)(s2, 1) (52, 2) (53, 4).

The final states of the dual automaton Ap which correspond to the tran-
sitions that leave a final state of the FSA A are shown in gray, and the dual
automaton Ap obtained by removing these states and transitions is shown in
Fig.11.2b. The run wg,, = (so, 1)(s2, 1)(s2, 2)(s3, 4) is accepted by both of
the dual automata.

(a) 4p (b) Apr

Fig. 11.2 The dual of the FSA (Fig.11.1b) from Example 11.1 (a) and the simpli-
fied version of it (b). For the automaton Ap shown in (a), (so, 1) is the initial state,
and {(s2,4), (s3,4), (s1, 1), (51,2), (51, 3), (51,4), (s1,Out)} is the set of final states. For
simplicity of representation, the states {(si, 1), (s1,2), (s1,3), (s1,4), (51, Out)} are shown
together as (sy, 1/2|3|4|Out). The dual automaton Ajp obtained by removing the states
{(s1, 1), (51, 2), (51, 3), (51,4), (51, Out)} (represented by (sy, 1|2|3|4|Out)) and the transitions
adjacent to them (shown in gray in (a)) from Ap is shown in (b). For automaton Ay, (so, 1) is
the initial state, and {(s2, 4), (s3, 4)} is the set of final states
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A transition (s, s") € Ap induce a region to region, Ry — to — Ry controller syn-
thesis problem. We say that a transition (s, s") € Ap is enabled if there exists an
admissible control law that achieves the transition for all x € R,. Two conditions are
introduced for constructing admissible controllers according to existence of a self
transition of the source state s:

e When the source state has a self loop, s € dp(s), a controller enables a transition
(s, s) if the corresponding closed-loop trajectories originating in Ry reach Ry in
finite time and remain within R, until they reach Ry.

e When the source state does not have a self loop, s ¢ Sp(s), a transition (s, s’) is only
enabled if there exists a controller such that the resulting closed-loop trajectory
originating in R, reaches Ry at the next discrete-time instant.

For every transition from the set Ap, if a controller that enables the transition can be
constructed, then every resulting closed-loop trajectory originating in Useg,,, Ry Will
satisfy the specifications by Proposition 11.1. However, existence of such controllers
is not guaranteed for all the states of Ty within Xy .

Problem 11.1 aims at finding the largest subset of X, for which the region-to-
region control problems induced by the dual automaton are feasible. To this end, first,
the dual automaton is pruned by checking the feasibility of transitions and states for
the embedding transition system T .

The feasibility of the transitions of the dual automaton is first checked by consid-
ering the transitions of Ty, i.e., the particular dynamics of the PWA system % and
the set U where the control input takes values. The set of states that can be reached
from the region of state s € Sp in one step is defined as Post (R, X'y ), where Post()
is defined in Eq. (1.2).

For a transition (s, s") of the dual automaton, if Post (R, X+ ) N Ry = @, then this
transition is considered infeasible, since there is no admissible controller that enables
this transition. As Ry and X (the control set U) are polyhedral sets, Post(R,) can
be computed by considering the PWA dynamics:

Post(Rg, U) = hull({A;,5)v + Bryit + Crps) | v € V(Ry), u € VU)}). (11.2)

Algorithm 21 summarizes the pruning procedure. Once the infeasible transitions
are removed as in line 2, the following feasibility tests are performed. A state and all
of its adjacent transitions are removed from the dual automaton either if it does not
have an outgoing transition to another state and it is not a final state or if it does not
have an incoming transition from another state and it is not an initial state (line 6).
Removing such states and transitions does not reduce the solution space since such
states cannot be part of any satisfying trajectory.



212 11 Language Guided Controller Synthesis

Algorithm 21 PRUNING(Tw,Ap = (Sp, Sp,, O, 6p, Tp, Fp)):Pruned  dual
automaton Ap = (Sp, SD(), O, ép, tp, Fp)

1: Sp = Sp

2: 8pr(s) ={s' | ' € 8p(s), Post(Ry, X)) N Ry # B}

3: while Sp # ¢ do

4: forall s €Sp do

5: Sp=S5p\ {s}

6: if (s¢ Fp AND{s | (s,5') € Ap'} = #)OR(s & Sp, AND{s | (s, s) € Ap} = ) then
7: Spr = Spo \ {s}

8: Sp=SpU{s"| (5,5) € Ap} U{s" | (s/,5) € Apr}

9: end if

10:  end for

11: end while
12: 506 = Sp, N Spr

Example 11.3 The states of the simplified dual automaton Ap = (Sp. Sp,,
Oy, ép, Tp, Fp) shown in Fig. 11.2b from Example 11.2 are relabeled and
shown in Fig. 11.3a. The regions of the states of the dual automaton Ap, are

RSO = RS] = Xla RSZ = X27 RS3 = RS4 = X47

where X;, i = 1, 2, 3, 4 are the operating regions of 7 (shown in Fig. 11.1a).

We apply Algorithm 21 to the transition system 7% and automaton Ap, and
obtain the pruned initial dual automaton denoted by Apy = (Spo, Spo,, O,
3po, Tpo, Fpo)- We first check the feasibility of the transitions of Ap (line 2).

Post(Ry,, Xy ) (= Post(R,,, Xy)) and Post(R,,, Yy) are shown in
Fig.11.4. The transitions leaving sp in the pruned automaton Ap, are set
as (SDQ(SO) = {Sl, S2} since (SD(S()) = {Sl, 852, S4} and POSI(RXO, 27//) N Rs1 75 @,
Post(R,, Xy) N R, # ¥, and Post(Ry,, X) N Ry, = @. Note that the transi-
tion (so, s4) is not added to the pruned dual automaton since R, is not reachable
from Ry, . Similarly, the set of transitions leaving s is po(s1) = {s1, 52}, since
Sp(s1) = {s1, 82, 84}, Post(Rs,, Xw) N Ry, # 0, Post
(Rs,, Zo) NRs, # ¥ and Post(Rs,, Xy) N Ry, = . Finally, épo(s2) = {s3},
since 8p(s2) = {s3} and Post(Ry,, Xw) N R, # 0.

When transitions (sq, 54) and (51, s4) are removed, state s4 becomes infeasi-
ble since it is not reachable from the initial state sq. s4 satisfies the second con-
dition given in line 6, and hence s4 and all transitions adjacent to it are removed.
All the remaining states are feasible, and the resulting pruned automaton Apg
is shown in Fig. 11.3b.
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(a) Ap (b) 4po

Fig.11.3 The dual automaton from Fig. 11.2b (a), and the dual automaton A p( obtained by pruning
Ap (b)
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Fig. 11.4 One step reachable sets from X (a) and X (b) are shown in grey

11.2 Dual Automaton Refinement

Algorithm 21 guarantees that a non-empty subset of a source region R; is one-step
controllable to the target region Ry corresponding to the transition (s, s’) € Apo.
However, this does not imply the feasibility of the corresponding region-to-region
control problem, which is formally defined next.
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11.2.1 Transition Controllers

Problem 11.2 (Region-to-region control) For a given transition (s, s) € Ap of a
dual automaton Ap and transition system 7%, construct a control function g : Ry, —
X such that for all x € R, there exists N, € N, N, < oo and

x(0) = x,

x(k + 1) = 8y (x(k), g(x(k))), k=0,...,N.— 1,
x(k) € R, k=0,...,N.— 1,
x(N,) € Ry.

Enabling a transition (s, s”) requires a control function that solves Problem 11.2
for that transition if s € §p(s). If, however, s ¢ 8p(s), the transition (s, s') is enabled
only if there is a solution to the control problem with N, = 1 for all x € R;.

For a transition (s, s') € Ap, the set of states in R, that can reach Ry in one step is
called a beacon. We use B,y to denote the beacon corresponding to transition (s, s'),
which is defined as

Bsy ;= R; N Pre(Ry, X ),

where Pre(Ry, Xy ) is the set of states that can reach Ry in one step as defined
in Eq. (1.3). In particular, for an embedding transition system T, By is defined
according to the corresponding affine dynamics:

Bm’ = {x € RX | JuelU :Arp(s)x + Brp(s)u + Crp(s) € Ry}. (113)

IfR;, Ry and U are polytopes, then B,y is also a polytope and computed via orthogonal
projection (see Appendix A.3).

By the definition of a beacon By, Problem 11.2 can be decomposed in two sub-
problems. The first problem concerns the computation of a control function which
generates a closed-loop trajectory, for all x € By, that reaches Ry in one step. The
second problem concerns the construction of a control function which generates a
closed-loop trajectory, for all x € Ry, that reaches B,y in a finite number of steps.
These synthesis problems are formally stated next.

Problem 11.3 For a transitions system T, let B and R be subsets of Xy with
B C Pre(R). Find a control function g : B — Xy such that §y (x, g(x)) € R for all
x € B.

Problem 11.4 For a transitions system T, let B and R be subsets of Xy with
B C R. Find a control function g : R — Xy such that for all x € R, there exists
N, € N;, N, < o0 and:
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x(0) = x,

x(k+ 1) =8y (x(k), g(x(k))), k=0,...,N,— 1,
x(k) eR k=0,...,N,,
x(N,) € B.

For a transition (s, s") € Ap, while Problem 11.3 is always feasible since Bsy €
Pre(Ry), Problem 11.4 is not necessarily feasible for any set R and corresponding
beacon By .

Remark 11.1 For the considered PWA dynamics, and polyhedral sets R, Ry and
B,y , Problems 11.3 and 11.4 can be solved via linear programming. We present two
methods for solving these control problems in Appendix A.6. The first solution is
based on vertex interpolation and requires iteratively solving a finite number of linear
programs. The second solution is based on contractive sets. While more conservative,
the latter only requires solving a single linear program.

If a control function g,y (-) that solves Problem 11.2 for the transition (s, s) is
found, we use W(s, s") to denote the minimum number of steps necessary for all
states in Ry to reach Ry in closed-loop with g (+), i.e.,

W(s, s') = max N,,

XER;

where N, is as defined in Problem 11.2. If no controller can be found, then the weight
W(s, s') is set to infinity.

11.2.2 Refinement

An iterative algorithm is developed to refine the states of the dual automaton, and
hence the corresponding regions, until the largest set of satisfying initial states of T
and the corresponding control strategy is found. Algorithm 22 refines the automaton
at each iteration by partitioning the states for which there does not exist an admissible
sequence of control actions with respect to reaching a final state. The algorithm does
not affect the states of T that can reach a final state region and as such, it results in
a monotonically increasing, with respect to set inclusion, set of states of system 7
for which there exists an admissible control strategy.
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Algorithm 22 REFINEMENT(Ty, Apo = (Spo. Spoy,» Ow . 6po. Tpo. Fpo)): Refined
dual automaton Apg = (Spr, Spr,» O, pr> TR, FDR)

1: W(s, s") = FeasibilityTest(s, s'), for each (s, s") € Apo

2: WP = ShortestPath(W, Fpy)

3: CandidateSet = {(s, s') | (s,5) € Apo, WP (s) = oo, WF(s) # oo}
4: k:=0

5: while CandidateSet # () do

(8p 51) := minye ) {(s,5) | (5,5") € CandidateSet)

Apy = Partitioning (Apk, Sp, St)

Api+1 = Pruning(T- , Apy')

9:  W(s, s') = FeasibilityTest(s, s"), for each (s, s') € Apga1

10:  W? = ShortestPath(W, Fpi41)

11:  CandidateSet = {(s,5') | (s,5') € Apgs1, WF(s) = 0o, WP (s') # o0}
12: k:=k+1

13: end while

oD

At each iteration k of Algorithm 22, for each transition (s, s") from the transition
set Apg, Problem 11.2 is solved and a weight W(s, s’) is assigned according to the
solution. Then, a weight is computed for each state s € Sp;. The weight W¥'(s) of
a state s is defined as the shortest path cost from s to a final state on the graph of
the automaton weighted by W(-). The ShortestPath procedure computes a shortest
path cost for every state of Ap; using Dijkstra’s algorithm [47]. Then, the set of
candidate states for partitioning is constructed as follows. A state s that has an infinite
weight (WP (s) = oo) and a transition ((s, s') € Apy) to a state that has a finite weight
(WP (s") < 00)is chosen as a candidate state for partitioning (lines 3 and 11). Then, a
transition (s, s;) is selected from the set of candidate set by considering the path costs
in line 6. The state s, with infinite weight is partitioned according to the transition
(sp, 8;). This partitioning procedure is explained next. The partitioned automaton
Apy 1s pruned to remove infeasible states and transitions in line 8.

11.2.3 Partitioning

A state s, is partitioned into a set of states Sp = {sy, ..., 54} via a polyhedral partition
of R;,. The transitions of the new states are inherited from the state s, and new states
are setasinitial statesif s, € Sp, to preserve the automaton language. The partitioning
procedure is summarized in Algorithm 23.
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Algorithm 23 PARTITIONING(Ap = (Sp, Sp,, O , ép, Tp, Fp), 5p): Partitioned dual
automaton Ap = (Spr, Sp;. Oy, 8p'. T, Fip)
dRy; and Ry, N Ry = () forany i # j

: Sp ={s1,..., 84} such that Rs,, = Uj=1
2 Sp = (Sp \ {sp}) USp

1 Spr = Sp N Sp,

SD[) =Sp USp ifsp € Sp,

£ 8p/(5) = 0p(s) \ {sp) for each s € Spy \ Sp
1 if 5, € 6p(s) then

3pr(s) = 8pr(s) USp

. end if

9: 6pr(si) = 0p(sp) \ {sp} foreach s; € Sp
10: if 5, € 6p(sp) then

11 épr(si) = dp(si) U Sp

12: end if

13: 7pr(s) = tp(s) foreach s € Spr \ Sp

14: tp(s;) = tp(sp) for each s € Sp

0N DU A WN —

While Algorithm 23 is designed for partitioning a state s, via any polytopic par-
tition of Ry, (line 1), here, we follow a heuristic partitioning strategy guided by a
transition (s, s;). Region R;, is partitioned into two subregions using a hyperplane
of the beacon Bj;,. The hyperplane that maximizes the radius of the Chebyshev ball
that can fit in any of the resulting regions is chosen as the partitioning criterion.
Choosing a hyperplane of the beacon ensures that only one of the resulting states
can have a transition to s,. Even if a controller that enables the transition to s, does
not exist for this state, after further partitioning the beacon becomes a state itself
and the transition is enabled for it. The employed maximal radius criterion is likely
to result in a less-complex partition, as opposed to iteratively computing one-step
controllable sets to By,

The dual automaton at the k-th iteration of Algorithm 22 is denoted by Ap; =
(Spks Spkys Ow  Spk, Tok» Fpk). For the dual automaton Apy, the set Xf is defined as
the union of the regions corresponding to initial states with finite weights:

X/ = U R,. (11.4)

se{s'€Sp, [WP(s") <00}

The refinement algorithm (Algorithm 22) stops when there are no transitions from
states with infinite weights to states with finite weights, i.e., when the candidate set
for partitioning is empty. Note that when a state is partitioned, the new states inherit
only the transitions that satisfy a reachability condition, as the infeasible transitions
and states are removed by the pruning algorithm in line 8 of Algorithm 22. Therefore,
when the algorithm stops all states have finite weights. Moreover, the feasibility check
of the transitions (line 2 of Algorithm 21) and the feasibility check of the states (line 6
of Algorithm 21) guarantees that either
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Fig. 11.5 The initial dual automaton (a), the partitioned dual automaton (b), and the state regions
(c) in the first iteration of the refinement algorithm. The weights of the states and the transitions are
shown in (a). The infeasible states and infeasible transitions of Apy are shown in gray in (b). The
state regions of Apy and the beacon By,, (= Ry, |, in gray) are shown in (c)

e the regions of the states removed in line 8 of Algorithm 22 are not reachable from
initial states with finite weights through automaton transitions, or

e the regions of the final states are not reachable from the regions of the states
removed in line 8 of Algorithm 22 through automaton transitions.

Example 11.4 We apply Algorithm 22 to the transition system 7'y and the
pruned automaton Apg (shown in Fig. 11.3b) from Example 11.3. We explain
and illustrate schematically the first three iterations of the algorithm. First, for
each transition (s, s) from the set Ap, a region-to-region control problem
(Problem 11.2) is solved and a weight W (s, s') is assigned (line 1). A control
function is found only for transition (s, s;), and the weights of the other
transitions are set to infinity. Then, a weight is computed for each state. The
transition and the state weights for Apg are shown in Fig. 11.5a.

The candidate set for Apg is {(s2, s3)}. s is partitioned into {sy 1, s22}
according to the beacon By, , which is shown in Fig. 11.5¢. The refined automa-
ton obtained by partitioning s, is shown in Fig. 11.5b, where the infeasible
states and the infeasible transitions that are removed by the pruning algorithm
are shown in gray. While the transition (s, 2, s3) is removed via the feasibility
check performed in line 2 of Algorithm 21, state s, , and transitions adjacent
to it are removed in line 6 of Algorithm 21.
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The automaton Ap; generated in the first iteration is shown in Fig. 11.6a. In
the second iteration, the transition (sy, 52 1) is chosen from the candidate set
{(s0, 52,1), (51, $2,1)} for partitioning. The hyperplane of the beacon By, , that
maximizes the radius of the Chebyshev ball that can fitin R, | and Ry, , is used
to partition s into {s; 1, s1.2}. The second iteration is illustrated schematically
in Fig. 11.6.

Automaton Ap, the weights of its transitions and states are shown in
Fig.11.7a. In the third iteration, the transition (s; 2, $2.1) is chosen from the
candidate set {(so, $2.1), (1.2, $2,1)}, and sy 7 is partitioned into {s1 2.1, 1,22}
After this refinement step, the beacon By, s, , becomes the region of state sy 3,1,
and the transition (s 2.1, $2,1) is feasible for s; 5 1 since Ry 21 € Pre(s.1). The
regions of automaton Apy are shown in Fig. 11.7b.

The algorithm partitions a state at each iteration and terminates at the 13-th
iteration. For a dual automaton Ap; obtained at the k-th iteration, the set of
satisfying initial states Xf of Ty is computed as the union of the regions of
the initial states with finite weights (see Eq. 11.4). These regions are shown in
Fig.11.8.

Proposition 11.2 Given an arbitrary iteration k > 1 of Algorithm 22, the setXf as
defined in Eq. (11.4) has the following properties:

(1) There exists a sequence of admissible control actions such that every closed-
loop trajectory of system Ty originating in XZ) satisfies the formula ¢, and

10
\RSQ.l RS3
_ Q R B
- 6
By
OO
) :
2
‘ 0 Rsl,l RSI,Q
0 @ 0 2 4 6 8 10
X1
(a) Api (b) Apy (c) Regions of 4/

Fig. 11.6 Automaton Ap; (a), partitioned automaton Apys (b), and the state regions (c¢) in the
second iteration of the refinement algorithm. The weights of the states and the transitions are shown
in (a), and the infeasible transition is shown in gray in (b). The beacon By, s, | is shown in gray, and
the hyperplane of By, , that is used to partition Ry is shown with a dashed gray line in (¢). As so
is not partitioned, Ry, = Ry, ; URy, ,
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Fig. 11.7 Automaton Ap, (a) and the state regions (b) in the third iteration of the refinement
algorithm. The weights of the states and the transitions are shown in (a)

(i) X¢, < X,

Proof (i) A finite path weight for a state s € Spy, implies that there exists an accept-
ing automaton run ws,, = ws,, (1), ..., ws,, (n) such that s = wg,, (1), W(wsg,, (),
ws,(i+1)) <oo for all i=1,...,n—1, and WP (s) = Z;’;ll W(ws,, (i),
ws,,, (i +1)). As a transition weight is assigned according to the existence of the
controller that enables the transition, there exists a control sequence that ensures that
every closed-loop trajectory originating in Ry (1) reaches Ry, () by following the
automaton path. Considering that removing states and transitions only reduces the
language of the automaton, by Proposition 11.1 it follows that %}, € .Z).f . Since
the proposed partitioning procedure preserves the language, we have £y, € %, ;-
Consequently, Z4,, € Z,rr.¢ and the resulting trajectories satisfy the formula.

(ii) For any x € X?q’ there exists an accepting automaton run
WSpi1 = WSpis @, ..., WSpi_1 (n)

withx € RwsDk,] @) and WP(WSDk—l () = Z?:_ll W(WSDk—l (@, WSpi—1 (i+1)).Let Sp be
the state chosen for partitioning at iteration k. Then, W”(s,) = oo and s, can not
appear in ws,,_,i.e., s, #ws, ,(i),i=1,...,n, since W2 (ws,,_, (i) < oo for all
i=1,...,n. Asonly the transitions adjacent to s,, and the states with infinite weights
are affected by partitioning, ws,, , (i) € Spr foralli=1,...,n,andws,, (i+1) €
Spk(Ws, (@) foralli =1, ..., n — 1. Therefore, x € RwSm(l),

wsp,, = ws,, (1), ..., ws,, (n), where wg,, (i) =ws,, (i), foralli=1,...,n,

is an accepting run of Ap; with finite weight and thus, x € Xf Observing that x €
Xf_l was chosen arbitrarily completes the proof. |
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Fig. 11.8 The set of satisfying initial states found at iterations k = 5, ..., 13 are shown in gray

11.3 Control Strategy

In this section, we provide a solution to Problem 11.1 by using the refined dual
automaton Apg = (Spr, Spr,» O » Opr, Tor, Fpr) and its transition controllers syn-
thesized during the refinement, e.g., {g, (-) | W(s, s') < co}. We first define a suc-
cessor function, which determines the strategy for a given refined dual automaton.

Definition 11.2 A function I" : Sp — Sp is called a successor function for a dual
automaton Ap = (Sp, Sp,, Zp. 0p, Tp, Fp) (Definition 11.1), and transition weight
function W : Sp x Sp — N, if it satisfies:

i. I'(s) = sif and only if s € Fp.
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ii. I'(s) € ép(s) and W(s, I"'(s)) # oo forall s € Sp \ Fp.
iii. Foreachs € Sp, there exists a finite n € N such that I'"(s) € Fp, where I'"(s) =
I (I='(s)) and I'(s) = s.

A successor function I7(-) of a dual automaton Ap induces a partial order < over
Sp such that I""(s) < s for all n € N. Moreover final states of Ap are fixed points
of the function I"(-).

Definition 11.3 Given a successor function I"(-) for a dual automaton Ap, the
automaton potential of a state s € Sp is defined by the function Wy : Sp — N as
follows:

W, (s) ={0 ifs € Fp (11.5)
W(s, I'(s)) + Wr(I'(s)) otherwise.

For any s, s’ € Sp, s < s implies that Wy (s) < Wr(s).

A successor function I according to Definition 11.2 can easily be constructed by
traversing the graph of the automaton staring from the final states. Let Sy denote the
states that are traversed. Initially, set I" (sy) := sy, sy € Fpg and St := Spg. Then iter-
atively choose a state s from the set Spg \ S7 such that there exists a state s’ € Sy and
W(s, s') < oo, and set I'(s) := s’ and Sy := St U {s}. Note that, while constructing
a successor function I'gp as outlined above, if s’ and the candidate state s are chosen
such that

(s,8") = arg min W(s, s') + Wr, (s), (11.6)
(s,8")€{Spr\ST}*x ST and s’ €8pr (s) ’

then W, (s) is the cost of the shortest path from s to a final automaton state on
the graph of the dual automaton weighted by W. The successor function W, can
equivalently be defined as follows:

Tsp(s) = [s $ € Fo 11.7)

arg minwr (o) {s" € Spr(s)} s & Fpr

In particular, I'sp(s) is the state that succeeds s in the shortest path from s to a final
automaton state. The pruning step and the termination condition (CandidateSet = ()
guarantee that WX (s) < oo for each s € Spg. Therefore, the function I'sp(-) satisfies
all the properties of Definition 11.2, and is a successor function for Apg. It is clear that
the automaton potential function induced by I'sp(-) equals to WF(.), i.e., W ry(8) =
WP (s) for each s € Spg.

We define a feedback control automaton from the refined dual automaton Apg
and a successor function. For a given state xy of Ty, there might be more than
one accepting automaton run originating from an initial state s € Spg, with xyp € R;.
Essentially, the successor function determines an automaton run among those, and
the corresponding controller sequence.



11.3 Control Strategy 223

Definition 11.4 Given a dual automaton Apg = (Spr, Spr,» O, Spr> Tors FDR),
its transition controllers, the corresponding transition weight function W : Spg X
Spr — N, and a successor function I" : Spr — Spg, a feedback control automaton
C= (Sc, Sco, X'yy, Tc, E'yy, 7'[) is defined as

e Sc = Spr is the set of states,

e Sco = Spr, 1s the set of initial states,

e Xy is the set of inputs (the set of states of Ty ),

e ¢ : S¢c X Xy — Sc is the memory update function defined as:

I'(s) ifx € Rp
Tc(s,x) =4s ifx € Ry \ Ry
1 otherwise

e Xy is the set of outputs (the set of inputs of Ty ),
e 7 :Sc X Xy — Xy is the output function:

(s, x) = gsrs)(X),

where g : Ry — Xy is the feedback control function that solves Problem 11.2
for transition (s, I"(s)).

The set of initial states X?W of Ty is defined as the union of the regions of the
initial states of C:
Xy = U R,. (11.8)

SESCQ

The feedback control automaton C reads the current state of 7%, produces the control
input to be applied at that state of the transition system, and updates its internal
state. The control function £2 is given by C as follows: for a sequence x(1) ...x(n),
x(1) e X¢W, we have 2(x(1)...x(n)) = o, where o0 = w(s(n), x(n)), s+ 1) =
T (s(@), x(Q)), and x(i + 1) = Sy (x (D), w(s(i), x(i))), forall i e {1, ..., n — 1}. As
the controls and the states of the transition system 7% and the PWA control system
W are the same, the control function £2 directly maps to a control function for #'.

For transition system T and a control automaton C as constructed in Defini-
tion 11.4, the time required to satisfy the specification for trajectories of T origi-
nating in Ry, s € S¢o is upper bounded by W (s). Consequently, the time required
to satisfy the specification starting from any state x € X7 = of system T is upper
bounded by

max W (s).

SGSCO

The successor function defined in Eq. (11.7) minimizes this bound.

Proposition 11.3 Every closed-loop trajectory produced by the control strategy
(X?W , §2) satisfies formula ¢.
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Proof The set of states, the set of initial states and the set of final states of the
control automaton C and the refined dual automaton Apr are the same. More-
over, if 7c(s,x) = ¢, then s" € dpgr(s). Consequently, an accepting run of C cor-
responds to an accepting run of Apg. The proof that all the trajectories of the closed
loop system satisfy the formula follows immediately from Proposition 11.2 since
¢ ¢
X7, = Xg- |
The following theorem states that when the refinement algorithm terminates, the
proposed solution to Problem 11.1 is complete, i.e., X?W is the largest satisfying
region.

Theorem 11.1 Suppose Algorithm 22 terminates. Then any trajectory of the embed-
ding transition system Ty that produces a word wy,, € £y originates in X?W
(Eq.11.8).

Proof To show that any satisfying trajectory originates in X?W, assume by contra-
diction that there exists a trajectory

Wx,, = wa(l), e Wy, (n)

such that wy, (1) ¢X?W and the trajectory satisfies the specification, i.e.,

Wwo,, = wo,, (1), ..., wo,, (n) € Lrr.¢ Where wo,, (i) = oy (wx,, (i) for all i =
1, ..., n. Then by Proposition 11.1, there exists an accepting run
WSDo = WSDO(l), ey WSDO (n)

of the initial dual automaton Apg such that

wx,, (i) € Ry, ), foralli=1,... n.

wy,, (1) ¢ X?w indicates that a state s with wyx,, (1) € R, obtained by partitioning
Ws,, (1) is removed during the pruning step. Assume that the pruning step is not
employed. Then run wg,,, induces a unique refined dual automaton run

Wepe = Wspe (1), o0, W, (),

where wg,, (i) and wg,, (i) coincide or wg,, (i) is obtained from wg,, (i) through par-

titioning and wy,, (i) € Ry, (i) S Ruy, o foralli=1,... n.
LeF wg, =.w’SDR (m), ..., wg  (n,) be obtained by eliminating consecutive dupli-
cates in wy,,, i.e., foreachi =1,...,n"
n; <i, and wy,, (k) € RW’SDR(”")’ foreachk =mn;,...,i — 1.

Then, wy,, (1) ¢ X?W indicates that W” (wgDR (n1)) = oo. Hence, either

Post(Ry; ) NV Ry, oy =9V or W(wg,, (n), W, (ni41)) = 00
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for some i =1,...,n — 1. Let n; be the maximal index where either one of the
equalities given above holds. Therefore, W(wfgl)k (ng), Wé‘nk (ng+1)) < oo forall k =
i+1,...,0 -1 andWP(w’SDR(nk)) <ooforallk =i+ 1,...,n". As Algorithm 22
terminates, it holds that

Post(Ry) ﬂ { U RS/] = ¢ (11.9)

WP (s') <00, (5.5 )€ Apr

for all s € Spg with W¥(s) = co. Consequently, Post(R,. ) NRy. .y = 9,
spr M Spr il

there is no control o € X'y that satisfies wy,, (ni+1) = o (wx,, (nix1 — 1), o).

Therefore wy,, is not a trajectory of T and thus, we reached a contradiction.

Example 11.5 We consider the double integrator dynamics with sampling time
of 1 second. We assume that the controls are constrained toset U = [—2, 2], and
the states are constrained to set X = [—10, 2]>. There are 13 regions of interest
X, leL, L={1,2,...,13}, which are shown in Fig. 11.9a (see also Exam-
ple 2.4). This system can be written as a two—dimensional fixed-parameter
PWA control system % (Definition 6.2):

11 0.5 0
A 13=[01}, By, 13=[1},C1 ..... 13=|:0i|- (11.10)

We consider the specification described in Example 2.4, which is to visit
regions X, or X9 and then the target region X7, while avoiding X;; and X, and
staying inside X until the target region is reached. This specification translates
to the following scLTL formula over L U {Out}:

p=(=11 A =12 A =Ou)UT)A(=TU 2 V 9))

We apply Algorithm 20 to find the largest set of satisfying initial states of the
system, and the corresponding control strategy. The FSA A that accepts £}, ¢
is shown in Fig. 11.9b. The initial dual automaton Ap, constructed according to
Definition 11.1 from FSA A has 21 states and 194 transitions; 116 of the transi-
tions are removed via the pruning algorithm applied in line 4 of Algorithm 20.
The refinement algorithm (Algorithm 22) terminates after 108 iterations, thus
the largest set of satisfying initial states Ti’,} is found. We define a control
automaton C, which has 116 states, according to the successor function Isp(-)
defined in Eq. (11.7). When the control strategy (Tf;/, §2) defined by C is
used, all trajectories originating from T‘; satisfy the specification within 15
time steps. The set of satisfying initial states found at iterations k = 20, 50, 80
of the refinement algorithm, the set T? . and some satisfying trajectories of
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the closed loop system are shown in Fig. 11.10. In this example, the transition
controllers and the corresponding transition weights are computed using the
vertex interpolation method presented in Appendix A.6.2.

Example 11.6 We consider the PWA system with 36 polytopes defined in
Example 9.3 with a slight modification of the control set, U= {u € R? |
—25<u; <25,i=1,2}.

The specification considered in Example 9.3 was to reach Xy and remain in
there forever, while staying in X and avoiding regions X7, X;g, X9 and Xpg.
Note that the satisfaction of “always remain in X, can not be guaranteed in
finite time. Therefore, it can not be expressed in scLTL. Here, we consider a
slightly different specification expressed as the following scLTL formula

¢ =(—17 A =18 A =19 A =20 A —=Out) U 10.
The trajectories satisfying formula ¢ reaches X, while staying in X and avoid-

ing regions X7, X3, X9 and X,9. The operating regions of the PWA system
are shown in Fig.9.4.

5 113/4/5/6/8/10]13
X Xo|X3| Xy
0 Xs X6 IX7I Xs
XL(]
i %
é\‘ -4 Xll
X]K
_6 X12
-8
-10
-10 8 -6 4 2 2
}11 v 112/314/5/6/7189]10]11]12]13|Out
(a) Regions of b) ¢ = ((m11A=12A=0ut) UT)A

(~7U (2 9))

Fig. 11.9 The regions of the PWA control system from Example 11.5 (a) and the FSA constructed
from ¢ (b). For the FSA, s is the initial state and s3 is the accepting state. As before, if several
transitions exist between two states, only one transition labeled by the set of all inputs (separated
by the symbol |) is shown
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We apply Algorithm 20 to find the largest set of satisfying initial states of
the system, and the corresponding control strategy. The FSA A that accepts
Zref.¢ has two states and three transitions. The initial dual automaton Ap
constructed according to Definition 11.1 from FSA A has 32 states and 961
transitions (each of the states correspond to an operating region of %, and
the states associated with X7, X5, Xj9 and Xjo are not represented); 796
of the transitions are removed via the pruning algorithm applied in line 4 of
Algorithm 20. We apply two controller synthesis methods presented in A.6,

: | R TN\ X

SN SN

& -4
g S
-B -6
-8 -8
-10 -10
10 8 6 -4 -2 0 2 10 8 6 -4 -2 0 2
X1 X1
(a) X%, (b) X5,
2 2
A A\ 7 7\
\\ oy \H// \,
0 [ ] 01
N
X \R
o 4 S -4 \\
E“—h,:‘:
5 6 )
-8 -8
-10 -10
10 8 6 -4 -2 0 2 40 -8 6 -4 -2 0 2
X1 X1
© X3, @ 7

Fig. 11.10 The set of satisfying initial states found at iterations & = 20, 50, 80, 108 are shown in
yellow. Sample trajectories of the closed loop system are shown in (d), where the initial states are
marked by circles. The trajectories coincide in the last 6 steps before they reach the target region
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namely vertex interpolation (see A.6.2) and polyhedral LFs (see A.6.3), to
synthesize transition controllers, i.e., to solve Problem 11.2. In both cases,
we used the successor function I'sp(-) defined in Eq.11.7 to define control
automata from the corresponding refined dual automata.

When the vertex interpolation method is used with a maximal transition
cost 5 (S = 5, see A.6.2), the refinement algorithm terminates after 75 iter-
ations. The refined dual automata has 107 states and 418 transitions. The
corresponding control automaton guarantees that any trajectory originating
in T; = X \ Ui=17.18.19,20X; satisfies the specification within 54 time steps.
When the contractive sets method is employed, the dual automaton is not
refined since all the states have finite costs. Hence, the corresponding control
automaton has 32 states. In this case any trajectory originating in T‘; satisfies
the specification within 175 steps. Note that the sets of satisfying initial states
found in both of the cases are the same, since the termination of the refinement
algorithm guarantees that the resulting set Xﬁ (see (11.4)) is the largest set
of satisfying initial states. The regions of the refined dual automata and some
trajectories of the closed loop systems are shown in Fig. 11.11.

Although a smaller control set is used in this example compared to the
example from Example 9.3, the set of satisfying initial states found in Exam-
ple 9.3 is smaller than X}’;. This is due to the refinement procedure and the
differences between control strategies, i.e., a constant control input is assigned
to each partition set in Example 9.3, while, here, a feedback control law is
synthesized for each transition.

0 S i
100 0 20 40 60 80 100
T T,
(a) Vertex interpolation (b) Contractive sets

Fig. 11.11 The sets of satisfying initial states are shown in yellow. The regions of the refined dual
automata and sample trajectories of the closed loop systems described in Example 11.6 are shown
in (a) and (b). The initial states of the trajectories are marked by circles
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11.4 Notes

This chapter is based on our work [75, 76]. Related approaches include [165, 184], in
which an abstraction is first constructed through the design of polytope-to-polytope
feedback controllers, and then controlled by solving a temporal logic game on the
abstraction. In this chapter, the exploration of the state-space is “guided” by the
specification. In this sense, it is related to [63, 152]. By combining the abstraction
and the automaton control processes, the method proposed in this chapter avoids
regions of the state-space that do not contain satisfying initial states, and is, as aresult,
efficient. In addition, it naturally induces an iterative refinement and enlargement of
the set of initial conditions, which was not possible in Chap.9 (see also [184]) and
was not formula-guided in [165].

This chapter provides two solutions based on linear programming for solving
polytope-to-polytope control problems. The first solution is based on vertex interpo-
lation and requires iteratively solving a finite number of linear programs. The second
solution is based on contractive sets. While more conservative, it only requires solv-
ing a single linear program. Related approaches to solving polytope-to-polytope
control problems for discrete-time systems are based on iterative computations of
one-step controllable sets, e.g., [147]. For continuous-time systems the problem of
controlling a linear system from one polytope to another is defined as a facet reacha-
bility problem [36, 80]. Similar to the proposed vertex interpolation method, to solve
the facet reachability problem, first controls for the vertices are computed via linear
programming, and then these controls are used to define a state feedback control law.
While facet reachability is enforced by a flow constraint in the linear program [80],
in the vertex interpolation method reachability of the polytope is enforced by direct
constraints on the trajectories originating at the vertices.

This chapter can also be seen in the context of results on obstacle avoidance [33,
147, 148]. It provides a systematic way to explore the feasible state-space from “rich”
temporal logic specifications that are not limited to going to a target while avoiding a
set of obstacles. Furthermore, it does not necessarily involve paths characterized by
unions of overlapping polytopes and the existence of artificial closed-loop equilibria.
As a byproduct, the approach developed in this chapter provides an upper bound for
the time necessary to satisfy the temporal logic specifications by all the trajectories
originating from the constructed set of initial states.

The approach presented in this chapter can be extended from scLTL to more
general LTL specifications. The main challenge is to extend the language-guided
approach from the acceptance condition of an FSA to the more complicated accep-
tance condition of a Biichi automaton. The extension involves the solution of a back-
ward reachability problem, which enforces the Biichi acceptance condition. Briefly,
any run accepted by a Biichi automaton has a prefix-suffix structure [158]. The suffix
is an infinite Biichi automaton run that periodically visits some accepting state. Start-
ing from this observation, the scLTL approach can be extended to full LTL in two
steps. First, the refinement algorithm can be used to find a cycle originating from an
accepting state of the Biichi automaton. When a cycle is found, the algorithm can be
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used to find the set of states that can reach the corresponding accepting state. A limi-
tation of this extension is that completeness cannot be guaranteed. Since only a single
cycle is used, the initial states that can reach another cycle are not taken into consid-
eration. The proposed solution provides the maximum time to reach the accepting
state from the cycle (for prefix), and the maximum time between consecutive visits
of an accepting state (for suffix).

The complexity of the proposed language-guided approach is characterized with
respect to the size of the specification formula and the number of iterations of the
refinement algorithm. The construction of an FSA from an scLTL formula ¢ leads to
a double exponential blowup [111], therefore the initial dual automaton has 227
transitions. However, this theoretical bound is not usually achieved in practice [117].
Moreover, the simplification due to the considered observation set (O instead of 29),
and the pruning algorithm reduce the automaton size. In Algorithm 21, one step
reachable sets are computed for each state to check the feasibility of transitions,
which requires [Sp| + |Ap| basic polyhedral operations. Then, the feasibility of the
states are checked by traversing the underlying graph, which is polynomial in |Sp]|.

The complexity of Algorithm 22 is dictated by the number of iterations R € Z,,
which depends on the control system, the specification, and the employed region-to-
region controller synthesis method. Initially, transition (W) and state (W”) costs are
computed via FeasibilityCheck and Dijkstra’s algorithm, respectively. The run time
of Dijkstra’s algorithm is &'(|Spo|?). The FeasibilityCheck procedure involves basic
polyhedral operations and solving region-to-region controller synthesis problems
(Problems 11.3 and 11.4). Linear programming based solutions to these problems
are given in the Appendix. At each iteration of Algorithm 22, a candidate state
is partitioned into two states, and the FeasibilityCheck procedure is used to com-
pute the costs of the new transitions. Let d be the maximum number of transitions
incident to a state s € Sp; for all iterations i = O, ..., R. Then, the total number of
FeasibilityCheck procedure runs is upper bounded by |Apo| + 2dR. Note that, at
each iteration it is sufficient to compute costs (WF) for the new states and the states
that can reach these states.

The computational framework presented in this chapter was implemented as a
Matlab software package, called LANGUICS (Language Guided Control Synthesis),
which is freely downloadable from http://sites.bu.edu/hyness/languics/. The toolbox
takes as input an scLTL formula over a set of linear predicates, the matrices of a
PWA system, the control constraint sets, and the operating regions. It outputs the
maximal set of initial states and feedback controllers such that the trajectories of
the closed loop system originating from the set of initial states satisfy the formula.
The tool uses SCHECK2 [117] to construct a finite state automaton from an scL.TL
formula and the MPT toolbox [113] for polyhedral operations. Both the interpolation
and the set contraction approaches are implemented to compute the polytope-to-
polytope controllers. The toolbox allows for displaying the set of initial states and
for simulating the trajectories of the closed-loop system for 2D and 3D examples.


http://sites.bu.edu/hyness/languics/

Chapter 12
Optimal Temporal Logic Control

In this chapter, we focus on synthesis of an optimal control strategy for a PWA system
constrained to satisfy a temporal logic specification. The specification is a formula
of syntactically co-safe Linear Temporal Logic (scLTL). The cost is a quadratic
function that penalizes the distance from desired state and control trajectories, which
are called reference trajectories. To incorporate dynamic environments, we assume
that the reference trajectories are only available over a finite horizon. The goal is to
find a control strategy such that the trajectory of the closed-loop system originating
from a given initial state satisfies the formula and minimizes the cost. We treat
the temporal logic specifications as constraints in an optimal control problem and
propose a model predictive control (MPC) solution, as the natural approach for such
constrained problems.

Specifically, we consider fixed-parameter PWA control systems % (Defini-
tion 6.2). The specifications are scLTL formulas over arbitrary linear predicates
in the state of the system. The optimization objective is to minimize a quadratic
cost penalizing the distance from reference state and control trajectories denoted by
x"(0),x"(1)...and u"(0), u"(1), ..., respectively. The stage cost at time k is defined
with respect to x" (k) and " (k) by L : X x U — R

L(x(k), u(k)) = (x(k) — x"(k)) " Q(x(k) — x" (k))

(12.1)
+ (u(k) — u" (k) "R(u(k) — u’ (k)),

where Q € RV*Y and R € RM*M are positive definite matrices. We assume that, for

some K, at time k the reference state and control trajectories of length K are known.

At time k, the cost of a finite trajectory x(k), ..., x(k + K — 1) originating at x; and

generated by the control sequence u(k) = u(k), ..., u(k + K — 1) is defined as

K—1
Clx(k), u(k) = D Lx(i + k), uli + k). (12.2)
i=0
© Springer International Publishing AG 2017 231

C. Belta et al., Formal Methods for Discrete-Time Dynamical Systems,
Studies in Systems, Decision and Control 89, DOI 10.1007/978-3-319-50763-7_12



232 12 Optimal Temporal Logic Control

Problem 12.1 (scLTL Optimal Control) Given a fixed-parameter PWA control sys-
tem 7 (Definition 6.2), an initial state x(0) € X, and an scLTL formula ¢ over
L U {Out}, find a feedback control strategy such that the closed-loop trajectory orig-
inating at x satisfies ¢ while minimizing the cost defined in (12.2).

Remark 12.1 Note that, as before, restricting the scLTL formula over L U {Out} is
made for simplicity of presentation, and is not limiting. Arbitrary linear predicates
can be accommodated by refining the initial partition and updating L and {Out}.

We propose a two-step solution to Problem 12.1. In the first step, by using the
framework developed in Chap. 11, we construct an automaton from the specification
formula and the embedding transition system T, i.e., the refined dual automaton
obtained from Algorithm 22. The states of the automaton correspond to polyhedral
subsets of Xy (the state space of the embedding transition system), and any satisfying
trajectory of T follows a sequence of polyhedral sets defined by an accepting run
of the automaton. In the second step, we design an MPC controller that minimizes
the cost over the available reference trajectory, while ensuring that the resulting tra-
jectory satisfies the specification. While the automaton is constructed “offline”, at
each stage, the MPC controller solves an optimization problem “online” and pro-
duces the control action. The constraints of the optimization problem ensure that
the produced trajectory lies within an automaton path. We propose two methods to
ensure that the produced trajectory reaches a final automaton state, and therefore
satisfies the specification. First, we present an MPC scheme with a terminal con-
straint which guarantees that the the produced trajectory makes progress towards a
final state. Second, we present an MPC scheme with a terminal cost function, i.e., a
distance measure to a final automaton state. The weight of the terminal cost function
increases at each time step, which guarantees that the produced trajectory reaches a
final automaton state.

As it will be established, the designed controllers are recursively feasible, meaning
that if the MPC optimization problem is feasible for the initial state at the initial
time instant, then it remains feasible until the specification is satisfied, which is
guaranteed by the constraints of the MPC optimization problem. The correctness of
the solution will therefore be guaranteed. As correctness is independent from the
reference sequences and the cost (Eq. 12.2), these sequences can be chosen freely.
For example, 1) a desired control sequence and the corresponding state trajectory can
be used, ii) the reference control sequence can be chosen to minimize the amount
of the applied control (" (i) = 0, Vi € Z,.), iii) the reference trajectory can be used
to steer the trajectory towards a desired region (x" (i) = x,, Vi € Z,, where x, is the
center of the desired region).

12.1 Automaton Generation

As the first step of the approach proposed for solving Problem 12.1, we use the
language-guided framework presented in Chap. 11. We apply Algorithm 22 to system
Ty and formula ¢. We denote the refined dual automaton by
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Ap = (Sp, Spy, O, dp, Tp, Fp), (12.3)

and the corresponding transition weight function by W : Sp x Sp — N, . We denote
the region of a state s € Sp by R,. Note that the weight of a transition is computed
with respect to a feedback control strategy such that all states in R, can reach Ry
within W(s, s’) steps.

Remark 12.2 As our goal is to find a control strategy for a given initial state x,
we can terminate the refinement algorithm at the ith iteration if x € X,'f (11.4).
However, if we do not stop the refinement algorithm, and it terminates in finite time,
then we obtain X"’W, and the method developed in this chapter provides a solution to

Problem 12.1 for each initial state from the set X"’W.

12.2 Lyapunov-Type Functions for Dual Automaton

In this section, we define Lyapunov-type functions over the state spaces of the
automaton (Eq. 12.3) and T . These functions are used to enforce the satisfaction
of the specification by the MPC controller.

In control theory, control Lyapunov functions (CLFs) are used to enforce closed-
loop stability of an equilibrium point. An overview of Lyapunov functions is pre-
sented in Appendix A.5. To enforce the satisfaction condition of a dual automaton, we
define a real positive function that we call a potential function (Sect. 12.2.1). We also
introduce a particular type of potential functions, which we call contractive poten-
tial functions (Sect. 12.2.2). These potential functions resemble control Lyapunov
functions. In the remainder of this section, we formally define these functions, and
present candidate functions.

12.2.1 Potential Function

Definition 12.1 A function

Vel st xR — Ny

seSp

is called a potential function for a transition system T = (X, X, 8, O, 0) and a dual

automaton Ap = (Sp, Sp,, Ow . ép, T™p, Fp) with Ry, C X, Vs € Sp, if it satisfies:

(1) V(s,x) =0forall s € Fp.

(i) For each (s,x) € UseSD {{s} x Ry}, if V(s,x) # 0O, then there exists a control
u € X suchthat x’ = 8(x, u), x’ € Ry, s € 8p(s),and V(s',x') < V(s, x).

The definition of a potential function implies that a trajectory of T originating
from x € Ry, for some s € Sp, can satisfy the specification within V (s, x) steps, i.e.,
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follows a sequence of polyhedral sets defined by an accepting run of Ap. We define
a class of potential functions that satisfies properties (i) and (ii) of Definition 12.1
by using a successor function (Definition 11.2), and a control potential function:

Definition 12.2 A function

VCD" : U {{(S’ S/)} X RS} — N+
{(s,8")|s'€8p (s),575"}

is called a control potential function for a transition system 7 = (X, X, §, O, 0)
and a dual automaton Ap = (Sp, Sp,, O, dp, Tp, Fp) with R; € X, Vs € Sp and
transition weight function W : Sp x Sp — N, if it satisfies:

(1) Veon((s, s"), x) < W(s, s').
(1) If Vepn((s, s'), x) # oo, thenthere exists acontrolu € X suchthateither§(x, u) €
Ry or 8(x, u) € Ry and Vi, ((s, 8"), 8(x, u)) < Veou((s, ), x).

The definition of a control potential function implies that for a transition of dual
automaton s’ € Sp(s), a trajectory of T originating from x € R, canreach Ry within
Veon((8, 8'), ) steps, while it stays in R until it reaches Ry. We define a set %{i” -

R,, k € N, for a given control potential function V,,, and a transition s’ = 8p(s) as
Ry = {x € Ry | Veou((s,5), %) < k). (12.4)

We assume that the set from Eq. 12.4 is described by unions of polytopes, which
will be instrumental for the MPC controller design. We present candidate control
potential functions that satisfy properties of Definition 12.2 in Appendix A.7. In
particular, we define a control potential function based on one step controllable sets,
i.e., Pre operator, and control potential functions based on the feedback controllers
that are used to compute the transition weight function W during the automaton
refinement step, i.e., feedback controllers solving Problem 11.2. For each of the
candidate control potential function V,,, given in Appendix A.7, the set %’(‘,Zj is
defined as a polytope or union of polytopes.

We define the potential at (s, x) for given successor function I" (see Defini-
tion 11.2), control potential function V,,,, and automaton potential function W p
(see Definition 11.2) as

Vi (s, x) = [0 ifs € Fp, (12.5)
Veon((s, I'(s)), x) + Wpr(I'(s)) otherwise.

Informally, the candidate potential function (12.5) at (s, x), s € Sp,x € R; is
defined as an upper bound for the time required to reach R« from x by applying the
corresponding polytope-to-polytope feedback controllers along an automaton path
defined by the successor function sI"(s) . .. I'(s), where d € N, and I'?(s) is a final
state of the automaton.
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Fig. 12.1 The constraints
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Example 12.1 We consider the PWA system and the refined dual automaton
from Example 11.6. We define a control potential function V,, p; based on the
feedback controllers synthesized by using the polyhedral LFs method during
the automaton refinement. The definitions of the functions and the correspond-
ing constraint sets %{‘,’Cﬁj/” can be found in A.7.2.2. The constraint sets for a
transition s’ € 8p(s) with W(s, s') = 9 are shown in Fig. 12.1. Each constraint
set of control potential function V,, p is represented as a union of two poly-
topes, i.e., the beacon B,y and a sublevel set of a Lyapunov function.

Proposition 12.1 The function defined in (12.5) is a potential function according to
Definition 12.1.

Proof Property (i) of Definition 12.1 is satisfied trivially by the function V- (12.5).
To prove that the function satisfies Defintion 12.1-(ii), we consider two cases:
Veon((s, I'(s5)), x) = 1 and Ve ((s, I'(s5)), x) > 1.

Note that V,,,((s, I"(s)), x) = 1 and property Defintion 12.2-(ii) imply that there
exists u € X such that 6(x, u) € Rp(). As such, in the case Vi, ((s, I'(5)), x) = 1,
the claim holds as

V(I (s),x') < Wr(I(s)) forall x' € Ry .

In the case when V., ((s, I'(s)),x) > 1, from Defintion11.2-(i) and Defin-
tion 12.2-(i), it holds that V,,,((s, I"(s)), x) # oco. By property Defintion 12.2-(ii),
there exists u € X' such that one of the following holds:

(@) 8(x,u) € Rry),
(b) 8(x,u) € Ry and Vion((s, I'(5)), 8(x, u)) < Veon((s, I'(s)), X).
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The claim is true for (a) by the same argument given for the V,,,((s, I'(s)), x) =
1 case. For (b), the claim holds trivially by the definition of the function Vp
(12.5). |

12.2.2 Contractive Potential Function

Definition 12.3 A function V¢ : UsesD {{s} x R;} — R is called a contractive
potential function with contraction rate p € [0, 1) for a transition system 7 =
(X, X,6,0,0) and a dual automaton Ap = (Sp, Sp,, O, 8p. T, Fp) with R; C
X, Vs € Sp, if it satisfies:

(i) Ve(s,x) =0foralls € Fp.
(i1) For each (s, x) € USESD {{s} x Ry}, if V¢(s, x) # 0O, then there exists a control
u € X such thatx’ = 8§(x, u), x' € Ry, s’ € 8p(s), and V(s', x') < pV°(s, x).

We define a class of contractive potential functions that satisfy properties (i)
and (ii) of Definition 12.3 by using a successor function (Definition 11.2), and
the transition controllers synthesized during the refinement step. In particular, the
proposed contractive potential function is based on the polyhedral LF polytope-to-
beacon synthesis method presented in Appendix A.6.3. Therefore, the contractive
potential function can only be used if the weight function W is defined according to
such controllers, i.e., when the polyhedral LF method is used to solve Problem 11.4
during the automaton refinement step.

First, we define a function Veo,™ 1 Uy ivesy st 116 D) X R} — Ry
with respect to the feedback control laws synthesized using the polyhedral LFs
method. Consider a transition s € §p(s), and let a feedback control law solving
Problem 11.4 for Ry and B,y be synthesized by using the polyhedral LFs method.
Furthermore, let p;y and x,y be the corresponding contraction rate and equilibrium
point, respectively (see A.6.3 for details). We define the potential of a state x € R,
with respect to the transition s’ € 3p(s) as

Veor " ((5,8), %) = (W(g, ¢) = Dt (x) + 1, (12.6)

where ./ is as defined in Eq. (A.23) with respect to R, and x, (Ry is the source
region S and x,y is the equilibrium point x* in Appendix A.6.3).

Finally, we define the potential at (s, x) for a given successor function I" and
automaton potential function W as

12.7)

c 0 ifs € FD,
Veis, x) = LF .
Veon ((Sv F(S))a X) + WF(F(S)) otherwise.

Proposition 12.2 According to Definition 12.3, the function defined in (12.7) is a
contractive potential function with contraction rate
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Wi (s) w(s) ol 14+ Wi (I ()
0 = max { max ——————, max o) ,  (12.8)
sSo Wr () + 1550\ w(s)p/riy + 1+ Wr(I(5)

where w(s) = W(s, I'(s)) — 1.

Proof Property (i) of Definition 12.3 is satisfied trivially by the function V(s, x)
(12.7). To prove that the function satisfies property (ii) with contraction rate p (12.8),
we consider two cases:

(a) VconLF((sv I'(s)),x) < W(S),O;z/(s) +1, and
(1) Ve ((s, T'(5)), x) > Wp;/z(x) +1.

Notice that for any s € Sp \ Fp and x € Ry, if the case-(a) holds, then
NASEI NG (12.9)

From the solution of the R, to B (s control problem, it holds that

o Ry @ {=Xsr 9} S Byro ® {—Xsr ) (12.10)

Equations (12.9) and (12.10) imply that x € B (5). By the definition of B, there
existsu € X suchthat §(x, u) € Rr(y). Moreover, by the definitions of W and V,,,,**,
we have that V,,,"" ((s, I'(s)), x) > 1 and V,.,,’7 ((s, I'(5)), x) < W(s, I'(s)). Con-
sequently, it holds that VL(I;,(S();?;‘ ) < erg 1(.1(1 ()S)Rl . Hence, if the condition (a) is sat-
isfied by s and x, then there exists # € X such that 8(x,u) € Rr( and

. . Wi (s)
Ve (s), §(x,u)) < p,V°(s, x), where p, = max

—_ (12.11)
seSp Wr(s) + 1

Assume that case (b) holds for some s € Sp and x € R;. We first note that if (b)
holds, then we have W(s, I'(s)) > 1, since V.o,"F ((s, I'(5)), x) < W(s, I'(s)). The
feedback control law g solving the R, to By () guarantees that .Z (§(x, g(x))) <
Psr(s)-# (x). Therefore, by the definitions of the functions V¢ (12.7) and Voot
(12.6), we have that

Ve(s, 8(x, g(x))) _ Psrsyw(S) A (x) + 1+ Wr(I'(s))
Ve(s, x) T w@)A(x)+ 1+ Wr((s))

(12.12)

The right hand side of (12.12) increases as . (x) decreases. If the condition (b)
holds for x € Ry, then it follows from (12.6) that .# (x) > pivs(&)) Hence,

Ve(s, 80 g0) _ WPy + 1+ Wr ()
Ves.x) T w)plie, + 1+ W)

(12.13)

Therefore, for all s € Sp \ Fp and x € Ry, if (b) is satisfied,
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w(s)+1
Ve(s, 8(x, g(x))) < ppV<(s, x), wherep, = max W&o + 1+ Wril) .
sSo\Fo w(s) oty + 1+ Wr(I'(s)
(12.14)
Equation (12.8) implies that p = max{p,, p»}. Notice that p < 1, since p, < 1 and
pp < 1 by (12.11) and (12.14), respectively. From (12.11) and (12.14), we conclude
that the function V¢ is a p contractive potential function. ]

12.3 MPC Strategies

In this section, we present two Model Predictive Control (MPC) schemes to solve
Problem 12.1 for a given dual automaton Ap = (Sp, Sp,, O, ép, T™p, Fp), and a
transition weight function W : Sp x Sp —> N,.. In both cases, we formulate MPC
optimization problems over | J, s, s} x Ry} to be solved “online” at each time step.
The constraints of the optimization problems guarantee that the resulting closed-
loop trajectory of the embedding transition system 77 follows an automaton path.
To guarantee that the trajectory reaches a final automaton state, we propose terminal
constraint and terminal cost techniques, which are implemented by using the potential
functions defined in Sect. 12.2.

Definition 12.4 An automaton-enabled finite trajectory
T = (5(0), x(0)) ... (s(K), x(K))

is a sequence of automaton (Eq. 12.3) and embedding transition system 7% state
pairs such that

(i) foreachk =0,...,K — 1thereexistsu € X suchthatx(k + 1) = 8y (x(k), u),
(i1) x(k) € Ry, forallk =0, ..., K,
@ii) s(k+1) € §p(s(k)), forallk =0,...,K—1.

The definition of an automaton-enabled trajectory implies that the projection
vs, (T) = 5(0) ... s(K) of the trajectory onto the automaton states is an automaton
path and the projection yx,, (T) = x(0) ... x(K) onto the transition system states is
a trajectory of T that follows the sequence of polyhedra defined by the automaton
path.

The construction of the dual automaton Ap from Chap. 11 and Definition 12.4
guarantees that for any satisfying trajectory x = x(0)...x(d),d € N of system
Ty originating at x(0), there exists an automaton-enabled trajectory T such that
¥x,, (T) = x and ys, (T) is an accepting run of Ap. Therefore, in the MPC controller
design, we restrict our attention to the control sequences that generate automaton-
enabled trajectories. We use Uk (s, x) to denote the set of all control sequences of
length K that produce automaton-enabled trajectories starting from (s, x) as charac-
terized in Definition 12.4. By following the standard MPC notation, we use

Ty = (s(0k), x(0[K)) . ... (s(K[k), x(K[k)),
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to denote a predicted automaton-enabled trajectory originating at (s(k), x(k)), i.e.,
s(0lk) = s(k), x(0|k) = x(k), at time k € N.
Consider the following optimization problem over Uk (s(k), x(k)):

C(x(k), u(k))

subjectto x(i + 1]k) = 8(x(ilk), u(ilk)), i=0,...,K—1
(12.152)

x(0lk) = x(k). (12.15b)
We denote the optimal automaton-enabled trajectory
T* (k) = (s*(0k), x*(0[k)) . ... (s™(K[k), x*(KIk))

generated by the optimal control sequence u*(k) € Uk(s(k), x(k)), until a final
automaton state is reached, i.e., s(k) € Fp. As the first control of the optimal control
sequence is applied, we have:

xk+ 1) =x"(1k), sk+1)=s"(k), k=012,.... (12.16)

The constraints of the optimization problem (12.15) guarantee that the controlled
trajectory follows an automaton path. However, the satisfaction of the specification
is not guaranteed since the controlled trajectory might not reach a final automaton
state. For example, assume that s € §p(s), x = d» (x, u) for some x € Ry, x" (i) = x
and u" (i) = u for all i. In this particular case, if the controlled trajectory reaches
(s, x) at time k, then it remains there as u*(0]k) . .. u(K — 1]k) with u(ilk) = u, i =
0,...,K — 1 is the optimal solution of optimization problem (12.15) for all future
time steps k > k. To guarantee the satisfaction of the specification, we propose two
techniques. First, we introduce a progress constraint over the terminal state of the
predicted trajectory (s(K|k), x(K|k)) by using the potential functions presented in
Sect. 12.2. Second, we define the objective of the optimization as the weighted sum
of the cost given in (12.2), and the cost of the terminal state (s(K|k), x(K|k)) defined
by the contractive potential function presented in Sect. 12.2.

12.3.1 MPC with Terminal Constraints

Suppose that V,,, is a control potential function (Definition 12.2), and I, T are
successor functions (Definition 11.2) such that the corresponding automaton potential
functions W and W (Definition 11.3) satisfy:

Wr(s) < Wg(s), foralls € Sp. (12.17)
Furthermore, let V- be the potential function defined by I"(-) and V,,, as given

in (12.5). Given these functions, the MPC optimization problem is formulated as
follows:
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min C(x(k),uk))
u(k)=u(k|0),....s(K—1|k)€Ug (s(k).x(k))

subjectto  Vp(s(Klk), x(K|k)) < v(k), (12.18a)
x(i + 11k) = §(x(ilk), u(ilk)), i=0,...,K—1,
(12.18b)

where x(i | k) = x(k), v(k) € N, v(0) = Wx(s(0)) and for k > 1, v(k) is defined by
v(k) = min{v(k — 1) — 1, Wx(s*(K|k — 1))}. (12.19)

For k > 1, the optimal predicted trajectory obtained at the previous time step
(s*(K|]k — 1)) and v(k — 1) are used to enforce the satisfaction of the specifica-
tion. Specifically, the predicted trajectory at time k must end in a state, for which
there exists a control sequence guaranteeing that the trajectory originating from that
state reaches a final automaton state within v(k) steps by following the sequence of
polyhedra defined by the successor function I”. It is important to note that the bound
v(k) is computed according to T, and by (12.17) and (12.5), Wx=(s*(K|k — 1)) is
an upper bound on V- (s*(K|k — 1), x*(K|k — 1)). The key property of the progress
constraint is that the bound of the progress constraint decreases at each time step,
i.e., v(k + 1) < v(k). This property guarantees that the resulting trajectory eventu-
ally reaches a final automaton state. By the definition of the potential function given
in (12.5), the progress constraint given in (12.18a) at time k£ > 0 takes the following
from:

Veon((s(K[k), L (s(K[k))), x(K[k)) < v(k) — Wp (L (s(K[k))). (12.20)

Let k :=v(k) — 1 — Wi (L (s(K[k))). If k > W(s(K|k), I"(s(K|k))), then the ine-
quality given in (12.20) is trivially satisfied for all x(K|k) € Ryx). If, however
k < W(s(Kl|k), I"(s(K]|k))), then the inequality is satisfied only if

x(KJk) € 25 KIDLE®I), (12.21)

con

As such, if the set %Cﬁ:mk[(‘f(mk» (see Eq. 12.4) is a polytope or union of poly-
topes, then the set of states of T that satisfy the terminal constraint can be repre-
sented as a union of polytopes for a given automaton state s(K|k).

Next, we show that the optimal solution of the MPC problem from Eq. 12.18 can
be found by solving a finite number of convex optimization problems. First, consider
the set of automaton paths of length K that originate from s(k):

PK, ={s010)s(11K) . .. s(KIK) | s(O[k) := s(k),
s(i + 1]k) € $p(s(ilk)),i =0, ..., K — 1}. (12.22)

Since Sp is a finite set, Pﬁk) is a finite set. The definition of an automaton-enabled
trajectory Tj of horizon K (Definition 12.4) implies that ys, (Ty) € PF(IO for any
trajectory that can be produced by a control sequence from the set Uk (s(k), x(k)).
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Note that the weights of the transitions are not considered while constructing the set
P_YK(k). A transition s' € §p(s) with infinite weight means that the synthesis method
failed to find a feedback control law that solves the corresponding region to region
control problem. However, the problem might have a solution for subsets of R; and
Ry.

Given a finite automaton path s(k) € Pf(k), let Uf((k) (s(k), x(k)) denote the set of all
control sequences that produce an automaton-enabled trajectory Ty with ys, (Tx) =
s(k). Essentially, Ufék) (s(k), x(k)) is the set of all control sequences that produce
trajectories of Ty that originate at x(k) and follow the sequence of polyhedra defined
by s(k). Then, it is straightforward to see that

Uk, x(k) = ) U (sk), x(k)). (12.23)
s(k)eP¥y,

Consider a path s(k) = s(0lk) ...s(K|k) € Pﬁk) and the following constraints in the
variables u(k) = u(0|k) ... u(K — 1]k):

x(i + 11k) = 8(xe(ilk), u(ilk)), i=0,....K—1, (12.24a)
x(ilk) € Rygip» i=1,...,K, (12.24b)
u(ilk) € Ty, i=0,....,K—1. (12.24¢)

The set of control sequences that satisfy constraints (12.24) is U;(k) (sk), x(k)).
Therefore, the MPC problem given in (12.18) can be restated as:

min min C(x(k), u(k)) (12.25)
s(k)ePX, uk)
subjectto  Vr(s(Kl|k), x(K|k)) < v(k),
(12.24a), (12.24b), and (12.24c¢).

As the set of states T that satisfies the progress constraint can be represented as
unions of polytopes, the optimal solution of the MPC problem (12.18) can be found
by solving a set of convex optimization problems, i.e., quadratic programming (QP)
problems. Note that constraint (12.24a) takes the form of a linear equality according
to the PWA dynamics (At,)(.v(i\k))a Br,)(s(i\k))7 Cru(x(i\k))) active in R‘Y(”k)l

x(i 4 k) = A, (s(iiiy X (1K) 4 By stk u(E1k) 4 Copsiiky) - (12.26)

To guarantee that the resulting closed-loop trajectory of T reaches a region Ry,
where sy € Fp, we proceed as follows: at each time-step k the prediction horizon,
denoted as I, is determined with respect to the predicted trajectory obtained at
the previous step. Specifically, the length of the observed reference trajectory, K,
is used as the initial prediction horizon [ at time-step k = 0. Then, for time-step
k > 1, if the predicted trajectory obtained at the previous step visits a final state at
position j for the first time, j — 1 is used as the prediction horizon [;. Otherwise, the
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same prediction horizon as in the previous time-step, I;_;, is used. The following
function is used to determine the prediction horizon for a given trajectory T; =
(s(0lk), x(01K)) . . . (s(Lk|k), x(Ix|K)):

L ifs@lk) ¢ Fp,Vi=0,...,1

. (12.27)
j—1 ifs(ik) ¢ Fp,Yi=0,....j—1, s(j|k) € Fp.

I(Ty) =[

Adapting the prediction horizon according to function / (12.27) allows us to
optimize the cost until the specification is satisfied, i.e., until a final automaton state
is reached.

Algorithm 24 AutomatonGuidedMPC — TCS (Ap, W, x(0), K, C, V., T, I)

Require: Dual automaton Ap = (Sp, Sp,, Ow , 6p, T™p, Fp), transition weight function W : Sp x
Sp — N, aninitial condition x(0) € Ry ) for some s(0) € Sp,, MPC horizon K, cost function
C, and functions Vo, I’ and T.
I: Setk =0, I = K, v(0) = Wx(s(0)). (Initialization)
2: while s(k) ¢ Fp do
3: OptCost = oo, u*(k) =0, T} = 0.

4:  Compute Pﬁk) .
5: foralls=s(0lk)...s(lx|k) € Pﬁ"k do
6: if Wr (I (s(xlk))) < v(k) — 1 then
7: € = MiNyg)=u(0fk)...utty —11k) C(x(k), u(k)) subject to
(12.18a), (12.24a), (12.24b), and (12.24c)
8: if ¢ < OptCost then
9: OptCost := c,setu* (k) and T} with respect to the solution of the optimization problem
(line 7).
10: end if
11: end if
12:  end for

13:  Apply u*(0lk), set s(k + 1) := s*(1|k), x(k + 1) := x*(1]k).
14 Iy = I(T).

15: vk + 1) = Wr(s*Tr411k)).

16: if Iy4y == I then

17: v(k + 1) = min{v(k) — 1, v(k + 1)}.

18:  end if

190 k=k+1.

20: end while

The proposed MPC controller with a terminal state constraint is summarized
in Algorithm 24, where a set of optimization problems is solved at each time
step until a final automaton state is reached (line 2). At each time step, the lin-
ear quadratic optimization problem given in line 7 is solved for each automaton path
s € P§,, (12.22), which satisfies the condition given in line 6, and each polytope

from the set %é:jfslk)ﬂs(slk)) (see Eq. 12.21). Note that if an automaton path does not

satisfy the condition given in line 6, the problem given in line 7 becomes infeasible.
When the loop over ng(k) (line 5) is terminated, the first element of the optimal control

sequence u* (k) is applied and the state (s(k 4 1), x(k + 1)) is computed. Notice that
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at each time step, either the prediction horizon or the bound used in the terminal
constraint (12.18a) is reduced (lines 14—19).

Property 12.1 The length of any satisfying trajectory of Ty originating at x(0) is
lower bounded by K.

We assume that T, x(0) and K satisfy Property 12.1. This assumption is made
to simplify the presentation of the following results. The length, K, of the shortest
satisfying trajectory of T’ originating at x(0) can be found by solving a set of
optimization problems of the form given in Eq. 12.25. Then, the assumption is not
necessary if K is used as the initial prediction horizon in the case when K < K.

Lemma 12.1 Suppose that Property 12.1 holds, and there exists s(0) € Sp, such
that x(0) € Ry). Then, the optimization problem given in line 7 of Algorithm 24 is
feasible for some s(0) € PX 5(0) 4t the initial condition (s(0), x(0)).

Proof Definition 11.3 imply that v(0) = W#(s(0)) < oo. Since V- (s(0), x(0)) <
Wr(s(0)) and W (s(0)) < Wx(s(0)) for all s(0) € Sp, it holds that V- (s(0), x(0))
< v(0). By Proposition 12.1 and Assumption 12.1, there exists a control sequence
u = u(0)...u(K — 1) and an automaton path s = 5(0) . . . s(K) such that the value of
the potential function V- strictly decreases along the trajectory T = (s(0), x(0)) . ..
(s(K), x(K)) generated by u from the initial condition (s(0),x(0)), and hence,
Vr(s(K), x(K)) < Vr(s(0), x(0)) < v(0). As such, the optimization problem is fea-
sible for s. |

If the MPC optimization problem (12.18) is feasible for the initial state at the
initial time step, then it remains feasible until the specification is satisfied. In other
words, the proposed MPC controller is recursively feasible, which is formally stated
as:

Theorem 12.1 Suppose that Property 12.1 holds, and there exists s(0) € Sp, such
that x(0) € Ry). Then:

(i) If the opnmlzatlon problem given in line 7 of Algorithm 24 is feasible for
some s(k) € Pl sy At time k for state (s(k), x(k)), and s(k + 1) ¢ Fp, then there

existss(k+ 1) € P?(;'H) such that the problem is feasible for s(k 4+ 1) and state
(s(k + 1), x(k + 1)).

(ii) The trajectory of Ty produced by the closed-loop system satisfies the specifica-
tion.

Proof (i) Let T} = (s*(0lk), x*(0]k)) ... (s*(Ix|k), x*(Ix|k)) be the trajectory gener-
ated by the optimal control sequence u*(k) = u*(0|k) ... u*(l;|k) at step k. From
(12.27), we have that I;; < I;. By Proposition 12.1, there exists a control u € U
and a state s’ € Sp such that x' = 8 (x(Iy11|k), u) € Ry, s’ € Sp(s(I+1]k)) and

VE(S/, x') < VL(S*(Ik_;,_] |k), x* (Ik-H |k)) (1228)

By (12.5) and (12.17), it holds that
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Vi (s* Tk 16), x* T 1 1K) < Wi (s™ L1 16)) < Wr(s™ (Tt 15)) (12.29)

In the case when I = Iy4, by constraint (12.18a), we have that Vp(s*(Ix41k),
X*(Iy+11k)) < v(k), and as such, by (12.28) and (12.29) it holds that

Vr(s', x') < v(k) — 1. (12.30)

Equations (12.28-12.30) imply that V (s, x") < v(k + 1). As such, the control
sequence u*(1|k) ... u*(I¢]k), u' is a feasible solution of the optimization problem at
step k + 1 for s*(1[k) ... s* ([xy1]k)s’.

(ii) We first show that the produced trajectory reaches a final automaton state in
finite time. By Lemma 12.1, the optimization problem is feasible at time k = 0 for
some s(0) € Py(,. From Theorem 12.1-(i) it follows that an optimal predicted trajec-
tory T} exists at each time step until a final state is reached. Let v* = max,cs, Wr(s).
By Definition 11.3, v* < oco. From lines 1 and 15 of Algorithm 24, it holds that
v(k) < v*. From line 17 of Algorithm 24, we have that v(k + 1) < v(k) until a final
automaton state appears in a trajectory. The strict decrease and the progress con-
straint (12.18a) imply that there exists " < v(0) such that the trajectory T}, visits
a final automaton state. The optimization horizon at step k' + 1 satisfies [, < K,
and v(k' + 1) = Wr(s*p+11k")) < v*.

By applying the same argument iteratively, we conclude that there exists a time
k" < Kv* such that I;» = 1 and the predicted trajectory T}, ends in a final automaton
state. Therefore, the trajectory produced by the closed-loop system reaches a final
automaton state within Kv* steps.

As shown above, the proposed MPC controller produces a finite trajectory
(s(0), x(0)) ... (s(), x(])), ] < Kv*. Next, we show that the projected system tra-
jectory x(0) . .. x(/) satisfies ¢. It is assumed that x(0) € Ry and s(0) € Sp,. By the
definition of Pg", s(i+1) € ép(s@i)) foralli =0,...,] — 1 and by the termination
condition s(!) € Fp. Consequently, s(0) ... s(/) is an accepting automaton run. The
constraints of the optimization problem given in line 7 ensure that x(i) € Ry; for all
i=0,...,l Hence, the system trajectory x(0) . ..x(/) satisfies the specification. l

Example 12.2 We consider the double integrator dynamics and the refined
dual automaton from Example 11.5. We define the cost function as in (12.2)
with

05 0
Q= [ 5 0‘5] R =0.2. (12.31)

We use the MPC controller with terminal constraints to minimize the cost
with respect to reference trajectories.

The successor function Isp as defined in Equation 11.7, i.e., Isp(s) is the
state that succeeds s in the shortest path from s to Fp, and the control potential
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function Ve, cs, which is defined in Appendix A.7.1, are used in Algorithm 24
for I" and V,,,,. The successor function I is constructed by traversing the graph
of the automaton A as explained in Sect. 11.3 with a slight modification of the
rule given in Eq. 11.6, i.e., the states s, s, with W(s, s") < oo that maximize

the right hand side of Eq. 11.6 are chosen.
We apply the MPC controller on satisfying and violating reference trajec-
tories. The reference trajectories x#, i = 1, 2, 3 are generated by the reference

control sequences ui, i = 1,2, 3 from the initial conditions x" (0) = |:—16:|’

x2(0) = [—1248] and x3(0) = |:i:|, respectively, where

u'=18,14,18,18,1,0,-0.7,0,0,0,0.1, —1.2, 0.

u? =0.6,0.6,0.8,0.8,1,0.4,0.4, —0.6, —0.6, —0.6, —0.4, —0.6, 1.

u? = -0.6,-1,-0.3,-0.3,-04,-0.5,02,1,1, 1,04, —0.8, —0.5, 0.5, —0.5, —0.5, 0, 0.5,
0.5,0.5,0.5,0.5,0.5,-0.5,0.2,0.2, 0.5, —0.5, —1.2, 0.2, 0.2667, 0.1333.

The reference trajectories x'! and x”* satisfy the specification, while x" vio-
lates it. The reference trajectories and the corresponding simulated trajectories
generated by Algorithm 24 are shown in Fig. 12.2. As shown in Fig. 12.2a, the
controlled trajectory x' follows x! until the specification is satisfied. However,
as shown in Fig. 12.2b, the controlled trajectory x> follows the reference trajec-
tory x’? only for the first 12 steps, then the distance between them increases as
the controlled trajectory visits region B to satisfy the specification. Even though
reference trajectory x”* satisfies the specification, as shown in Fig. 12.2e the
controlled trajectories for optimization horizons K = 2 and K = 5 can not
exactly follow x” due to the progress constraint.

12.3.2 MPC with Terminal Cost

Suppose that I" is a successor function (Definition 11.3), and V¢ is the corresponding
contractive control potential function (Definition 12.3) defined as in (12.7), and
o € R, and y € (0, 1) are given constants. The MPC optimization problem with
additive cost is formulated as follows:

y*Cx(k), u(k) + (1 — yHa Ve (s(K|k), x(K|k)),

(12.32)
subject to  x(i + 11k) = 8(x(ilk), u(ilk)), i=0,...,K—1.
x(0lk) = x(k).

The search space (Ug(s(k), x(k))) and the constraints of optimization problems
in Egs. (12.32) and (12.18) are the same. However, the optimization objectives are



246 12 Optimal Temporal Logic Control

"o 8 6 -4 -2 0 -5 ) > 0
T Zq

:.o“ 3‘&;0»”“333”»“‘»“

‘.' °
* T2

0 5 10 15 20 25 30

®

0 8;;,‘g".oooo.,‘;;‘§yoooo:t

s R R
8 Cos00% |em

0 5 10 15 20 25

time

Fig.12.2 The reference trajectory (green, satisfying in a and e, and violating in b) and the trajectory
of the controlled system (red and blue). The initial states are marked by black circles in a, b, and
e. The projections of the trajectories shown in (a), (b), and (e) over the first and second dimensions
with respect to time are shown in ¢, d, and f, respectively. a, ¢ K = 2, total cost = 0. b, d K = 4,
total cost = 58.53. e, f K = 2, total cost = 61.78 (red) and K = 5, total cost = 3.44 (blue). The
color codes in a, b, e and ¢, d, f are the same

different. In (12.32), the objective of the optimization is to minimize the cost with
respect to the available reference state and control trajectories, while guaranteeing
that the resulting trajectory reaches an accepting state. To enforce the latter part,
the contractive potential function V¢ (12.7) is used as the terminal cost. As time
progresses, the weight of the terminal cost, i.e., 1 — yk, increases, which in turn
guarantees that the resulting trajectory steers towards an accepting state. The value
of the potential function is scaled by a constant factor « € R, since the objective is

to minimize the potential and trajectory cost together. A candidate scaling factor is
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K X1 X VC ’
. max esD,LiRA (s x)7 (12.33)

where L* is the maximal value of the function L, i.e.,

L= max (x—x)"Qx—x)4 w—u")"Ru—u),
xx"eX,u,u" el
and Q and R are as defined in the stage cost Eq. (12.1).

As shown in Sect. 12.3.1, the set of admissible control sequences Uk (s(k), x(k))
for state (s(k), x(k)) is the union of admissible control sequences Uf((k) (s(k), x(k)) for
each automaton path s(k) from the set Pﬁk) (see (12.22) and (12.23)). Therefore, the
optimal solution of the MPC problem given in (12.32) equals to the optimal solution
of:

min rr}}(r; yEC(x(k), u(k)) + (1 — yHaVe(s(K|k), x(K|k)) (12.34)
s(k)ePk, u

subject to (12.24a), (12.24b), and (12.24c).

Therefore, the optimal solution to the MPC problem given in Eq. (12.32) can be
found by solving a QP for each s(k) € PXK(,().

Algorithm 25 AutomatonGuidedMPC — TCF (AP, W, x(0), N, L, V¢, o, y)

Require: Dual automaton Ap = (Sp, Sp,, O , ép, Tp, Fp), transition weight function W: Sp x
Sp — N4, aninitial condition x(0) € Ry ) for some s(0) € Sp,, MPC horizon K, cost function
C, contractive potential function V¢, scaling factor « and discount factor y
1: Set k = 0, I; = K (Initialization)
2: while s(k) ¢ Fp do

3. OptCost = oo, u*(k) = @, T*(k) = @.
Ik

4:  Compute Ps(k) .

50 foralls = s(O[k)...s(ilk) € PY, do

6: ¢ =Minu®)=uOp)...utl— 1k ¥ECO k), ulk) + (1 — y)a V(s lk), x(Ux |k)) subject to

(12.24a), (12.24b), and (12.24¢)
7 if ¢ < OptCost then
8: OptCost := c, setu* (k) and T} with respect to the solution of the optimization problem
(line 6)

9: end if
10:  end for

11:  Apply u*(0lk), stk + 1) = s*(1]k), x(k + 1) = x*(1|k)
120 Ly = I(TZ)

13: k=k+1

14: end while

The proposed MPC controller with a terminal cost is summarized in Algorithm 24,
where a set of optimization problems is solved at each time step until a final automaton
state is reached (line 2). At each time step, the linear quadratic optimization problem
given in line 6 is solved for each automaton path s € Pi‘( o (Eq. 12.22). When the

loop over P?( » (line 5) is terminated, the first element of the optimal control sequence
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u*(k) is applied and the state (s(k + 1), x(k + 1)) is computed. As in Algorithm 24,
at each time step, the prediction horizon is updated according to function 7 (12.27).

Next, we show that the closed-loop trajectory generated by the proposed MPC
controller (Algorithm 25) satisfies the specification. As in Sect. 12.3.1, we first show
that the MPC optimization problem is feasible at the first time step for the initial
state, then we show that it remains feasible until the specification is satisfied.

Lemma 12.2 Suppose that Property 12.1 holds, and there exists s(0) € Sp, such
that x(0) € Ry). Then, the optimization problem given in line 6 of Algorithm 25 is
feasible for some s(0) € PSK(O) at the initial condition (s(0), x(0)).

Proof By construction of the dual automaton, there exists u = u(0), ..., u(d — 1),
d € Z, such that the trajectory T = (s(0), x(0)) ... (s(d), x(d)) generated by u
from the initial condition (s5(0), x(0)) satisfies s(d) € Fp, and hence s(0), ..., s(d)
is an accepting automaton run. By Assumption 12.1, K <d. As such s(0) =
s(0),...,s(K) € Pf(o), and the optimization problem is feasible for s(0). [ |

Theorem 12.2 Suppose that Property 12.1 holds, and there exists s(0) € Sp, such
that x(0) € Ry). Then:

(i) If the optimization problem given in line 6 of Algorithm 25 is feasible for
some s(k) € Pﬁ‘('k) at time k for state (s(k), x(k)), and s(k + 1) ¢ Fp, then there

existss(k +1) € Pik(ZiH) such that the problem is feasible for s(k + 1) and state
(stk+ 1), x(k + 1)).
(ii) The trajectory of Ty produced by the closed-loop system satisfies the specifi-

cation.

Proof (i) Let T} = (s*(0]k), x*(0[k)) ... (s*(Ix]k), x*(It|k)) be the trajectory gen-
erated by the optimal control sequence u*(k) = u*(0lk)...u*(lk|k) at step k. If
stk+1) ¢ Fp then I;; > 1 and from Eq. (12.27), it follows that [ < I; and
Ve(s*Uxs11k), x* (Ir+11k)) > 0. By Proposition 12.2, there exists a control u € U
and a state s’ € Sp such thatx’ = 8y (X*(lx111k), u) and 5" € Sp(s* (Iy41]k)). As such,
the control sequence u*(11k) ...u*(I;|k)u’ is a feasible solution of the optimization
problem at step k + 1 for s*(11k) ... s* (I11|k)s’.

(ii) We first show that the produced trajectory reaches a final automaton state
in finite time. By Lemma 12.2, the optimization problem is feasible at time k = 0
for some s(0) € PSK(O). From Theorem 12.2-(i) it follows that an optimal predicted
trajectory exists at each time step until a final state is reached. For time k € Z
T; = (s*(0]k), x*(0]k)) ... (s*(Ik|k), x*(I]k)) denotes the trajectory generated by
the optimal control sequence u* (k) = u*(0|k) ... u*(Ix|k). To prove the claim that
there exists k* € Z, such that V¢(s(k*), x(k*)) = 0, we will show that the prediction
horizon eventually decreases, i.e., a final automaton state appears in the optimal
predicted trajectory. Let k € Z, and Iy = I ,. By Proposition 12.2, there exists
u' € Usuch that x' = 84 (x*(I; | k), «') € Ry, s' € 8p(s*(I; | k)) and

Ve, x') < pVEst g | k), x*(I; | k), (12.35)
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where p is the contraction rate of V€. Let u(lz +1) = u*(l|l€) - u*(I,;|l_<)u’, and
consider:
Ci = (Y ek + 1), uk + 1) + (1 — y*Have(s, x))

— (Y @), w* () + (1 — yHaVe(s (1 | k), x*(I; | k)))
(12.36)

l,: _
=y LU 1R ) + DT LG By, w1 R)) | + (1= have(, x)

i=1

Iy
— YL@ O 1 0), w0 [ k) + D LG (i | k), u* (i | k)
i=1

+ (1= YNV U | b, x* (I | ).
Consider L* as in (12.33). By (12.35) and (12.36), it follows that

Cr <YM+ (1 =y NapVe(s* (I | k), x* (I | k)
— (1= yMaVe(s* Iz | k), x* (I | k)
< yMILF 4 aVEst U | R, XTI | ) (p -1+ y’_‘) . (12.37)

Note that the equality /; = I;,; and the definition of function V¢ (12.7) imply that
Ve(s* (I | k), x*(I; | k)) > 1. Since y < 1, from (12.37) we reach that C; < 0 for a
sufficiently large k. The bound is found for u(k + 1), which is a feasible solution of
Eq. (12.32) at time step k + 1. As it is not necessarily the optimal solution, we have
that

(P e+ D, G+ 1) + (= eV Uy T+ D, x* Uy [+ 1))
— (V@) u* () + (1 — yaVe(s (0 | k), x*(I; | b))
<C; <0. (12.38)

Notice that for a sufficiently large k. if (12.38) holds, then it holds for all k' > k until
Iy 41 # Ip. In the case when I 1| # Iy, by (12.27) we have that I < Iy and a
final automaton state appears in the optimal trajectory Ty at time step k’. Repeated
applications of the derivation above implies that there exists k* € Z, such that at
time k* — 1, the equality ;»—; = 1 holds and s(k*) € Fp.

As shown above the proposed MPC controller produces a finite trajectory

(s(0), x(0)), ..., (s(k™), x(K")).

Next, we show that the projected system trajectory x(0)...x(k*) satisfies ¢. It is
assumed thatx(0) € Ry) and s(0) € Sp,. By the definition ofPﬁk, s(i+1) € 5p(s(i))
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Fig. 12.3 The regions of the 10
control system from
Example 12.3. The regions ng X28
used in the specification are \ /
highlighted 8
6
X15
4
Xo
" X
X1
0
0 2
foralli =0, ..., k" — I and by the termination condition s(k*) € Fp. Consequently,
s(0)...s(k*) is an accepting automaton run. The constraints of the optimization
problem given in line 6 ensure that x(i) € R, for all i =0, ..., k*. Hence, the
system trajectory x(0) . .. x(k*) satisfies the specification. |

Example 12.3 We consider a discrete-time, planar linear control system with
controls constrained to U = [—2, 2]?, states constrained to X = [0, 10]?, and

initial state x(0) = . The regions of interest, which are shown in Fig. 12.3,

1
induce a partition of X into 28 regions X;, [ € L, L = {1, 2, ..., 28}. This
system can be written as a two-dimensional fixed-parameter PWA control
system % (Definition 6.2) with:

0.99 0 10 0
Ay 08 = |: 0 0.98]’ Bi,.28= |:0 11| ,C1,..08 = |:O] (12.39)

We consider the following specification: “The system originates in X,
eventually visits X7, and before visiting X7 it either visits X,y and Xog (in
this order), or X7. Moreover, it does not visit X4 before it reaches X17”. The
specification is translated to the following scLTL formula over L U {Out}:

=1 ASIT) A (=4UIT) A (=1TUT Vv 28) A

(=28 U 17) v (=28 U 22)). (12.40)
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First, we apply Algorithm 20 to find the largest set of satisfying initial states
of the system, and the corresponding control strategy. During the refinement,
we use polyhedral LFs method to synthesize transition controllers and transi-
tion weight function W. The refinement algorithm (Algorithm 22) terminates
at the first iteration with X?W = X, hence there exists a sequence of con-
trollers such that all trajectories that originate from X, and generated by these
controllers satisfy the specification. The refined dual automaton has 101 finite
cost states and 569 finite cost transitions.

We define a cost function as in Eq. (12.2) with

05 0 02 0
Qz[o 0.5}’ Rz[o o.z]' (12.41)

We define reference trajectories according to a sequence of automaton
states. In particular, for a given sequence of automaton states s(0), ..., s(d),
we define the first K — 1 states of the reference trajectory as x” (i) := x°
0,...,K — 2, where x“? is the center of the polytope Ry). Then, we keep an
index variable j (initialized to j = 0), and at each time step k > 0, we generate
x"(k + K — 1) and update j according to the state x(k) of the controlled system
as follows:

’i:

c,j+1’- 1 if x(k) € Ry

kK —1),j = Il i € R gy )
[x"(k +K —2),j] otherwise.

Essentially, we define a sequence of “target” regions Ry, . - . , Ryq) and

design the reference trajectory such that the cost is minimized when the con-
trolled trajectory visits these regions in the given order. To achieve this, at
each time step, we pick the “target” region R, from the sequence, and we add
the center of this region x°/ to the reference trajectory. Once the controlled
trajectory visits Ry, the next region Rty from the sequence is defined as
the target region. Consequently, the cost function penalizes the distance to the
target region Ry(j) until the controlled trajectory visits Ry).

The sequence of target regions can be considered as a “soft constraint”.
As opposed to the scLTL specification, the controlled trajectory is allowed
to violate it (e.g., it does not visit a region from the sequence). However,
the violation is penalized with the cost function. Furthermore, while it is not
possible to update the scLTL formula, the sequence of target regions can be
changed “online” in response to the environmental changes.

We apply the MPC controller with terminal cost (Algorithm 25) to the
refined dual automaton Ap. Two system trajectories generated by the MPC
controller are shown in Fig. 12.4a, b, where the reference trajectories are gen-
erated as explained above according to the sequences of automaton states
S99, S4, S2 and Sqz, S100, S2, respectively. For both experiments, the reference
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control sequences are defined as u’ (i) = i € N, the prediction horizon

0i|

ol
K is 5, the scaling factor « is 1.45 (computed as in Eq. (12.33)), the weight
constant y is 0.95, and the successor function is I'sp as defined in Sect. 11.7.

Note that both trajectories from Fig. 12.4 satisfy specification ¢ (12.40).
The experiments show that we can use the reference trajectories to steer the
closed-loop trajectory towards the desired regions, which is not possible for
the MPC controller with terminal constraints.

Next, we use a reference trajectory that does not reach a region of a final
automaton state, and compare the controlled trajectories generated by the MPC
controller initialized with different weight constants, i.e., y = 0.995 and y =
0.99. The reference control and state trajectories, the scaling constant and the
; ,ieNandu (i) = [8:| ,ieN,
o = 1.45 and K = 5, respectively. As shown in Fig. 12.5, both trajectories
satisfy ¢ (12.40). Due to the exponential increase of the weight of the terminal
cost, the trajectory generated with y = 0.99 reaches a final automaton region
in 38 time steps, while the trajectory generated with y = 0.995 reaches a final
automaton region in 239 time steps.

prediction horizon are defined as x” (i) = [

Example 12.4 We consider the PWA system and the specification ¢ from
Example 11.6. We define the matrices of cost function (12.2) as

05 0 0.8 0
Qz[o 0.5]’ Rz[o o.s]' (12.43)

We apply both the proposed MPC controllers, i.e., MPC with a terminal
constraint and MPC with a terminal cost function, to the refined dual automa-
ton Ap. As in Example 12.2, the successor function Isp (shortest path), Ip
(constructed by choosing the state maximizing the right hand side of (11.6))
and the control potential function V., ¢s, which is defined in Appendix A.7.1,
are used in Algorithm 24 for I', T and V,,,, respectively. For Algorithm 25,
the scaling factor « is 148 (computed as in (12.33)), the weight constant y is
0.95, and the successor function is Igp.

The reference control sequence u and the reference trajectory x are defined
as

u?() = [8:| ,X2(0) = [ég} , foralli=0,...,99. (12.44)

Note that the reference trajectory corresponds to a point in the interior of
the target region. The reference control sequence and the reference trajectory
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allow us to minimize the magnitude of the control applied and the distance to
the target region.

As shown in Fig. 12.6, both MPC controllers generate similar trajectories,
which advance towards the target region diagonally for the first steps, and
then follow the edge of the grey region, and finally reach the target region. To
prevent trajectories from reaching the boundaries of the grey region, standard
techniques of motion planning such as obstacle inflation can be used. Note
that both terminal cost and the stage cost penalize the distance from the target
region. The average amount of time spent at each iteration of Algorithm 24
and Algorithm 25 are 3.55 sec. and 0.31 sec., respectively. The difference is
due to the amount of time spent to compute the terminal constraint sets, and

additional QPs solved in Algorithm 24.
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Fig. 12.4 The trajectories of the controlled system from Example 12.3. a, b The reference trajec-
tories are generated from automaton sequences s99, 54, 52 and s92, 5100, 52, respectively. The center
points of the corresponding polytopes are marked with green dots. The initial states are marked
by black circles. a The controlled trajectory reaches Ry,,, Ry, and Ry, at time steps 17, 33 and
38, respectively, i.e., x17 € Ry, X33 € Ry,, and x33 € Ry,. The corresponding reference trajectory
generated as defined in Eq. (12.42) is x" (i) = x>*,i =0, ...,20,x" (i) = x*, i =21, ..., 36 and
X" (i) = x%2,i = 37, 38. b The controlled trajectory reaches Ry, , R, and Ry, at time steps 9, 16
and 24. The corresponding reference trajectory is x" (i) = X620 =0,...,12, x"() = x4, i =
13,...,19and x" (i) = x¢2 i =20, ...,24. Note that prediction horizons are shortened in the last

steps for (a, b) as defined in Eq. (12.27)
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Fig. 12.5 The trajectories 10
generated with y = 0.995

and y = 0.99 are shown in

red and blue, respectively.

The initial state is marked by 8
a black circle

T2

12.4 Notes
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" (0)

_//

10

This chapter is based on our work [70, 73, 77], and can be integrated in the general
area of model predictive control (MPC). This has been shown to be an efficient
and successful method in constrained control, and MPC of linear systems has been
studied quite extensively [150]. With a few exceptions [60, 149, 175], in the MPC

() 100

xy

(b) 100

Tg

40

Ty

Fig. 12.6 a The trajectory generated by the MPC controller with terminal constraints (K = 5, sum
of the stage costs 193572). b The trajectory generated by the MPC controller with terminal cost

(K =5, sum of the stage costs 193447)
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literature, only classical control specifications were considered, such as stability and
safety. A safety specification, i.e., the system trajectory does not leave a safe set,
can be efficiently encoded in the optimization problem through constraints, e.g.,
linear constraints for polyhedral safe sets. For a stability specification, terminal cost
and terminal constraint methods are used for stabilizing model predictive controllers
(see [127] for a review). Several methods were proposed for designing a terminal
constraint set and a terminal cost function to ensure stability [127]. The terminal
constraint and terminal cost methods presented in this chapter resemble the so-called
techniques from MPC literature, while they are set to guarantee the satisfaction of a
terminal logic specification.

The automaton-enabled trajectory is related to the hybrid trajectory of a hybrid
system [87], in the sense that the trajectory is defined over a hybrid state space,
ie., UsE S {{s} x R;}. MPC control schemes were also developed for hybrid systems
such as piece-wise affine systems [121], hybrid dynamical systems with continuous
and discrete states [49, 50], and mixed logical dynamical systems, which include
hybrid automata [29]. However, as in MPC for linear systems, only classical control
specifications were considered in these works. In [49, 50], a hybrid CLF for a hybrid
system with continuous and discrete dynamics was designed to enforce the closed-
loop stability of an equilibrium point. The hybrid CLF combined a Lyapunov-type
function based on a graph distance over the discrete states of the system and a classical
CLF over the continuous states of the system. While the potential functions from
this chapter also combine two distance measures, they are designed to enforce the
satisfaction of a temporal logic formula.

The complexities of the presented MPC controllers are characterized by the
number of quadratic programs solved at each iteration. The optimal solution of
the MPC problem with terminal constraint given in Eq. (12.18) is found by solv-
ing an optimization problem for each s(k) € Pﬁk) as shown in Eq. (12.25). The
number of paths of length d originating at a node of a graph is upper bounded
by b?, where b is the branching factor of the graph, i.e., the maximum number
of outgoing edges from a node. Therefore, the size of Pf(k) is upper bounded by
bX. The number of quadratic optimization problems solved to find the optimal
solution for a given path s(k) depends on the representation of the terminal con-

straint set %’éj}fmk)ﬂj(mk))(see Eq. (12.21)), and therefore the choice of the control

potential function. Let w* = max s ¢y es,(s), s { W(s, 8") < oo}. The constraint set

%‘]Zﬁmk)ﬂs(mk» is represented as unions of at most w* — 1 polytopes for the control

potential functions given in Appendix A.7. Therefore, when one of these functions
is used, the optimal solution of the MPC problem with terminal constraints given in
Eq. (12.18) can be found by solving at most 5*w* quadratic programs. Similarly, the
optimal solution of the MPC problem with terminal cost given in Eq. (12.32) is found
by solving an optimization problem for each s(k) € Pﬁk) as shown in Eq. (12.34).
In this case, the optimal solution of a given path s(k) is found by solving a single
quadratic program, since all the constraints given in Eq. (12.34) are linear. Therefore,
the optimal solution of the MPC problem with terminal cost (12.32) can be found by
solving at most 5X quadratic programs.
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The computational framework presented in this chapter was implemented as a
Matlab software package, called LANGUIMPC (Language Guided Model Predictive
Control), which is freely downloadable from http://sites.bu.edu/hyness/languics/.
This toolbox is an extension of the LANGUICS toolbox, which is described in
Sect. 11.4. The main Matlab function implements an MPC controller for a discrete
time piece-wise affine system constrained to satisfy an scLTL formula over a set of
linear predicates in its state variables. In addition to the input necessary for LAN-
GUICS, LANGUIMPC requires a quadratic cost function that penalizes the distance
from desired state and control trajectories, which are assumed to be observable for
a finite time horizon. The toolbox allows to plot the closed loop trajectories for 2D
and 3D examples.


http://sites.bu.edu/hyness/languics/

Appendix A
Background

In this appendix, we provide some background necessary for the material presented
in Part III of the book. Specifically, in Sects. A.1 and A.2 we introduce polytopes
and polyhedral operations. In Sect. A.3, we discuss the computation of images and
pre-images of polytopes through affine functions, under the assumption that the map
is non-singular. We relax this assumption and generalize polytopes to semi-linear
sets in Sect. A.4. An overview of discrete-time Lyapunov stability and polyhedral
Lyapunov functions, which are used in Chap. 10, is presented in Sect. A.5. The
details of the vertex interpolation and contractive sets methods used in Chap. 11 to
design polytope-to-polytope controllers are shown in Sect. A.6. Finally, candidate
control potential functions, which are defined and used in Chap. 12, are presented in
Sect. A.7.

A.1 Polytopes

Definition A.1 (Convex Set) A set C C RY is convex if the line segment between
any two points in C lies in C. In other words, for all x;,x, € Cand 0 < A < 1, we
have Ax; + (1 — A)x, € C.

Definition A.2 (Convex Combination) A point x = >, A;x;, where > " A; = 1

and A; > Oforalli =1,...,n is a convex combination of points x, ..., Xx,.
Similarly, a point x = ", A;x;, where >/_, A; = 1 is an affine combination of
points xi, ..., x,. Points xy, ..., x, are called affinely independent if there does

not exist an 1 < i < n such that point x; is an affine combination of points
Xy ooos Xi—1s Xit1y -+ Xpo

Definition A.3 (Convex Hull) The convex hull of a set C, denoted as hull(C), is
the set of all convex combinations from points in C:

n n

hull(C) = {x e RN | x =inxi, >0 x€C,i=1,...,n, ZAi =1}
i=1 i=1
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The convex hull of a set C is the smallest convex set containing C. A hyperplane is
a set of the form

{(xeRY |h'x=k, heRY, h #£0, k € R}.

A hyperplane divides R" into two half-spaces.
Definition A.4 (Half-space) A closed half-space is a set of the form

(xeRY|h'x <k, heR", h £0, k € R}.

A supporting hyperplane of a set C is ahyperplane {h " x = k}, such that C is entirely
contained in one of the two closed half-spaces defined by the hyperplane and C has
at least one point on the hyperplane.

Definition A.5 (Polytope) A closed full dimensional polytope X C RY is defined
as the convex hull of at least N + 1 affinely independent points in R".

The set of points vy, ...,v, € R whose convex hull gives X and with the prop-
erty that for all i = 1,...,n, point v; is not contained in the convex hull of
Vis ...y Viel, Vitl, - - -, Vy 18 called the set of vertices of X and is denoted by V (X).

A polytope is completely described by its set of vertices:
X = hull(V (X)). (A.1)
Alternatively, a polytope X can be described as the intersection of at least N + 1

closed half spaces. In other words, there existsan > N + 1 and k; € RY k; € R,
i =1,...,nsuch that

X =()lx eR"|h[x < k). (A.2)
i=1
Equivalently, by constructing a matrix H € R"N, where H = [h];...; h}]and
vector K € R", where K = [ky;...: k,]: 1
X={xeRY|Hx <K}, (A.3)

where the comparison “<” is interpreted element-wise.

Forms (A.1) and (A.2) (or equivalently (A.3)) are referred to as the V- and H-
representations of a polytope, respectively. Given a polytope, there exist algorithms
for translation between its V- and H-representations [113, 134]. A facet of a polytope
X is the intersection of X with one of its supporting hyperplanes. A polytope without
its facets is called an open polytope and we use int (X) to denote X without its facets
(i.e., the interior of X). Given an open polytope X, we use cl(X) to denote its closure
(i.e., the union of X and its facets).

'We use standard Matlab notation for constructing concatenations of matrices.
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A.2  Operations on Polytopes

Given polytopes X, X, C R", we define the following operations:
Definition A.6 (Ser Difference) The set difference of X; and X is defined as:

X\X; ={x eR" | x eX,x ¢ Xo}.

Note that convex polytopes are not closed under the set difference operation (i.e.,
X\Xj is not necessarily convex, even if X; and X, are).

Definition A.7 (Minkowski Sum) The Minkowski sum of X; and X5 is defined as:
Xi0Xo ={x; +x e RV | x; € X1, x2 € Xo}

Definition A.8 (Minkowski Difference) The Minkowski difference of X; and X; is
defined as:
X] 6X2 = {X1 — X2 ERN |X1 (S X],XQ (S Xz}

The Minkowski difference X; © X, can also be computed as the Minkowski sum
X; @ (=X;), where (=X;) = {x € R¥Y | —x € X;} is the mirror image of X,
around the origin. Note that our definition of Minkowski difference follows [118]
and is different from the Pontryagin (Minkowski) difference from [78, 112].

Definition A.9 (Chebyshev Ball) The Chebyshev ball of a polytope X C RY is the
largest radius ball B, (x.) = {x € RY | ||x — x¢||» < r} such that B,(x.) C X. We
use ¢(X) to denote the center and r(X) to denote the radius of the Chebyshev ball
of X.

A.3 Affine Functions on Polytopes

Definition A.10 (Affine function) A function f : RY — RM is called affine if it can
be written as f(x) = Ax +b, A e RM*N b e RM forall x € RY.

If X is a full dimensional polytope in RY with set of vertices V(X) = {vi, ..., v,}
and f : RN — RM is an affine function, then

JX) = hull{f(v), ..., f)}, (A4)

i.e., the image of a polytope through an affine function is the convex hull of the vertex
images through the affine function.

In the particular case N = M, if matrix A is nonsingular, then the vertices, facets,
and interior of the polytope map through the affine transformation to the vertices,
facets, and interior of the image of the polytope, respectively. Therefore
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S el(X)) = cl(f(X)). (A.5)

The pre-image of a polytope X in R through an affine function f : RV — R¥
is a convex set in RY and is defined as

FIX)={x eRY | Ax + b e X}. (A.6)

For a polytope X in R represented as the intersection of m > M half-spaces as in
Eq. (A.2), the pre-image is given by

X)) = ﬂ{x eRY |h] Ax < k; — h] b}. (A7)

i=1

Note that if there are N + 1 linearly independent vectors in the set {thA, o h)AY,
then f~!(X) is a polytope in R".

Consider afunction g : RN xRE — RM defined as g(x, u) = Ax+Bu-+b, where
A e RM*N B e RM*L b ¢ R The function g can be represented as summation of
two affine functions g; : RV — RM and g, : RY — R such that g;(x) = Ax + b
and g, () = Bu, ie., g(x,u) = g,(x) + go(u) for all x € R, u € R, Then, the
image of polytopes X C R" and U C R® through function g can be computed as

gX,U) = g1(X) ® g2(U),

where @ denoted Minkowski summation. Also note that function g : RY xRE — RM
can equivalently be represented as an affine function f : RV*L — R as given in
Definition A.10:

f(x) = Ax + b, where ¥ € R¥*L and A = [A, B] e RM*V+D), (A.8)

Then, g(X, U) = f(X x U). Moreover, the pre-image of the function g over RV can
be computed through orthogonal projection of f~!(X x U) to RV.

A.4 Semi-linear Sets and Affine Functions

Definition A.11 (Semi-linear set) A semi-linear set S in RY is defined as unions,
intersections, and complements of sets {x € RY | aTx ~ b, ~¢ {=, <}}, for some
acRYandb e R.

A semi-linear set is also called a polyhedron. A closed convex bounded semi-
linear set is a polytope, and a convex bounded semi-linear set is a polytope with
some of its facets removed.

Note that the basic set operation definitions, such as Minkowski sum and differ-
ence, and set difference defined above, also apply to semi-linear sets. Furthermore,
the image (or pre-image) of a semi-linear set through an affine function can be
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computed by performing the computation on a finite number of polytopes since a
semi-linear set can be represented as a union of a finite number of convex sets. In
particular, a semi-linear set is either a polytope, or a union of polytopes, or a convex
and bounded set, or a general non-convex set. Therefore, the computation of the
image (or pre-image) of a semi-linear set S through an affine function f falls into
one of the following case:

i.

ii.

iii.

iv.

If S is a closed polytope, then f(S) and f~'(S) are computed as explained in
Sect. A.3. Note that the computation applies to a polytope of any dimension.

If Sis aunion of polytopes, one can use a standard convex decomposition method
to decompose S into a set of polytopes {P;};c; (see, e.g., [79]), i.e.,

S= UPi’ where forany i # j,P; NP; =0,
iel

and compute the image as

r&=Jrme

iel
using case Sect. A.4 (similarly f~1(S) = U,.; £~ (®P))).
If S is a convex and bounded semi-linear set, then, in general,
S=P\|JF.
iel

for some polytope P and a subset of its facets {F;};c;. The image is computed as

ﬂ$=f@H(Uf®Hf@O,

iel

where the right hand side can be computed as described in case Sect. A.4. Sim-
ilarly, the pre-image can be computed as

f1®>=f'%m\(LJf1wn\f‘%m).

iel

If S is a general (non-convex) bounded semi-linear set, then again it can be

decomposed into convex and bounded semi-linear sets S = Ui€ ;1 Si. Then,
£ =J re.
iel

and each f(S) can be computed as described in case Sect. A.4.
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As summarized above, the image and the pre-image of a semi-linear set through an
affine function can always be implemented by convex decompositions and repeated
applications of Egs. (A.4) and (A.7), respectively.

A.5 Lyapunov Theory

An autonomous discrete-time system is defined by
xtk+1)=d&(x(k), keN, (A.9)

where x(k) € RY is the state at time k and @ : RY — RV is an arbitrary map with
@(0) = 0. Given a state x € RY, x” := & (x) is called a successor state of x.

Definition A.12 (Contractive set and positively invariant set) Let . € [0, 1]. A set
P C R" is called A-contractive (shortly, contractive) for system (A.9) if for all x € P
it holds that @ (x) € AP. For A = 1, P is called a positively invariant set.

Definition A.13 (Class 5, function) A function @ : Ry — R, belongs to class
Joo if it is continuous, strictly increasing, «(0) = 0, and lim;_, o, @ (s) = o0.

Theorem A.1 Let P be a positively invariant set for (A.9) with 0 € int(P). Fur-
thermore, let a1, oy € Hoo, p € (0, 1) and V : RN +— R, such that:

ar(lxl) = V(x) < ealix]), Vx € P, (A.10)
V(@(x)) < pV(x),Vx eP. (A.11)

Then (the origin of) system (A.9) is asymptotically stable in P [93, 119].

Definition A.14 (Lyapunov function) A function V : RV — R, is called a Lya-
punov function (LF) in P if it satisfies (A.10) and (A.11). If P = R" then V is called
a global Lyapunov function.

The parameter p is called the contraction rate of V. For any I" > 0,
Pr={xeRY|Vx) <TI}

is called a sublevel set of V.
A difference inclusion system is defined as

x(k+1) € d(x(k), keN, (A.12)
where x (k) € R is the state at time k and @ : RY — 2%" is an arbitrary map with

@(0) = 0. Note that the system is non-deterministic, and the successor of state x
takes values from a set @ (x).
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The invariant set, contractive set, and Lyapunov function definitions apply directly
to difference inclusions in the absolute sense, i.e., given x, the corresponding con-
ditions must hold for all x" € @ (x). For example, a set P is positively invariant if
d(x) CPforallx € P.

An infinity norm Lyapunov function is in the form

V(x) = [|ILxllo, LeR*N >N ,leN, (A.13)

where L has full-column rank. Infinity norm Lyapunov functions are particular types
of polyhedral Lyapunov functions.

If L € RN has full-column rank and V as defined in (A.13) is a global Lyapunov
function for system (A.9) with contraction rate p € (0, 1), then for all I" > 0, the
induced sublevel set P is a polytope and 0 € int (P). Moreover, if @ (x) = Ax for
some A € RV*¥ 'then for all I" > 0, the induced sublevel set P is a p-contractive
polytope for (A.9) [32, 120].

A.6 Reach Control Problems on Polytopes

Consider an affine control system of the form
x(k+ 1) = Ax(k) + Bu(k) + ¢, x(k) e RY, u(k) € U, (A.14)

where A € RV*N B ¢ RV*M and ¢ € RY describe the system dynamics, at each
time step k = 0, 1,..., x(k) € R" is the state of the system and u (k) is the control
restricted to a polytopic set U C R,

Given two polytopes S and T in RY with T C S, and a control system (A.14), the
reach control problem concerns synthesis of a feedback control law g : R — RM
such that for all x € S there exists a k, € N, k, < 00 and:

x(0) = x,
x(k+1) = Ax(k) + Bg(x(k)) + c, k=0,...,ky—1,
x(k) €S k=0,...,ky,
x(ky) € T.

The reach control problem might not be feasible, i.e., such a control law g might
not exists. In the remainder of this section, several approaches for synthesis of a
feedback control law solving the reach control problem are provided. For convenience
of notation, a H-representation of a polytope P is denoted by matrices Hp,Kp, where
P = {x | Hpx < Kp}.
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A.6.1 Iterative Pre-computation

The set of states of system (A.14) that can reach T in one-step can be computed via
Pre operator and orthogonal projection as explained in Sect. A.3:

Pre(T x U)|y,

where, for a set P, P|y denotes the orthogonal projection of P to RY . Simply Pre(T x
U)|y isdenoted by Pre(T). Then, the set of states T' < S that canreach T in one-step
is the intersection of Pre(T) with S, i.e.,

T' =S N Pre(T). (A.15)

By iteratively applying (A.15), one can compute the set of states T C S that can
reach T exactly at step k € N, , k > 1:

TF =S N Pre(T¥"),  where T = T. (A.16)

The set of states T=* C S that can reach T within k € N steps is simply the union
of T, ..., Tk
T=F = U T. (A.17)

Finally, the maximal set of states T= C S that can reach T in a finite number of
steps is defined as
T= = T=* where T=F = T=¢"1. (A.18)

Note that if T= # S, then the reach-control problem is infeasible.

The above explained steps allows us to compute the maximal set T=. This method
also induces a control strategy such that the trajectories originating from T=F reach
S with in k steps.

Consider the sets T and T*~! defined above, and let V(T*) = {v', ..., v'}.
Consider the following set of linear inequalities in the variables u', ..., u":

Hpe 1 (AV 4+ Bu' 4 ¢) < Ky,
Hyu' < Ky. (A.19)

A solution to (A.19) can be obtained by solving a feasibility linear program (LP).
Note that the LP is always feasible since T € Pre(T=¢"!). The control law

n

ge(x) = D 2, (A.20)

i=1
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where A’ € R, 0 < A" < 1, are such that x = >/, A"V, guarantees that the
trajectories originating from T¥ reach T*~! in the next time instant. The evaluation
of the control law (A.20) requires calculation of the coefficients AL ..., A" which
amounts to solving a system of linear equations and can also be formulated as a
feasibility LP.

Alternatively, an explicit PWA form of g; can be obtained by a simplicial partition
of T*. Then, the evaluation of g; requires solving a point location problem [169],
which consists of checking a finite number of linear inequalities. Although efficient
ways to solve point location problems exist, depending on the complexity of the parti-
tion (number of simplices), the point location problem may be more computationally
expensive than calculating the coefficients A', ..., A".

For a given state x(0) € S, the control strategy solving the reach control problem
(under the assumption that the problem is feasible, i.e., T= = S) amounts to finding
T* such that x (0) € T*, and applying the control sequence g (x(0)), ge—1 (x(1)), ...,
gi(x(k—1)),where x(i +1) = Ax(@) + Bgp—i(x(@)) +c,i =0,...,k— 1.

Note that this method is guaranteed to find the solution to the reach-control prob-
lem if one exists. However, it is computationally expensive. Next, computationally
more efficient, but conservative methods are presented.

A.6.2  Vertex Interpolation

Let V(S) = {v!,...,v"} be the vertices of S, and let {u!, ..., u"} denote a corre-
sponding set of finite sequences of control actions, where u' = uf, ..., us_, forall
i=1,....,n,and § > 1. For each V' define the following set of hnear equahty and
1nequahty constraints in the variables uf), ..., u_,:

xH0) =,

x'(k+1) = Ax'(k) + Bu'(k) +¢, Vk=0,...,5—1,
Hsx'(k) < Ks, Vk=0,....8—1,

Hyu'(k) < Ky, Vk=0,...,5—1,

Hyx'(S) < Kuy. (A21)

A solution to the set of problems (A.21) can be searched by solving repeatedly a
corresponding set of feasibility LPs starting with § = 1, foralli = 1,...,n, and
increasing S until a feasible solution is obtained for all LPs and the same value of S.
Let S* > 1 denote the minimal S for which a feasible solution was found. Then, it
is straightforward to establish that for any x € S, the control law

g(x (k) :=fou"(k), k=0,..., 8 -1, (A.22)
i=1
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where x(0) = x and A’ € R, 0 < A" < 1, are such that x = >/_, AV, solves the
reach control problem for S and T, and yields that closed-loop trajectories that reach
T in at most S$* discrete-time instants.

Evaluation of the control law g of (A.22) at time k = 0 requires calculation of
the coefficients A!, ..., A", which is an LP, while at every k = 1,...,5" — 1 the
analytic expression of g is implemented. However, a faster convergence to T can be
obtained by taking A’ € R, 0 <A’ < 1, such that x = >"/_, A'x'(j*), where

j*:=argmax{j € {0,...,S*} | x € hull(x'(j), ..., x"())).

Then, the resulting closed-loop trajectories will reach T in at most $* — j* discrete-
time instants.

Similar to the case of the control law from Eq. (A.20), simplicial decompositions
of S can be employed to obtain an explicit PWA form of the control law g(x(k)),
k=0,...,8" — 1, both for its standard and faster variants presented above.

A.6.3 Contractive Sets

In this section, first a Lyapunov function based solution to the reach control problem
is presented, which is referred as “polyhedral LFs” method. In this method, the
synthesized feedback controller guarantees that a point x* € int(T) is an equilibrium
point of the closed loop system and P is a sublevel set of a Lyapunov function. The
contractive property of the sublevel set guarantees that the trajectories reach the set
T in finite time. Then, these conditions are relaxed, and a less conservative solution,
referred to as “contractive sets”, is presented.
The set of equilibrium points in the interior of T is defined as

Er:={x’€int(T) |’ €U : x* = Ax* + Bu’ + c¢}.

Polyhedral LFs

If Ey # ¢, an explicit PWA solution to the reach control problem can be obtained
via polyhedral LFs, see, e.g., [33, 120], as follows. Let

W (x):= max W, (x —x°) (A.23)

i=l1,...,

denote a function induced by the polytope S and a point x* € Et, where w > N + 1
is the number of lines of the matrix W = [WlT U W,I ] , which is such that
S = {x e RY | #(x) < 1}. Next, consider the conic polytopic partition Cy, . .., C,,
of S induced by x*, which is constructed as follows:

Ci={xeS|(W, —WHx—x)=0,j=1...,wU{x'}. (A.24)
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Notice that U;—, . ,C; = S and int(C;) Nint(C;) = Pforalli # j. Letp e R
with 0 < p < 1 denote a desired convergence rate. Consider the PWA control law

gx)y=Fx+ f; if xe(C; (A.25)
and the following feasibility LP in the variables (Fy, f1), ..., (Fyw, fw):

pW, (x —x*) = W/ (Ax + Bg(x) + ¢ — x°) = 0,
Vx e V(C),Vji=1,...,w,
Fx+ fiel, Vi=1,...,w,
(A+ BF)x*+ Ba; +c=x*, Vi=1,...,w. (A.26)

Note that p can be minimized to obtain an optimal convergence rate and a different
p; can be assigned to each cone C;, while (A.26) remains an LP.

Proposition A.1 Suppose that the LP (A.26) is feasible. Then the function W is a
Lyapunov function and S is a p-contractive set for system (A.14) in closed-loop with
the PWA control law (A.25), with respect to the equilibrium x* € int(T).

The proof of Proposition A.1 follows from Theorem III.6 from [120], i.e., the
constraints given in the LP (A.26) are the necessary conditions for constructing a
Lyapunov function in Theorem III.6 from [120].

Let k* := argmin{k > 1 | p*(S @ {—x*}) C (T @ {—x*})}. All trajectories
of system (A.14) in closed-loop with (A.25) that start in S reach T in at most £*
discrete-time instants. Thus, the PWA control law (A.25) solves the reach control
problem for S and T. The evaluation of (A.25) reduces to a point location problem
that can be solved in logarithmic time due to the specific conic partition.

Next, we present a less conservative solution by relaxing the constraints of (A.26).

Contractive Sets

Pick any x € int(T) (not necessarily an equilibrium point) and let ' (x) denote the
function induced by S and the point x as defined in (A.23). Moreover, let

of = TB())({O{(S @ {—x}) € (T {—xD}.

Note that o < 1 whenever T C S and T # S; pick any o3 such that 0 < a; < of.
Let {C;};=1....w be the conic partition of S induced by x as defined in (A.24), and let
p € Rwith0 < p < 1 denote a desired convergence rate. Consider the PWA control
law (A.25), and the following feasibility LP in the variables (Fi, f1), ..., (Fy, fu):

p(W;' (x — %) —oz) — (W] (Ax + Bg(x) + ¢ — %) —az) 2 0,
Vx e V(C),Vj=1,...,w,Vi=1,...,w,
Fix+ fieU, VxeV(C),Vi=1,...,w. (A.27)
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Similar to the polyhedral LFs method, p can be minimized to obtain an optimal
convergence rate and a different p; can be assigned to each cone C;, while (A.27)
remains an LP. If the LP (A.27) is feasible, then by construction and the definition
of the function %, for all x € S it holds that

pW (x) = W (Ax + Bg(x) +¢) = az(p — 1). (A.28)

The recursive application of (A.28) implies that for a closed-loop trajectory
x(0), x(1), ..., the following inequality holds for all k¥ > O:

W (x (k) < p"W (x(0) — azp* + ;. (A.29)

The above property can be exploited to establish the following result.

Lemma A.1 Suppose that the LP (A.27) is feasible and let

k= E%%Q . (A.30)

Then for all trajectories x(0), x (1), ... withx(0) € S of system (A.14) in closed-loop
with (A.25) there exists a k > 0 such that x (k) € T and, moreover, k < k*.

Proof Let x(0) € S. To prove the claim consider two cases, i.e., # (x(0)) < o}
and # (x(0)) > o}. Notice that for any x € S, #'(x) < «f implies that x €
(@3(S @ {—x}) ® {x}) and thus, it implies that x € T. As such, in the case when
# (x(0)) < of, the claim holds by the definition of k* (A.30).

Next, consider the case when % (x(0)) > o and suppose that the inequality
at < oMW (x(0)) — az p* + oz (A31)

holds for all £ > 0. By taking the limit when k tends to infinity in the above inequality
yields that o} < oz and thus, a contradiction was reached. As such, there must exist
a k > 0 such that

PN (x(0)) — azp* + oz < o (A32)
holds. Equations (A.29) and (A.32) imply that % (x(k)) < o} and hence, x (k) € T.
Furthermore, reordering the terms and taking the logarithm of both sides in (A.32)

yields
I aX—ax
M\ 7o)«
<N S

A33
In(p) (A33)

Noticing that # (x) < 1 for all x € S, the fact that k < k* follows directly from the
definition of k* (A.30). As the point x(0) € S was chosen arbitrarily, the claim is
established. |
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If the LP (A.27) is feasible, the PWA control law (A.25) is an admissible solution
to the reach control problem as shown in Lemma A.1. As in polyhedral LFs solution,
the evaluation of (A.25) reduces to a point location problem that can be solved in
logarithmic time due to the specific conic partition.

The contractive sets method is a relaxation of the Lyapunov function based
method. First, x is no longer required to be an equilibrium point. Second, the con-
traction condition of (A.27) is a relaxation of the contraction condition of (A.26).
In particular, if x is an equilibrium point, then by augmenting the constraints of the
LP (A.27) with the equilibrium point constraints, i.e., (A+ BF;)Xx + Bf; +c¢ = x, for
alli =1, ..., w, and setting a; to 0, the polyhedral LFs solution is recovered and the
function # becomes a standard Lyapunov function with respect to the equilibrium x.

A.7 Control Potential Functions

Control potential functions are formally defined in Definition 12.2 in Chap.12. In
this appendix, candidate control potential functions for a transition system 7T =
(X, %, 8, 0, 0) and a dual automaton Ap = (Sp, Sp,, O, ép, Tp, Fp) with R; C
X, Vs € Sp and transition weight function W : Sp x Sp — N, are presented.

A.7.1 Control Potential Function Based on One Step
Controllable Sets

Consider control potential function V., cs : U{(s,s'>\s/eaD(s>,s¢s/} {{(s, s} x Rs}
—> N+:

Veon.cs((s,5"), x) = argmin{k € {1, ..., W(s,s)} | x € B}, (A.34)

where Bf; I denotes the set of states in R, that can reach the beacon By, of (s, s') in
k — 1 steps, hence Ry in k steps. The set Bs—il,‘_l is computed shown in Sect. A.6.1.
Therefore, for Vo g, the constraint set %(‘,is (see (12.4)) is defined as

k,ss' _ p<k—1
Veon.cs BW

A.7.2 Control Potential Function Based on Feedback
Controllers

In this section, a control potential function is presented for each of the control syn-
thesis methods given in Sect. A.6 for solving reach control problem.
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A.7.2.1 Vertex Interpolation

Let g : Ry — U be a feedback control law synthesized by using the vertex inter-
polation method to solve the reach control problem from R; to By, and W(s, s”)
be the corresponding time bound. Let x/(0), ..., x' (W(s, s’) — 1) be the trajectory
generated by the feedback control g from the vertex x'(0) € V(R,). Note that
x'(W(s, s") — 1) € B,y for each x' (0) € V(Ry).

Consider control potential function V., y; : USEquS,dD(S) {{(s,s’)} X RS}
— N,

Veonvi1((s,s"), x) = W(s, s")—argmax{j € {0,..., W(s,s") — 1} |
x € hull((x" (N }izt...vroD)- (A.35)

From (12.4) and (A.35), the constraint set for V,,, v, is defined as

A = U hull ({(x"(W(s, ') — D}t 1vro)) (A.36)

Veon vi
j=1l..., k

A.7.2.2 Polyhedral LFs

Let a feedback control law be synthesized by using the polyhedral LFs method to
solve the reach control problem from R; to B,/ and let p and x* be the corresponding
contraction rate and equilibrium point, respectively.

Consider control potential function Ve, py : USGSD,S’G(SD(S) {{(s, s} x Rx} —
Ny:

Veon pr((s,8"), x) = W(s,s") — argmax{j € {0, ..., W(s,s") — 1} |
x € (P"(Ry ® (—x°}) ® x*)}.  (A37)

For V., pr, the constraint set is defined as

%k,m’ — pW(.Y,S/)—/((RS ® {_xs}) d xS U B;y. (A38)

Veon ,PL

A.7.2.3 Contractive Sets

Let a feedback control law be synthesized by using the contractive sets method to
solve the reach control problem from R; to By, and let X, p, oz, of and the function
# be defined as in (A.28) with respect to x. For the contractive sets method, a control
potential function V., ¢ : UsESD,s’Eéu(S) {{(s, sH} x R‘Y} —> N is defined as:



Appendix A: Background 271

1 ay—ax
M\ 7 or—er

Vcan,C((svs/)v .X) = 111(,0)

) (A.39)

where [-] denotes the ceiling operation. For Ve, ¢, the constraint set is defined as

o —az +azpWesHk _ _
Ve = T e T (R, ® (—7)) ® T U Byy. (A40)
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