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This book is dedicated to my father.

Stricken again, by the bitterness of life, while this book was being written.



Foreword

It is my great pleasure to write this foreword to this remarkable monograph
on hybrid systems by Paulo Tabuada. A hybrid system combines the state-
machine models of discrete control with differential-equation models of con-
tinuous dynamics. Traditionally, state machines have been used extensively
for modeling and analysis in computer science, and dynamical systems are
studied by researchers in control theory. The embedded applications, consist-
ing of discrete software reacting to continuous environment, have motivated
the study of the problems at the boundary of the two fields, leading to the
growing and exciting field of hybrid systems. This research discipline brings
together researchers from software engineering and formal methods, control
theory, and applications such as robotics and systems biology.

The results at the computer science end were motivated by a desire to
generalize the symbolic methods that had proved to be so successful in mod-
eling and analyzing digital hardware. Early results focused on models such as
timed automata and linear hybrid automata that augmented finite-state con-
trol with simple dynamics. At the other spectrum, control theorists developed
ways for generalizing analysis techniques for linear and non-linear systems to
switched counterparts. Over the years, a wealth of results have emerged at
the intersection, but more importantly, the cross-fertilization of ideas have led
to new insights and analysis techniques. For example, the theory of property-
preserving abstractions, studied extensively in the formal methods literature,
has led to computational techniques for reducing the dimensionality of linear
control systems; the concepts of barrier certificates and Lyapunov functions
from dynamical systems theory have led to effective tools for verification of
safety and liveness properties of hybrid systems.

The rapidly growing and interdisciplinary research demands that re-
searchers must understand concepts and tools from both computer science
and control theory. This is undoubtedly a daunting task, and this is where
this book can come to the rescue. It covers a wide range of foundational topics
in verification and control of hybrid systems. More impressively, it themati-
cally weaves them together using the recurring theme of simulation relations.
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The notion of a simulation or a bisimulation relation between two descrip-
tions of a system, possibly at different levels of detail, has proved to be an
important concept, both in theory and practice, for modeling and verification
of discrete systems. Using richer concepts such as alternating relations and
approximate relations, this book develops the foundations for hybrid control
systems.

Paulo is ideally suited for the challenge of explaining the foundations of
hybrid systems. Having interacted with him for many years, I am well aware
of the breadth of his technical expertise that spans across topics in formal
verification and control theory. He has made numerous important contribu-
tions to the field, particularly to foundations and tools for property-preserving
abstractions of hybrid control systems. The exposition is technically rigorous,
and uses a number of well-chosen illustrations to explain the concepts.

There are a number of conferences on hybrid systems. It is also an integral
component of the newly emerging and broader discipline of cyber-physical
systems. There are new challenges, and research opportunities, related to,
for instance, robustness in presence of uncertainties and design of networked
control systems. I recommend this book highly to students and researchers
who want to tackle these challenges. Studying this book will be an excellent
way to understand the mathematical foundations of this vibrant field.

University of Pennsylvania Rajeev Alur



Preface

Hybrid systems arose more than 15 years ago in a bold attempt to yoke to-
gether computer science and control theory in the context of, what are now
called, cyber-physical systems. Although it is still early to give an unified
account of hybrid systems research, certain conceptual similarities, between
different results developed by different researchers, have recently come into
view. This book aims at highlighting these similarities by providing a system-
atic exposition of several key verification and control synthesis results.

The guiding concept used in this book is the notion of bisimulation. To
understand how it winds through hybrid systems research, a digression into
digital control and timed automata is in order. Before hybrid systems, the
existing paradigm for computer controlled systems was digital control. Un-
der this paradigm, a computer interfaces with the physical world through an
Analog-to-Digital (A /D) converter, transforming measured physical quantities
into digital format, and through a Digital-to-Analog (D/A) converter, trans-
forming digital control commands into analog signals. The enabling result of
this paradigm states that when the continuous dynamics is described by a con-
trolled linear differential equation, the combination of the continuous dynam-
ics with certain classes of D/A and A/D converters can be represented by a
discrete-time linear control system. Consequently, discrete-time linear control
systems were widely used as the abstraction of choice for computer controlled
physical systems. Although powerful, the digital control paradigm provides no
support to study the interaction of software with the physical world. The first
models for hybrid systems extended the digital control paradigm by model-
ing the software as a finite-state machine interfacing with the physical world,
described by a controlled differential equation, through A/D and D/A con-
verters. This model for hybrid systems later evolved into hybrid automata
but no enabling representation result, such as the one for digital control, was
known. The desired representation result had already been partially given by
Alur and Dill’s work on timed automata. In the 1990 paper [AD90], Alur and
Dill showed that timed automata, a special class of hybrid automata, could
be represented by a finite-state symbolic model, i.e., a model with finitely
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many states where each state or symbol represents infinitely many states of
the timed automaton. Essential to their results was the observation that the
notion of bisimulation was versatile enough to establish a formal equivalence
between timed automata and finite-state symbolic models. Bisimulation, orig-
inally introduced by Park [Par81] and Milner [Mil89] as a notion of equiva-
lence between software processes, provided the motto for extensions of Alur
and Dill’s pioneering work to other classes of hybrid systems. Although the
initial effort was on representation results for the verification of hybrid sys-
tems, later results showed that symbolic models could also be constructed
for control design. A further twist in this research stream occurred recently
when it was recognized that bisimulation could be generalized to approximate
bisimulation with the purpose of further enlarging the class of hybrid systems
admitting symbolic models.

The excursion into hybrid systems research, offered in this book, is di-
vided into four parts. The first part presents basic concepts centered around
a notion of system that is general enough to describe finite-state machines,
differential equations, and hybrid systems. However, a system, by itself, is
not very interesting. More interesting are the ways in which systems relate to
other systems. Two such relationships are presented in Part II: behavioral in-
clusion/equivalence and simulation/bisimulation. These relationships are then
used to study verification and control synthesis problems for finite-state sys-
tems. Only a flavor of the existing results is provided since the focus of the
book are the infinite-state (hybrid) systems discussed in Part IIT and Part IV.
By drawing inspiration from timed automata, several classes of hybrid sys-
tems with richer continuous dynamics are shown to be related to finite-state
symbolic systems in Part III. Once such (bi)simulation relations are estab-
lished, verification and control synthesis problems can be immediately solved
by resorting to the techniques described in Part II for finite-state systems.
The same strategy is followed in Part IV by generalizing (bi)simulation re-
lationships to approximate (bi)simulation relationships that can be used for
wider classes of hybrid systems.

The choice of results presented in this book is admittedly biased by my
view of hybrid systems and my own research interests. Moreover, I confess
that the guiding concept of bisimulation warrants a longer route visiting many
other important results. The decision not to include such topics was difficult
to make, but including them would have required more time than I could
give to this project at this stage. In addition to the choice of topics, I faced
another challenge: to make the book accessible and interesting to both com-
puter scientists and control theorists. On the one hand, the computer scientist
will certainly find Part II to be a very narrow account of formal verification
and Part III to treat timed automata very superficially. On the other hand,
the control theorist will be intrigued with the notion of system used in this
book, yet disappointed with the relegation of nonlinear systems to several cur-
sory sections. Nonetheless, I hope the readers, independently of their technical
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background, will find the results interesting enough to consult the specialized
literature for the missing details.

It is a great pleasure to acknowledge the influence of Rajeev Alur and
George J. Pappas that helped shape my view of hybrid systems. Some of the
results in Part IV were developed in collaboration with Giordano Pola and
Antoine Girard and for that, I am very grateful. My students and postdocs, es-
pecially Manuel Mazo Jr. and Ramkrishna Pasumarthy, also deserve a special
word of acknowledgement for carefully reading different versions of this book
and providing me with valuable feedback. This book would not have been
possible without the scholarly environment created by my colleagues at the
Electrical Engineering Department of the University of California at Los An-
gles, and without the support of Dr. Helen Gill and Dr. Radhakishan Baheti
from the National Science Foundation. My final words of acknowledgment go
to my brother, who showed me how to persevere and prosper among brilliant
minds, to my parents, for being a constant source of support, and to my wife,
to whom I now have to repay the countless nights and weekends spent in the
writing of this book.

Los Angeles and Lisboa Paulo Tabuada
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Part I

Basic concepts



Systems

The word system is used in this book as a synonym for mathematical model
of a dynamical phenomenon. Since different problems may require different
models of the same phenomenon, we need a versatile notion of system that
can be equipped with relationships explaining how different systems can be
related. The purpose of this chapter is to provide one such notion and to
illustrate its use in different contexts.

Notation

For aset Z, 1, : Z — Z denotes the identity map on Z defined by 14(z) = z
for every z € Z. Given amap f: Z — W and aset K C Z, f(K) denotes the
subset of W defined by f(K) = {w € W | w = f(k) for some k € K} while
flx + K — W describes the restriction of f to K defined by f |k (k) = f(k)
for every k € K. The projection map taking (24, Ty, Ug, up) € Xq X Xpx Uy XUy
to (24, xp) € Xo X Xp is denoted by 7x.

1.1 System definition

Among the many different mathematical models used to describe dynamical
phenomena we are especially interested in models with states belonging to
finite sets, infinite sets, and combinations thereof. By a finite-state system we
mean a system described by finitely many states. The finite-state machines
used to model digital circuits are one such example. We also consider infinite-
state systems described by difference or differential equations with solutions
evolving in infinite sets such as R™. Hybrid systems, combining aspects of
finite-state and infinite-state systems, consist of another class of systems that
can be described by the notion of system adopted in this book.

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 3
DOI: 10.1007/978-1-4419-0224-5 1, © Springer Science + Business Media, LLC 2009
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Definition 1.1 (System). A system S is a sextuple (X, Xo,U, — Y, H)
consisting of:

a set of states X;

a set of initial states Xg C X;

a set of inputs U;

a transition relation —— C X x U x X
a set of outputs Y';

an output map H: X — Y.

States in X are regarded as internal to the system whereas outputs are
externally visible. The set of initial states may be a proper subset Xy C X, a
fixed initial state zo € X, or the whole set of states Xy = X. A system is called
finite-state if X is a finite set. A system that is not finite-state is called infinite-
state. Systems described by differential equations are examples of infinite-state
systems. The adjectives finite and infinite always qualify the state set of a
system whereas the adjectives discrete and continuous are used to qualify
time. Even though a state cannot! be qualified as finite or infinite, we shall
abuse language and call a state finite or infinite when the corresponding state
set is finite or infinite, respectively. This abuse of language will be extremely
useful throughout the book. The relationship between finite-state and infinite-
state systems is an important topic that is considered in great detail in this
book.

The evolution of a system is captured by the transition relation. A tran-
sition (z,u,z’) € — is, throughout the book, denoted by —“+ 2/. For
such a transition, state z’ is called a u-successor, or simply successor, of state
x. Similarly, z is called a u-predecessor, or predecessor, of state x’. Note that,
since — C X xU x X is a relation, for any state and any input u € U there
may be: no u-successors, one u-successor, or many u-successors. For concise-
ness, we denote the set of u-successors of a state by Post,, (). Since Post,, (z)
may be empty, we denote by U(z) the set of inputs u € U for which Post,, (z)
is nonempty. As discussed in later chapters, the semantics of the elements in
U depends on the problem being solved. Inputs in U can represent choices to
be made by a controller, choices to be made by the environment, or they can
simply describe the passage of time.

Example 1.2. Finite-state systems naturally arise as models of a variety of
man-made phenomena. In addition to being completely defined by the data
described in Definition 1.1, they also admit a graphical representation that is
very useful. States are represented by circles and transitions are represented
by arrows between states. Initial states are distinguished by being the target
of a sourceless arrow. Each circle is labeled by the state (top half) and the

L A state is simply an element of the set of states X. Therefore, unless additional
structure is imposed on X, the expressions “infinite state” and “finite state” have
no defined meaning.
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corresponding output (bottom half), and each arrow is labeled by the input.
The graphical representation of the finite-state system defined by the data:

X ={zo,z1,22, 23}, Xo={x0,22}, U = {ug,u1}, (1.1)
— = {(x0,u0,21), (x0, U1, x2), (X1, u0,21),
(21,u0,23), (T2, u1, x3), (T3,u1,21)}, (1.2)
Y = {y0,y1, 92},
H(zo) = yo, H(xz1)=yo, H(xz2)=y1, H(zs) =y,
is displayed in Figure 1.1. <

A system is called blocking if there is a state x € X from which no further
transitions are possible, i.e., x has no u-successors for any v € U. This can
also be expressed as U(xz) = @. A system is called nonblocking if the set
of successors of every x € X is nonempty. An equivalent characterization is
U(x) # @ for every x € X.

A system is called deterministic if for any state z € X and any input
weU, 2 —— 2 and 2 —— 2" imply 2’ = 2”. Therefore, a system is
deterministic if given any state x € X and any input u € U, there exists at
most one u-successor (there may be none). A system is output deterministic if:
H|x, is injective; and for any state = € X and any inputs u, v’ € U, & — '
and 2 —— 2/ with H(z') = H(z") imply 2/ = #”. For output deterministic
systems, different successors of a state always have different outputs.

A system 1is called nondeterministic if it is not deterministic. Hence for
a nondeterministic system it is possible for a state to have two (or possibly
more) distinct u-successors.

Uo

Zo T3
Yo Y2

Ul Ui

€2

Y1

—

Fig. 1.1. Graphical representation of the finite-state system defined by (1.1)
through (1.4).
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One can easily see that the system represented in Figure 1.1 is nonblocking
since every state has an outgoing transition. It is also nondeterministic as
there are two wug-successors of the state x1, namely z; and x3. Albeit not
being deterministic this system is output deterministic.

To simplify notation we also denote a system S = (X, Xo, U, — ,Y, H)
by the quintuple S = (X,U, —— ,Y, H) when X, = X, by the quadru-
ple S = (X, X0, U, —— ) when Y = X and H = 1y, or by the triple
S=(X,U, — ) when Xo=X =Y and H = 1x.

1.2 System behavior

Given any state © € X, a finite internal behavior generated from x is a finite
sequence of transitions:

uo Ul u2 Unp—2 Un—1
ro —> L1 —> Lg —> ... —> Tp_1 —> Tp

such that xg = x and x; _, ;41 for all 0 <7 < n. A state x € X can also
be seen as a behavior comprising zero transitions in which case n = 0. An
internal behavior generated from =z is initialized if © € Xj.

In some cases, a finite internal behavior can be extended to an infinite
internal behavior. An infinite internal behavior generated from x is an infinite
sequence:

uo w1 u2 us3
o —> L1 —> Ty —> T3 —> ...
that satisfies o = x and x; LN x;41 for all i € Ny. An infinite internal
behavior generated from x is called initialized if x € Xy. In nonblocking
systems, every finite internal behavior can be extended to an infinite internal
behavior.
Through the output map, every internal behavior:

uo u1 u2 Un—2 Un—1
Tog —> L] —> XTp —> ... ———> Ty | —> T,
defines an external behavior:
Yo— Y1 —> Y2 —> ... —> Yn—1 —> Yn (1.5)

with H(z;) = y; € Y for all 0 < ¢ < n. We also use the more succinct notation
Y = Yoy1Y2 - - - Yn to represent the external behavior (1.5). The set of external
behaviors that are defined by internal behaviors generated from state x is
denoted by B, (S) and is called the external behavior from state x.

Definition 1.3 (Finite External Behavior). The finite external behavior
generated by a system S, denoted by B(S), is defined by:

B(S)= | B:(9).

zeXo
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For output deterministic systems any finite external behavior y determines
uniquely the corresponding internal behavior. This can easily be shown by
induction. Given an external behavior y = yoy1¥y2 ...y, we can recover the
corresponding initial state xg since H|x, is injective. Then, we consider all the
successors x1 of xg satisfying H(z1) = y;. If there is more than one successor,

say x1 and 2, we have 19 —> z1 and 29 — @} with H(zy) = H(z}). It
follows by output determinism that x; = z) and z; is uniquely determined.
Applying the same argument to the successors of 21 we can uniquely recover
To and so on.

An infinite internal behavior from x:

) w1 u2 u3
o —> 1 —> L9 —> T3 —> ...

defines an infinite external behavior:
Yo —> Y1 —> Y2 —> Yz —> ... (1.6)

corresponding to the infinite sequence of outputs with H(x;) = y; for all
i € Np. The infinite external behavior (1.6) can also be succinctly denoted by
Y = Yoy1Y2Y3 - - .. The set of all infinite external behaviors that are generated
from z is denoted by B¥(S) and called the infinite external behavior from
state x.

Definition 1.4 (Infinite External Behavior). The infinite external be-
havior generated by a system S, denoted by B*(S), is defined by:

B(S)= | By(9).

zeX

Infinite behaviors describe the nonterminating interaction of a system with
other systems and the environment. They are thus adequate to model the
operation of reactive systems, such as embedded controllers, that must operate
without interruption for arbitrarily long periods of time. For this reason, we
focus mostly on infinite behaviors and drop the adjective infinite whenever
clear from the context.

If a system S is non-blocking, then B“(S) is nonempty. However, 5“(S)
may be nonempty even if S is a blocking system. Figure 1.2 displays one
such example where the infinite external behavior aaaaa. .. belongs to B*(S)
although S is blocking since the state x; has no successors.

Fig. 1.2. Graphical representation of a blocking finite-state system with nonempty
infinite external behavior.
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In Chapter 4 we discuss in further detail the relation between B(S), BY(.S),
and the blocking/nonblocking properties of S. For now, we veer to the relation
between inputs and outputs. In many situations the inputs provide valuable
information that is not directly captured by the internal or external behavior
of a system. This can be easily remedied by suitably extending the state set.
Starting from a system S = (X, Xo,U, — ,Y, H) we can construct a new
system S, = (X,, Xo0, Us, — ,Y,, H,) with:

X, =X xU,
Xo0 = Xo x {*} for some element * ¢ U;
Uo =U U{x};

o (z,u) —uo> (2/,u) in S, if 2 —— 2 in S;
Y, =Y x U,

H,(z,u) = (H(x),u).

An infinite external behavior of S, is of the form:
(4o, %) — (y1,u0) —> (y2,u1) — (Y3, u2) —> ...
thus containing not only the infinite external behavior of S:
Yo—> Y1 —> Y2 —> Ys —> ... (1.7)

but also the sequence of inputs uguius . . . used to generated (1.7) in S. Hence,
the output set Y and output map H can be designed to make externally visible
the aspects (inputs and states) of a system that are considered relevant for
the verification or control problem being solved.

1.3 Examples

The examples that follow illustrate the versatility of the notion of system
adopted in this book. The results presented in Part II, III, and IV apply not
only to the examples in this section but also to many other examples that can
be suitably described by the adopted notion of system.

1.3.1 Finite-state systems
Communication protocol

As a first example of finite-state systems we model a very simple communica-
tion protocol. Consider a sender and a receiver exchanging messages over an
unreliable communication channel. The sender obtains the data to be trans-
mitted from a buffer and sends it through the channel. Since the channel is
unreliable, the sender waits for a confirmation message from the receiver. If the
confirmation message acknowledges a correct reception, new data is fetched
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bad
get data send W bad tx
N -
w

tx/rx repeat
send
good

Fig. 1.3. Graphical representation of the finite-state system modeling the sender.

get

and transmitted. When the confirmation message acknowledges an incorrect
reception, the previous message is resent. The behavior of the sender can be
described by the finite-state system in Figure 1.3.

The communication channel can either deliver the sent message without
errors or deliver a corrupted version of the sent message. The communication
channel is not independently modeled but is integrated in the model of the
sender and the model of the receiver.

The receiver sends a confirmation message acknowledging the reception
of an error free message or a repeat request when the received message is
corrupted. The receiver is described by the finite-state system in Figure 1.4.

receive data good good rx

bad rx
repeat tx/rx ack
receive
receive
store

store data

idle

Fig. 1.4. Graphical representation of the finite-state system modeling the receiver.
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Although we have modeled the sender and transmitter individually, any
analysis regarding the correctness of this protocol is based on the concurrent
execution of these two systems. In Section 1.4 we will see how we can compose
individual systems into a single system describing its concurrent evolution. For
now, we note that both the sender and receiver systems are nonblocking and
deterministic. Possible external behaviors of the system modeling the receiver
are:

idle — tx/rx — ack — idle — tx/rx — repeat
—— tx/rx — repeat — tx/rx — ack — idle

idle — tx/rx — repeat — tx/rx —— repeat — tx/rx
— repeat — tx/rx —— repeat —— tx/rx —— repeat
— tx/rx —— repeat — tx/rx —— repeat —— ...

idle — tx/rx — repeat — tx/rx —— ack — idle
— tx/rx — repeat — tx/rx — ack — idle — tx/rx

Software

Finite-state systems can also be used to model software. Intuitively, we can
regard the memory contents of a computational device as its state and the
software as a description of how memory contents change over time. Since we
can only store finitely many bits of information in the memory of a computing
system, the set of states is necessarily finite.

Constructing finite-state models of software is a challenging task that we
shall not address in this book. Instead, we provide a very simple example.

Example 1.5. The computation of averages is a problem that occurs frequently
in applications. Suppose that we want to compute the average of a stream of
numbers but we do not know a priori the length of the stream. One possible
way to compute the average is to update the average upon the reception of a
new number in the stream. This idea is implemented by Algorithm 1.1 where y
contains the latest received number and z contains the average of the numbers
that have been received so far. Assume now that we are interested in knowing
if x is smaller, equal, or greater than 1 when y is restricted to assume values

z:=0;

n:=0;

while true do
y:=read(input);
T = anH + yn%rl;
n:=n-+1;

end

Algorithm 1.1: Average of a stream of numbers.



1.3 Examples 11

T
N
x<1
aei 2 T2
1 2
o o1

Fig. 1.5. Finite-state system describing if x < 1, x = 1, or # > 1 when y € {1,2}
and z evolves according to Algorithm 1.1.

in the set {1,2}. One possible finite-state model capturing the dynamics of x
is represented in Figure 1.5. Every execution of the while loop is captured by
a transition of the system. <

1.3.2 Infinite-state systems
Dynamical systems

Paul Samuelson introduced in 1939 the following model for the evolution of
the national income:

y(n) = c(n) +i(n) + g(n)
c(n+1) = ay(n)
i(n+1)=pBc(n+1)—c(n))

where « and v are parameters and y denotes the national income that is
formed by three different kinds of expenditures: consumption, denoted by c;
investment, denoted by 7; and government expenditure, denoted by g. Elimi-
nating y we obtain:

If we assume that g is a fixed value, the preceding model defines the system
S with:

X =(Rg)%

Xo = X;

U={x}

(c,i) — (¢,i) iff ¢ = a(c+i+g) and i’ = Ba(c+ i+ g) — Be;
Y:Rg;

H(c,i) =c+i+g.
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For discrete-time dynamical systems, the input * is merely used to advance
the current state to the uniquely defined next state. Hence, system S is non-
blocking and deterministic.

Dynamical systems evolving in continuous-time can also be modeled as
systems. Comnsider Euler’s equations for the rotational dynamics of a rigid
body around its center of mass:

d Iy — I
afl = 211 Seats (1.8)
A, IL—1,
@52 - §361 (1.9)
d I — Iy
%53 = &1 (1.10)

where & = (£1,£2,&3) is the body angular velocity and Iy, s, Is € R are the
principal moments of inertia. A solution to these equations with initial con-
dition 29 = (210, 720, T30) is a continuously differentiable curve ¢ :]a, b|— R3
with @ < 0 < b, satisfying £(0) = z¢ and (1.8) through (1.10) for all ¢ €]a, b].
We can thus model the preceding continuous-time dynamical system as a
system S with:

X =R3;
XQZX;
U:RS‘;

e 1 —— 2/ if there exists a solution ¢ to equations (1.8) through (1.10)
satisfying £(0) = x and &(7) = a';

o Y =2X;

e H=1x.

The preceding construction encodes in the transition relation of S all the

information contained in the solution £ since there exists a transition x Y
in Siff £(0) = x and &(7) = 2’. Although this is natural from a mathematical
point of view, some readers may feel unsettled with this modeling choice: by
labeling the transitions with time we are formally treating time as the input
of S. If one thinks of dynamics as change in space corresponding to change in
time, then one can easily reconcile oneself with the idea of treating time as an
input. Although one can conceive the existence of a uniform notion of time
across all systems, different interactions with a system may require different
time inputs. As an example, consider two different digital platforms measuring
the output of system S. If platform A has a clock cycle of 2 time units and
platform B has a clock cycle of 3 time units, then platform A feeds time
inputs from the set {0,2,4,6,...} into S while platform B feeds time inputs
from the set {0,3,6,9,...} into S. Treating time as the input also has the
added benefit of rendering S nonblocking and deterministic as an immediate
consequence of existence and uniqueness of solutions for smooth differential
equations. In Chapter 7 and Chapter 10 we discuss different ways in which
dynamical systems can be modeled as systems.
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Control systems

The national income model described in the previous section can be regarded
as a control system if one assumes that the government expenditure at time
n + 1 can be chosen by the government. In this case we obtain the following
equations:

c(n+1) = a(c(n) +i(n) + g(n))
i(n+1) = Ba(c(n) +i(n) + g(n)) — Be(n)
g(n+1) = u(n)
where u is regarded as an input to be chosen by the government and belonging

to the set [0, D] for some maximal expenditure D € RT. This model defines a
system with:

X = (Ry)%;
XO ZX,
U =[0,D];

o (c,i,9) . (d,i',g)iff ¢ = alc+i+yg), i = Palc+i+ g)— Pe, and

g =u

Y =R{;

H(c,ivg) = c+i+g.

Control systems in continuous-time can also be described as systems. Con-
sider the motion of a satellite subject to the torque produced by gas jet actua-
tors. Its dynamics can be described by the forced version of Euler’s equations:

%51 = 12 — I3 283+ 1 (1.11)
%fz = 13 — §3§1 + U2 (1.12)
d I —I

&fs == 25152 (1'13)

where the parameters v; and v are inputs describing the effect of the gas
jets. A system model for the controlled satellite requires a choice of curves U,
from Ja, b[ to R?, to be used as inputs. From a mathematical point of view, we
need to restrict U to a class of functions that are regular enough to guaran-
tee existence and uniqueness of solutions for the differential equations (1.11)
through (1.13). From an engineering point of view, the curves in U describe
signals that are implemented by physical actuators. Therefore, there are lim-
itations on the curves in U stemming from the actuator technology. Once the
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set of input curves U is chosen, we can describe the dynamics of the controlled
satellite by the system S with:

X =R3;
XOZX;
U=U;

o 1 — ' if there exist curves> U 3 v : [0,7] — R? and ¢ : [0,7] — R3
satisfying equations (1.11) through (1.13) with £(0) = = and &(7) = 2;
Y =X,
H=1x.

The sedulous reader certainly noticed that system S is also driven by time.
An input v € U is a curve v : [0, 7] — R? describing not only the contribution
of the gas jets to the angular acceleration, but also the length of time T during
which such contribution lasts. In particular, we can recover equations (1.8)
through (1.10) from equations (1.11) through (1.13) by restricting U to be
the set of all input curves with codomain {(0,0)} C RZ2. In such case, each
input v € U is a constant curve assuming the value (0, 0) on its domain [0, 7].
Hence, we can identify v with the length 7 of its domain, thereby identifying
U with R(J{ , and recovering time as the input of system .S modeling the rigid
body without gas jets. Different system models for control systems appear in
Chapter 8 and in Chapter 11.

1.3.3 Hybrid systems

Hybrid systems combine the characteristics of finite-state systems with those
of infinite-state systems. We introduce them through examples.

Real-time scheduling

In many safety-critical applications the execution of software tasks needs to be
completed in a timely fashion. Timeliness is typically formulated by equipping
each software task with a worst case execution time C, a relative deadline D,
and, in the case of periodic tasks, a period T. This formulation entails that a
task becomes active every T units of time and its execution must finish no later
than D units of time after becoming active. A scheduler is a special task that
decides which of the active tasks should be executed by the processor. The
decision process takes into account the period, relative deadline, and the fact
that the execution may take, in the worst case, C' units of time to complete.
A set of tasks is said to be schedulable if it can be executed without violating
any of the deadlines. We can model a periodic task by the hybrid system in
Figure 1.6 where we assume that C < D < T so that the task execution

2 We use curves v and £ defined on closed sets while implicitly assuming the exis-
tence of curves v’ :]a, b[— R? and &' :]a, b[— R? satisfying v = v'|j0..], € = &0,
and all the additional conditions imposed on v and &.
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active
GLH=1&=1
0<& <D
expired
élZ:O élzD
& =0
sleep starting error
&1=1&=1 0<& <D &1=1&=1
0<&<T & =0 D<&
finished expired
0<£2<C §1ID
execute
GLH=1&=1
0<& <D
0<&<C

Fig. 1.6. Hybrid system representing a periodic real-time task.

can finish before the relative deadline and before the next activation. We also
assume that the task cannot be pre-empted, i.e., once the execution starts the
task runs to completion.

There are several new ingredients in Figure 1.6 with respect to the finite-
state systems that appeared so far. Firstly, each finite state is decorated with
a differential equation which, in this example, is the same for all finite states:

& =1 (1.14)
&=1. (1.15)

The special form of this equation allows us to regard & and & as clocks
measuring the passage of time since & (t) = £1(0) +¢ and & (t) = &(0) + .
Secondly, each finite state is also decorated with an invariant set. For example,
the finite state sleep has 0 < & < T as its invariant set. The invariant
represents a condition on the solutions of the differential equation that must
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be satisfied. This means that a task is in the finite state sleep provided that
&) is between 0 and 7. When &; reaches T, the invariant can no longer be
satisfied since £; continues to increase according to 51 = 1. Consequently, a
transition must be taken and the only transition originating at the finite state
sleep is guarded by the condition & = T'. A guarded transition can only be
taken when the guard is satisfied. Hence, the transition from the state sleep
to the state active can only be taken when &; is exactly equal to T' (the
activation period). The reset &1 := 0 also decorates this transition and forces
&1 to be reset to zero once the task enters the finite state active. It is also
possible that a transition takes place at different instants of time. This is the
case with the transition from execute to sleep. This transition is enabled
whenever the guard 0 < & < C' is satisfied. Therefore, a task may finish its
execution to enter the sleep state at any time, measured by &3, between 0
and the worst case execution time C'. The reader is encouraged to inspect the
remaining invariants, guards, and resets to become convinced that the system
in Figure 1.6 does model the evolution of a periodic real-time task.
The set of states of the hybrid system in Figure 1.6 is:

X = {sleep,active, error, execute} x (RI)?.

A state & € X is thus a pair @ = (z,,2,) consisting of a finite part
x, € {sleep,active,error,execute} and an infinite part z;, € (Rg)z. For
every finite state x, we have an invariant In,, C (RJ)? and a differential
equation & = fz. (§). Moreover, for every transition (z,,uq,z),) we have a
guard Gu(z, v, ) C Ing, and a reset map Re(s, u,,2r) @ Nz, — Ing/ . All
these new ingredients are used to describe this hybrid system as a system
S = (X,XQ,U, — ) with:

X = {sleep,active, error, execute} x (Ri)?;
Xo ={(za,2) € X | 24 = sleep A @} € Ingreep};
U = {awake, expired, starting, finished} URJ;

o (24,1) — (2, x}) if one of the following two conditions holds:

1. u € R, 2/, = x,, and there exists a solution & : [0,u] — In,, to
the differential equations (1.14) and (1.15) satisfying £(0) = 3 and
§(u) = a3

2. u € {awake,expired, starting, finished}, =, = Re(,, u.o)(73), and
Ty € Gu(gjmu,m;).

The transition relation consists of two different kinds of transitions: con-
tinuous flows and discrete transitions. During continuous flows the finite part
of the state remains unaltered and the infinite part of the state, whose evo-
lution is prescribed by the differential equations (1.14) and (1.15), remains
inside the invariant set. Discrete transitions may change the finite and the
infinite part of the state and are conditioned by the corresponding guards.
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A boost DC-DC converter

A different example of a hybrid system is the boost DC-DC converter rep-
resented in Figure 1.7. If one uses the current ¢;, through the inductor and
the voltage ve across the capacitor as state variables, a simple application of
Kirchoff’s laws provides the equations describing the evolution of v¢ and ip,.
When the switch is in position s; we have:

d Ry . 1
ﬁlL = —T'LL + Z'US (116)
d 1 1
A = 1.17
at'“ " TCRc+Re © (1.17)
and when the switch is in position ss:
d . 1 Rc Ry . 1 Ry 1
—ir=——= (R _— - — 1.18
dtlL L( L+R0+R0>ZL LR0+R0vC+LvS ( )
d 1 Ry . 1 1
e = — - = . 1.19
ait'“ " CRc+ Ry “ CRc+Ry © (1.19)

There are two different modes of operation associated with the two differ-
ent positions for the switch. The dynamics of these two modes of operation
can be described by the finite-state system in Figure 1.8 in which the input
uy takes the system to switch position s; and input us takes the system to
switch position so. However, the finite-state system in Figure 1.8 is not de-
tailed enough to capture the dynamics of i, and vo. A more detailed model

A TT o2
Vg @) Rc %RO

C

T

Fig. 1.7. Boost DC-DC converter.

Ui U2

L -

—_ —

o v o2

Ui

Fig. 1.8. Finite-state system describing the dynamics of the switch in the converter
represented in Figure 1.7.
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has to combine the finite-state dynamics of the switch with the continuous-
time dynamics in equations (1.16) through (1.19). Such hybrid model can be
described by the system S = (X,U, — ) with:

o X ={s1,82} x R%
o U= {uj,us} URS;

o (s,ir,v0) = (8’7, v5) if one of the following four conditions holds:

1. u=1u, 8 =s1, i =i}, and ve = vg;

2. u=wug, s =59, i =1}, and vo = vg;

3. u € RY, s’ = s = 51 and there exists a solution ¢ : [0,u] — R? to the
differential equations (1.16) and (1.17) satisfying £(0) = (i, vc) and
§(u) = (i, ve);

4. u € R}, s’ = s = s5 and there exists a solution ¢ : [0,u] — R? to the
differential equations (1.18) and (1.19) satisfying £(0) = (i1, vc) and
£(u) = (i), uL).

For this hybrid system the invariants are In,, = R? = In,,, the guards
are Gu(s, u,sy) = R2 = Gu(sy,u,5,), and the reset maps are Re(y, ,5,) = lr2 =
Re(sy,u,s,) for any u € {ug,uz}. The nature of the guards and of the invariants
implies that a discrete transition can take place independently of the specific
value of the infinite state. This is in stark contrast with the previous example
where discrete transitions were influenced by and influenced the continuous-
time dynamics. The modeling of hybrid systems as systems is discussed in
more detail in Chapter 7.

Tl

L -
-
Sy
K e

Fig. 1.9. Systems S¢, Sq, Se, and Sy resulting from composing system S, with
system S, with respect to the different interconnection relations in Table 1.1.



1.4 Composing systems 19

1.4 Composing systems

Most engineering systems are designed and built by interconnecting simpler
and smaller components. This process of constructing larger systems by in-
terconnecting smaller ones can be mathematically described through a com-
position operation. In this book we consider a versatile notion of composition
based on an interconnection relation T C X, X X x U, x Uy describing how
system S, interacts with system S.

Definition 1.6 (Composition). Let S, = (X4, Xa0, Ua, — Y., H,) and
Sy = (Xp, X0, U, — , Yy, Hp) be two systems and let T C X o x Xp x Uy x Uy

be a relation. The composition of S, and Sy, with interconnection relation T,
denoted by S, X1 Sy, is the system (Xap, Xavo, Uab, — Ya, H,p) consisting

of:

Xap =7x(2);
Xavo = Xap N (X0 X Xpo);
Uab - Ua X Ub;'

o (x4,1p) AL

o (x),, xy) if the following three conditions hold:

Uq .
1. xq — !, in Su;
a
Up .
2. xyp - xy, in Sp;
3. (Ta, Ty, Uq, up) € L;

Yab = Ya X YE);
Hab(wamxb) = (Ha(ZCa),Hb(l’b)).

The system S, x7 Sp, describes the concurrent evolution of systems S, and
Sp subject to the synchronization prescribed by the interconnection relation Z.
The compositions represented in Figure 1.9 are but a few examples of systems
that can be obtained by suitably defining Z. The interconnection relation for
these examples is shown in Table 1.1. The very general notion of composition
in Definition 1.6 was not chosen for the mere sake of generality. The effort
placed by the reader in becoming acquainted with this notion of composition
will be rewarded later in the book with simple proofs of important results.

System‘ (Ta, To, Uq,up) € T if
Se Hqy(zq) = up
Sa  |Ha(za) = up and Hy(xp) = up
Se Uq = Up
Sf Ha(fa) = Hb(l'b)

Table 1.1. Description of the interconnection relation Z for the compositions rep-
resented in Figure 1.9.
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The compositions illustrated in Figure 1.9 enforce synchronization only
through inputs and outputs. However, the relation Z enables also the use of
the state for synchronization. This will be essential when we discuss problems
of control. The way in which transitions of S, xz7 S, are constructed from
transitions of S, and S, tells us that:

B(S, x7 Sp) € B(S,) x B(Sp) (1.20)

with equality holding for the trivial interconnection relation defined by
T =X, x Xp xU, xUp. In the later case, we denote S, x7 S, simply by
Sa X Sb.

When composing systems S, and S, having the same set of outputs and
using an interconnection relation satisfying:

(Xa,xp) € Tx(Z) = Hy(xa) = Hp(axp)

there is a certain redundancy in S, X7 Sp. The output set is Y, X Y, with
Y, = Y, and the output at every state (x4, xp) € Xap 18 (Ha(xa), Hp(xp))
with H,(x,) = Hp(xp). Under these circumstances we simplify S, X7 S}, by
redefining Y, to be:
Yo=Y, =Y,
and by redefining H,;, to be:
Hab(xa; ﬂfb) = Ha(xa) = Hb(xb)-

Equation (1.20) now tells us that the behavior of S, x7 Sp is related to be
behavior of S, and Sy by:

B(S. x1 S,) € B(Sa)  B(Sa xz S) € B(Sy).

Ezxample 1.7. We now return to the communication protocol example to il-
lustrate system composition. If S, is the system describing the sender (see
Figure 1.3) and if S}, is the system describing the receiver (see Figure 1.4),
we can construct S, X7 S, by choosing 7 to be the set of all quadruples
(Ta, Tp, Ug, up) € Xo X Xy x U, x Uy, satisfying H,(2,) = Hp(xp) and corre-
sponding to one of the interconnections represented in Figure 1.9. The result-
ing finite-state system is represented in Figure 1.10.

A possible specification for the communication protocol is that in every ex-
ternal behavior of S, X7 .5, tx/rx is always followed, although not necessarily
immediately, by ack. This would require that any transmission is eventually
correctly received. By inspecting Figure 1.10, we see that it is possible to cy-
cle between the states (send data, receive data) and (bad tx, bad rx)
indefinitely, thus implying that tx/rx may not be followed by ack. Unless
additional assumptions are made about the communication channel, it is not
possible to guarantee that transmitted messages are eventually received. In
this example we could determine that S, X7 S, does not conform to the spec-
ification simply by inspecting S, X7 S,. When dealing with large systems,
analyzing S, X7 S, by inspection is no longer possible and one has to resort
to algorithmic verification techniques such as the ones presented in Part II. <
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(get, store)

(send, receive)
(good, good)

(bad, bad)

(send, receive)

Fig. 1.10. Graphical representation of the composition of the finite-state system
displayed in Figure 1.3 (modeling the sender) with the finite-state system displayed
in Figure 1.4 (modeling the receiver).

1.5 Notes

The notion of system introduced in this chapter is a blend between the au-
tomata theoretic models used for the verification of software systems with the
differential equation models used in control. Owing to its automata descent,
the dynamics is described by a relation instead of a function. The flexibility
afforded by relations will be used in Parts II, III, and IV to model the ef-
fect of disturbances through nondeterminism. Following the current practice
in control theory, outputs depend on the states rather than on the inputs.
This choice is motivated by the models used in control theory where the state
has physical meaning which is essential to define specifications. However, as
described in Section 1.2, the inputs can easily be extracted from the outputs
by suitable redefining the ingredients of a system.

The separation of variables into inputs, states, and outputs is a modeling
decision that is not always easy to make, especially when dealing with soft-
ware. Although this practice seems to be well rooted in the computer science
and control theory traditions, there exist alternative modeling formalisms that
do not require such distinctions [PW97].
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The national income model was proposed in [Sam39]. Hybrid systems have
been used by many authors to study problems of real-time scheduling see, for
example, [FKPY07]. The hybrid model for the DC-DC converter is taken
from [GPM04, GPT09] where further references can be found for the analysis
and design of DC-DC converters using hybrid systems techniques.



2

Verification problems

Systems are mathematical models of dynamical phenomena that allow for
rigorous analysis. In this chapter we describe the two kinds of verification
problems that are considered in this book.

215,25,

The first verification problem is the equivalence problem.

Problem 2.1 (Equivalence). Given systems S, and S, and a notion of
equivalence between systems, when is S, equivalent to Sy?

If one denotes system equivalence by the symbol =, then Problem 2.1 asks
when the following relationship holds:

S, = S,.

Several different analysis and verification problems arising in the design of
complex systems can be casted as instances of the equivalence problem. This
can be done for systems that have already been designed as well as for systems
that have not yet, or have only been partially designed. In the former case, we
regard S, as a model of the system that has already been designed and S} as a
model of the specification. A positive answer to the equivalence problem would
then imply that the design conforms to the specification. In the later case, we
regard S, and S, as potential models of the same dynamical phenomenon
and seek to determine if both models are equivalent. A positive answer to
the equivalence problem would imply that any of the models could be used
to complete the design at hand. In both cases we are implicitly assuming
that one of the models is much simpler than the other. If S, describes the
specification then it is natural to expect that it should be much easier to
construct Sy than S,. When S, and S, are both models for the same system
being designed, S, being a much simpler model than S, would guarantee that

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 23
DOI: 10.1007/978-1-4419-0224-5 2, © Springer Science + Business Media, LLC 2009
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the remaining design could be accomplished with greater ease by working with
the simpler model S,. This observation immediately places some restrictions
on the notions of equivalence as they need to treat as equivalent, system S,
and the much simpler system Sy,

In this book we distinguish between two different kinds of equivalence: ex-
act and approximate. While exact equivalence can be used for finite-state and
infinite-state systems, approximate equivalence is more natural in the context
of infinite-state systems describing dynamical, control, or hybrid systems. Ex-
act equivalence requires the outputs of equivalent systems to be exactly the
same while approximate equivalence relaxes this requirement by allowing the
outputs to differ up to some specified precision. It is shown in Part IV that the
additional flexibility afforded by approximate equivalence results in a larger
class of infinite-state systems having equivalent finite-state symbolic models.

2.2 S, < S

In many circumstances the equivalence problem may be too demanding. If S,
is a model for the specification, it may be impossible to design a system .S,
that is equivalent to Sy. However, S, may still satisfy the specification in a
weaker sense captured by the pre-order problem.

Problem 2.2 (Pre-order). Given systems S, and S, and a pre-order! be-
tween systems, when does S, precede Sp?

If one denotes the pre-order by the symbol <, then Problem 2.2 asks when
the following relationship holds:

Sa <X Sp.

Intuitively, S, =< S, is interpreted as S, being “included” in S,. The exact
meaning of “included” will depend on the particular pre-order being used.
As was the case with equivalence we will consider exact and approximate
pre-orders, the later being a generalization of the former.

! Recall that a pre-order is a relation which is reflexive and transitive. See the
Appendix for more details on pre-orders.
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Control problems

Formal models and techniques can be used, not only for the verification of
systems, but also for its design. In this book we consider design problems for
equivalence and pre-order relations.

3.1 8. X125, = Sh
The control problem for equivalence formalizes the essence of design.

Problem 3.1 (Control for equivalence). Given systems S, and S, and
given a notion of equivalence between systems, when does it exist and how
can we construct a system S, and an interconnection relation Z such that:

S, xz 84 2 Sp. (3.1)

System S is typically a model of the specification that is to be enforced,
on a given platform modeled by S, through the design of S.. The control
problem for equivalence makes sense at different levels of design. System S,
could model a hardware platform and S. could model an operating system
to be designed or S, could model the hardware platform equipped with the
operating system and S, could be the desired midleware or application level
software. When system S.. is designed so as to enforce (3.1), formal verification
is not necessary to prove the equivalence between the designed system S, xz.5,
and the specification Sp. This is one of the main advantages of the use of formal
methods for the design of complex engineered systems.

In this book we present methods and techniques for the solution of Prob-
lem 3.1 using exact and approximate notions of equivalence.

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 25
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3.2 S. X1 S, '_< Sy

The same reasons that lead us to consider pre-orders for verification problems
suggest that one should also consider the control problem for pre-order.

Problem 3.2 (Control for pre-order). Given systems S, and S, and given
a pre-order between systems, when does it exist and how can we construct a
system S, and an interconnection relation Z such that:

Se X7 .84 2 Sp.

From a mathematical point of view one can also consider the problem of
designing S, so that S, < S, x7 S, holds. However, since composing S, with
S, results in a system that is more constrained than S, either S, < S, already
holds, in which case we do not need to design S., or S, < S, does not hold
and no matter which S. we use to further constrain S,, we will never achieve
Sb = Sc XT Sa.



Part 11

Finite systems
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Exact system relationships

The verification problem for a system S, and a model of desired behavior Sy,
asks the fundamental question of whether S, is either equivalent to the desired
system (S, = S) or contained in the desired system (S, < Sp). The answer
to such questions will always depend on what we mean by system equivalence
and system containment. In this chapter, we give various precise definitions
for such relationships between two systems.

Notation

Every relation Q C Z, x Zy, admits Q=% = {(2p, 24) € Zp X Zs | (24, 2) € Q}
as its inverse relation. Moreover, if R C Z, X Z. is also a relation, we denote
by Ro (@ the composite relation defined by all the pairs (z4, 2.) € Z, X Z, for
which there exists z, € Zp such that (z4,2) € Q and (2p, 2.) € R. When Q
is an equivalence relation on a set Z, we denote by [z] the equivalence class
of z € Z, by Z/Q the set of all equivalence classes, and by 7g : Z — Z/Q
the natural projection map taking a point z € Z to its equivalence class
7(z) = [2] € Z/Q. We say that an equivalence relation is finite when it has
finitely many equivalence classes.

Given a collection of sets Z = {Z;};c; and an element W € Z, we say
that W is maximal (with respect to set inclusion) if for every Z; € Z we have
Z; CW.

The pre-image of a set K C W under a map f : Z — W is denoted by
f71(K) and defined as the set f~Y(K)={z€ Z | f(z) € K}.

For a set Z, Z* and Z“ denote the set of all finite and infinite strings,
respectively, obtained by concatenating elements in Z. An element z € Z* can
thus be seen as amap z: {0,1,2,...,n} — Z represented by z = 292122 ... 2,
with z(i) = z;, 7 € {0,1,2,...,n}. Similarly, an element z € Z¥ is a map
z: Ny — Z represented by z = zpz122 ... with z(i) = z;, i € Ny.

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 29
DOI: 10.1007/978-1-4419-0224-5 4, © Springer Science + Business Media, LLC 2009



30 4 Exact system relationships

4.1 Behavioral relationships

The first natural relationship between two systems S, and Sj requires every
external behavior of system S, to also be an external behavior of system 5.

Definition 4.1 (Behavioral inclusion). Given two systems S, and Sy, with
Y, =Y, we say that S, is behaviorally included in Sy, denoted by S, =<5 Sp,
if BY(S.) C BY(Sh).

If S, is a model of a system that we wish to analyze, and Sj is a model of
the desired behavior, then showing that S, <p S} effectively shows that all
behaviors of S, satisfy the desired specification.

Behavioral inclusion can be viewed as a behavioral matching game between
the two systems. The game is played in alternating rounds between the two
systems. If we want to show that S, <p Sp, then system S, plays first and
selects any behavior y € B¥(S,). System S, plays after system S, and must
then produce exactly the same behavior, i.e., y € B(Sy). If system S}, can
match every behavior that S, produces, then S, wins the game, resulting in
Sa =B Sp. On the other hand, if S, produces a behavior y € B(S,) that S
cannot match, then clearly y ¢ B“(S;) and thus S, Z5 Sp.

Definition 4.2 (Behavioral equivalence). Given two systems S, and S
with Y, = Y}, we say that S, is behaviorally equivalent to Sy, denoted by
Sa =B Sp, if Sa =B Sp and Sy = Sa-

In other words, systems S, and S, are behaviorally equivalent if they
have exactly the same set of behaviors, i.e., B¥(S,) = B“(Sp). In our game
theoretic interpretation, we can play one game to show that S, =<z S, and
another game to show that S, <p S,. If the first game is won by S, and
the second game is won by S, then the systems are behaviorally equivalent.
Alternatively, we can combine the two games into a single game, where in
each round of the combined game we arbitrarily choose which system plays
first, and which systems plays second. If, in every round, the system that plays
second can always match the system that plays first, regardless of the choice,
then the systems are behaviorally equivalent.

Example 4.3. As part of a larger effort to reduce pollution and alleviate traffic
congestion, UCLA has an agreement with a local bus company to encourage
members of the UCLA community to use public transportation. The agree-
ment results in reduced fares for the riders and is implemented as follows.
Upon entrance on the bus, any member of the UCLA community is encour-
aged to swipe his UCLA identification card on the fare machine. This action
produces a distinctive sound that we call ding. Following the swipe, the re-
duced fare of a quarter should be deposited into the fare machine. A different
sound, that we call dong, is then emitted to acknowledge the reception of the
complete fare. A possible model S, for the fare machine is shown in Figure 4.1.
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l idle

Ta0

silence

quarter

Fig. 4.1. Finite-state system modeling the bus fare machine for Example 4.3.

Figure 4.2 shows another model, Sy, that is equivalent to S, in the sense
that S, 25 Sp. The reader can convince himself of this fact by playing a few
rounds of the behavioral matching game. <

Note that given two systems, we may have S, <g Sy, Sp =5 Sq, Sa =5 S,
or neither in which case the systems are incomparable.

A sensible alternative to Definition 4.1 is to define behavioral inclusion
using finite external behaviors instead of infinite external behaviors. Under a
nonblocking assumption both alternatives are in fact equivalent.

b0 swipe Tp1

silence ding

Tb3
ding

Fig. 4.2. A different finite-state system S, modeling the bus fare machine for Ex-
ample 4.3.

idle

swipe quarter
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Proposition 4.4. For any two systems S, and Sy with Y, =Y}, the following
implication holds:

B(S,) =B(S,) = BY(S,) =B“(S).
Moreover, if S, and Sy are nonblocking the following implication also holds:
BY(S.) =B“(Sy) = B(S.) = B(Sp).

Proof. This proof requires some notation that is not used elsewhere except in
the proof of Proposition 4.11. Consider a set Z. A finite prefix of an infinite

string z = zpz122... € Z% is a finite string w = wowyws ... w € Z* for
which there exists an infinite string w' = wjwjw} ... € Z* such that ww’ =
WowiWs . . . wrwiwiwl ... = z. Let now L be a subset of Z*. The limit of L,

denoted by lim L, is the subset of Z* defined by z € lim L iff every finite prefix
of z belongs to L. With these definitions in mind we see that for any system

S, BY(S) = lim B(S). Therefore:
B(S.) = B(Sy) = LmB(S,) =1mB(S,) = BY(S,) = B“(S).

This proves the first part of the result. For the second part we need again
additional notation. For a set L C Z“ we denote by Fin L, the set of all
finite prefixes of strings in L. Note that we always have Fin B(S) C B(S)
for any system S. But the opposite inclusion, B(S) C Fin B“(S), only holds
when S is nonblocking since only in this case any finite external behavior
can be extended to an infinite external behavior. The second part of the
result then follows from the equality Fin B¥(S) = B(S) which holds under the
nonblocking assumption. 0O

Formally relating system behaviors allows us to formally relate system
properties, and, in particular, their reachable states.

Definition 4.5 (Reachable states). A state x € X is said to be reachable
in a system S if there exists an initialized internal behavior:

uo U1 Un—1
rg —> 1 —> T2 —> ... — .

An outputy € Y is said to be reachable in a system S if there exists a reachable
state x € X satisfying H(x) = y. The reachable set of a system S, denoted by
Reach(S), is the set of all its reachable outputs.

Proposition 4.6. For any two systems S, and Sy the following implications
hold:
Se 28 Sy == Reach(S,) C Reach(S),

S. =g Sy =  Reach(S,) = Reach(S}).
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Proof. Let y, € Reach(S,). By definition of reachable output, there exists a
finite external behavior y = yoyi . . . ¥, with y,, = y,. Assuming that S, <z S}
holds, we have y € B(S;). Consequently, y, € Reach(S,) thus showing that
Reach(S,) € Reach(Sp). The second claim follows immediately from the
first since S, <p Sp implies Reach(S,) C Reach(Sy) and S, =<5 S, implies
Reach(Sy) € Reach(S,). O

The preceding proposition can be very useful in simplifying safety analysis.
Given system S, and an unsafe set B C Y, the safety problem asks whether
Reach(S,)NB = @. If the reachable set of S, intersects any element of B, then
S, is declared unsafe, whereas if the intersection is empty, then S, is declared
safe. In the real-time scheduling example, given in Chapter 1, the unsafe set
would contain only outputs corresponding to states having error as its finite
part since such states correspond to missed deadlines. The safety problem
admits an alternative formulation based on the safe outputs G = Y, \ B. Using
G, we are now interested in deciding if Reach(S,) C G. In other words, the
set G which encodes safe behavior is an invariant for all system behaviors.

Unfortunately, for many systems, Reach(S,) may be difficult to compute.
In such cases, an alternative and simpler approach to the safety problem
is to consider another system S, with S, <p S, and for which Reach(Ss)
is easier to compute. Since Reach(S,) C Reach(Sy), if we can show that
Reach(Sy) N Z = @ then, we can conclude Reach(S,) N Z = @.

In the context of the preceding paragraph, model S is not being used as a
model of desired behavior for S,, but rather as a coarser model for S,. System
Sp is also known as a modeling abstraction of S,, and, dually, S, is known as
a modeling refinement of S,. When dealing with safety properties, it is impor-
tant that abstractions are overconservative, in the sense that all behaviors of
S, are included in Sp. Note, however, that overconservative abstractions are
only sufficient for safety, as the abstracted model S, may contain behaviors
that are not feasible in S,. Therefore, if S; is found to be unsafe then we
cannot necessarily infer that S, is also unsafe: we have no way of knowing
whether the lack of safety should be attributed to behaviors of S, or to be-
haviors that belong in S, but are not feasible in S,. If, however, S, =g Sy,
then clearly Reach(S,) = Reach(S,) and therefore S, is safe if and only if S,
is safe.

4.2 Similarity relationships

It was argued in the previous section that behavioral inclusion S, =< S
of two systems is important for abstracting system S, by system S; or for
verifying that B“(S,) is contained in the desired behaviors B“(S;). However,
for infinite-state systems it is difficult, from a technical point of view, to work
directly with behaviors. In this section, we develop new relationships between
systems which are stronger than their behavioral counterparts. The first such
relationship is based on the notion of simulation relation.
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Definition 4.7 (Simulation Relation). Consider systems S, and Sy with
Y, =Y. A relation R C X, x X} is a simulation relation from S, to Sy if
the following three conditions are satisfied:

1. for every xqo € Xao, there exists xpo € Xpo with (a0, p0) € R;
2. for every (zq, ) € R we have Hy(x,) = Hy(xp);
3. for every (zq,xp) € R we have that:

xq —— xl in S, implies the existence of xy — xy, in Sy satisfying
a
/ /
(x),,x}) € R.

Intuitively, a simulation relation R C X, x X} captures which states of S,
are simulated by which states of Sy,. Therefore, if (2,,25) € R, then state x,
of system S, is simulated by state x; of system Sj. Note that there is a clear
order between the two systems as system S, simulates system S,.

With this intuition, we revisit the three requirements of Definition 4.7.
First, the simulation relation must respect initial states which means that
every initial state of S, is simulated by some initial state of Sp. Second, the
simulation relation must respect observations which means that if x; simu-
lates x,, then the output at x;, should be exactly the same as the output
at x,. The final and most challenging requirement is that the simulation re-
lation must respect transitions. Informally speaking, the requirement states

. ., u .
that no matter which transition z, —— a/, system S, chooses, such transi-
a

tion can be matched by some transition x; %» x, of Sy, possibly labeled

by a different input. Matching means that the successor states remain in the
simulation relation, hence (z],,z;) € R. This matching of transitions can also
be given a game theoretic interpretation in which system S, chooses a transi-

. u . o . u
tion x, —— !, that system Sj needs to match with a transition z —;» ),
a

for which («,2}) € R. If system S, can match all the choices of transition
made by player a, then R is a simulation relation. Note that while behavior
containment required the matching of behaviors, simulation requires the more
detailed matching of individual transitions.

Definition 4.8 (Simulation). Given two systems S, and S, with Y, =Y,
we say that S, is simulated by S, or that S, simulates S,, denoted by
Sa =s Sp, if there exists a simulation relation from S, to Sp.

The simple observation that behaviors are no more than a sequence of
transitions leads to the next result.

Proposition 4.9. For any two systems S, and Sy with Y, =Y}, the following
implication holds:
Sa 25 Sy = Sa =5 S (4.1)
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Proof. Assume that S, =<s S, and let R be the simulation relation. Let
y € B¥(S,) and let:

Uq0 Ual Ua?2
) Tal L2 . (42)

be the corresponding initialized internal behavior. We now construct an ini-
tialized internal behavior:

Upo Ub1 Up2
Ipo Tp1 Tp2 e (43)

of Sy satistying Hy(xp;) = Ha(xa:) for i@ € Np. Since (4.2) is an initialized
internal behavior, z,0 € X, and by definition of simulation relation there
exists xp0 € Xpo such that (240, 2p0) € R. It now follows again from the defi-

.. . . . . Ua
nition of simulation relation that, since (x40, 2p0) € R and 249 ——> 41, there
a
must exist a transition xpg —f» Tp1 in Sy with (xal7 xbl) € R. We can repeat
. . Ua
the argument again by using (241,74 ) € R and x4, —— 242 to conclude
a

the existence of xp1 u—zl> Zpo With (242, xp2) € R. By repeating this argument

inductively we conclude the existence of the initialized internal behavior (4.3)
satisfying (x4, xp;) € R for i € Ny. Finally, invoking the definition of simu-
lation relation, (24, zs;) € R implies H,(zq;) = Hp(xp;) so that the external
behavior associated with (4.3) is y. Therefore y € B(S,) implies y € B(Sh)
as desired. O

As the next example illustrates, the implication (4.1) cannot, in general,
be reversed.

Example 4.10. Consider again the systems S, and Sp, represented in Fig-
ures 4.1 and 4.2, respectively, and modeling the bus fare machine of the pre-
vious section. Although these systems satisfy S, <p S, we now show that
Sa =s S fails to hold. We proceed by contradiction and try to construct a
simulation relation R. Since each system only has one initial state we neces-

. . o swipe
sarily have (x40, 2p0) € R. Consider now the transition 2,0 — ,1. There
a

are two possible states of S, that can be related to x,1: xp1 and xp3. The

states xpo and xpo cannot be related to x,; since they have different observa-
tions. Relating xp; to x,1 would not result in a simulation relation since the
. idle . .. .
transition r,7 —— 40 in S, cannot be matched by a transition from zp; in
a
Sp. Moreover, relating x,3 to x,1 would also not result in a simulation relation
quarter

since the transition x,; ——— x42 in S, cannot be matched by a transition
a

from xp3 in Sp. We thus conclude that there cannot be a simulation relation
from S, to Sp. <
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Notwithstanding the negative result illustrated by the previous example,
we have the following partial converse to Proposition 4.9.

Proposition 4.11. Let S, and Sy be systems with Y, =Y, and assume that
Sy is output deterministic. Then, the following implication holds:

B(S.) C B(Sy) = S <s Si.

Furthermore, when S, is nonblocking the preceding implication can be strength-
ened to:

Sa 2B Sy = S4 =5 .

Proof. Without loss of generality we assume that every state z, € X, is
reachable in S, and that every state z;, € X, is reachable in Sj,. We can make
this assumption since states that are not reachable can be eliminated without
changing the internal and external behavior. Define the relation R C X, x X}
by (z4,xp) € R if there exists an initialized internal behavior:

Ua0 Ua1 Uak o
T a0 7 Tal 7 N 401’ Tak+1 = Lg (4.4)

in S, and an initialized internal behavior:

Upo Up1 Ubk
Tpo T Tp1 T’ PN T’ Tpk+1 = T (45)

in Sy satisfying Hy (z4;) = Hp(xp;) for i = 0,1,...,k+1. The rest of the proof
consists in showing that R is a simulation relation from S, to Sp.

Let x40 € X,0 and consider the initialized internal behavior of length one
given by z,40. It follows from B(S,) C B(Sy) that Hy(z.0) =y € B(Sy). But
this implies the existence of xpy € Xpo satisfying Hy(xpo) =y = Hyu(xao).
Consequently, (zq0,xp0) € R thus showing that the first requirement in Defi-
nition 4.7 holds.

Since the second requirement in Definition 4.7 is satisfied by construction,
we only need to show the third requirement.

. . . Uq . . .
Let (x4, ) € R and consider a transition x, — 2/, in S,. This transition
a

can be appended to the sequence of transitions (4.4) to obtain:

Ua0 Ual Uak o Uag=Uak+1 /I
Lag — > Lgl —> .. — > Tak+1 — Lg ——————*> Ia = Tak+2-
a a a a
The corresponding external behavior y = yoy1 . .. Y2 with y; = Hy(x4,) for

1=0,1,...,k+2 belongs to B(S,) in virtue of the assumption B(S,) C B(Sp).
But this 1mphes the existence of a sequence of transitions:

Upk

Zpo Lb;* Tp1 Lbhf’ Ll;f’ Tok41 L;l> Thk42 (4.6)
in Sy satisfying Hy(ap;) = y; fori = 0,1, ..., k+2. It now follows from the out-
put determinism assumption that yoy; ... yr+1 determines the corresponding
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internal behavior in Sp, uniquely and this implies that the restriction of (4.6) to

its first k41 transitions is given by (4.5). Therefore, we conclude the existence
of the transition z, = xpri1 &;Hl' Tprto = x, satisfying (x, x}) € R.

To prove the last assertion in the proposition, recall from the proof of
Proposition 4.4 that Fin L is the set of all finite prefixes of strings in L C Y'“.
Recall also that we always have Fin B (S) C B(S) but the reverse inclusion
only holds when S is nonblocking. With these facts in mind, the last assertion

is proved by noting that:
B¥(S,) C BY(Sp) = FinB“(S,) C FinB“(S,) C B(Sy) = B(S.) C B(Sp)

where the last implication follows from the nonblocking assumption on S,.
O

Symmetrizing the notion of simulation we arrive at bisimulation.

Definition 4.12 (Bisimulation). Given two systems S, and Sy with Y, = Yy,
we say that S, is bisimilar to Sy, denoted by S, =s Sy, if there exists a relation
R satisfying:

1. R is a simulation relation from S, to Sp;
2. R~ is a simulation relation from Sy, to Sq.

Alternatively, we can define bisimilarity through the notion of bisimulation
relation.

Definition 4.13 (Bisimulation Relation). Consider systems S, and S
with Y, = Y. A relation R C X, x X, is called a bisimulation relation
between S, and Sy if the following conditions are satisfied:

1. a) for every xq,0 € Xao, there exists xpg € Xpo with (x40, Tp0) € R;
b) for every xpo € Xpo, there exists x40 € Xao with (Ta0,Tp0) € R;
2. for every (z4,xp) € R we have Hy(x,) = Hy(xp);
3. for every (z4,xp) € R we have that:
a) x, %» xl in S, implies the existence of L;» xy, in Sy satisfying
(xh,z;) € R;
b) xp %» xy, in Sy, implies the existence of x, %» xl in S, satisfying
(x),z;) € R.

Systems S, and Sy, are said to be bisimilar if there exists a bisimulation relation
between S, and S.

The reader should convince himself that the two proposed definitions of
bisimulation are in fact equivalent. The relation between behavioral equiv-
alence and bisimulation can be obtained by combining Propositions 4.9
and 4.11.
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Proposition 4.14. For any two systems S, and S, with Y, =Y, the follow-
ing implication holds:

Sa Zs Sy = S4 =5 5.

Moreover, if S, and Sy are nonblocking and output deterministic then the
converse is also true.

Ezxample 4.15. The following relation shows that systems S, and S, in Fig-
ure 4.3 are bisimilar:

R = {(2a0, %50), (Za1,Tb0), (Ta2, Tp1), (a3, Tp2) }

Although equivalent, systems S, and .S, have state sets of different cardi-
nality. This flexibility offered by bisimulation will be exploited in Part III to
construct finite-state systems that are bisimilar to infinite-state ones. <

If we have two simulation relations R and R’ from a system S, to a system
Sy, it follows from the definition of simulation relation that R U R’ is still a
simulation relation from S, to S;. Moreover, any simulation relation from S,
to Sy is necessarily contained in the relation X, x X,. This simple observation
is also true for bisimulation and implies the next result.

Proposition 4.16. Let S, and Sy be systems with Y, = Y;,. The set of all
simulation relations from S, to Sy and the set of all bisimulation relations
between S, and Sy have mazximal elements with respect to set inclusion.

This property will be instrumental in later chapters since many questions
in the context of verification and control can be reduced to questions regarding
the maximal simulation or bisimulation.

Sa Sy
a0 c La2 b0 e Tl
— — — —
Yo Y1 Yo Y1
c c
a b a ¢ b
Zal b La3 T2
— ]
Yo Yo Yo

Fig. 4.3. Two bisimilar finite-state systems.
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We now present a construction that will be extensively used in Chapter 7
and Chapter 8 to obtain finite-state systems from infinite-state systems. The
starting point is an equivalence relation () on the state set of a system S. If two
states related by ) can be treated as equivalent, it is possible to construct
a simplified description of S, a quotient system, that does not distinguish
between related states.

Definition 4.17 (Quotient system). Let S = (X, X, U, — Y, H) be
a system and let Q be an equivalence relation on X such that (z,2') € Q
implies H(x) = H(z'). The quotient of S by Q, denoted by S,q, is the system
(X/0:X,00,Usq, —== ,Y)q,H,q) consisting of:

/Q
Xig=X/Q;
Xqo={2/q € X)q | /o N Xo # T};
U/Q = U,‘

* /9 71;2' ' if there exists x —— ' in S with x € 2 and 2’ € o
Yio=Y;
H,g(xq) = H(x) for some x € x/q.

The quotient system S/q is also called a symbolic model of S since each
state x,o € X/,q can be regarded as a symbol representing all the states
7TZ?1<LE/Q) C X of the original system.

System S, simulates S by construction. This is easily seen by using the
graph of mg as the required simulation relation. This statement has a converse
whenever () is a bisimulation relation between S and S.

Theorem 4.18. Let S = (X, Xo, U, — ,Y, H) be a system and let QQ be an
equivalence relation on X such that (z,z') € Q implies H(x) = H(z"). The
relation:

I'(rq) ={(r,2/q) € X x X)q | v/0 = mq(x)}
is a simulation relation from S to S;q. Moreover, I'(nq) is a bisimulation
relation between S and S,q iff Q is bisimulation relation between S and S.

Proof. The first assertion can be proved be checking that I'(mg) satisfies all
the requirements in Definition 4.7.

We now show that when () is a bisimulation relation between S and
S, I'(mq) is a simulation relation from S,o to S. The first two require-

ments in Definition 4.7 hold by construction so we focus on the third. Let
u

(r,2/,9) € I'(mq), or equivalently mg(x) = x/q, and let z /¢ —~a x’/Q in
S)q. By construction of 7 there exists 2 € x/o and 7’ € a:’/Q satisfying
7 —» 7. But then (z,7) € Q and since Q is a bisimulation relation, there
exists 2’ € X satisfying « . in S and no(z") = mo(z"). Therefore,

& —— 2 is the transition we needed to conclude that I'(rg) satisfies the
third requirement.
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A similar argument shows that if I'(7¢) is a simulation relation from S, ¢
to S then @ is a bisimulation relation. O

When the equivalence relation ) has finitely many equivalence classes,
S/ is guaranteed to be finite-state. Although the set of inputs U, = U
will still be infinite, in general, we ask the reader to show that any finite-state
system is always bisimilar to a finite-state system with a set of inputs of finite'
cardinality.

4.3 Alternating similarity relationships

When discussing problems of control, a different kind of similarity relation-
ship is needed. Simulation relations require the matching of transitions while
in problems of control we require the existence of inputs enforcing desired
transitions. We thus need a similarity relationship that captures the effect
that different choices of inputs have on transitions.

Definition 4.19 (Alternating simulation relation). Let S, and Sp be
systems with Y, = Y. A relation R C X, X X is an alternating simulation
relation from S, to Sy if the following three conditions are satisfied:

1. for every xq0 € Xao there exists xpg € Xpg with (zq0,xp0) € R;

2. for every (zq,xp) € R we have Hy(x,) = Hy(xp);

3. for every (x4, ) € R and for every u, € Uy(x,) there exists uy € Up(xp)
such that for every xj € Post,, (z) there exists x, € Post,, (x4) satisfying
(«f,z;) € R.

As in the non-alternating case, alternating simulation relations underlie
the notion of alternating simulation.

Definition 4.20 (Alternating simulation). Given two systems S, and S
with Y, = Yy, we say that S, is alternatingly simulated by Sy or that Sy al-
ternatingly simulates S,, denoted by S, = as Sh, if there exists an alternating
simulation relation from S, to Sy.

The difference between simulation relations and alternating simulation re-
lations is best explained through an example.

Ezxample 4.21. Consider systems S, and Sp in Figure 4.4. The relation:

R = {(za0, 2b0), (Ta1, Zp1), (Ta2, To2) }

is a simulation relation from S, to S, but not an alternating simulation. This
can be seen by noting that xp3 € Posta(zp) in S, although neither x,1 nor

! If nondeterminism is not a concern, we can even take the set of inputs to be a
singleton and label every transition by the same input.
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Sa S
T a0 Tb0o a Tp3
— — _
Yo Yo Y1
a a b
La2 Tb2

Y1 b Y1
B T @ [
Y1 Y1
U ]
b a

Fig. 4.4. Systems S, and S, for Example 4.21.

Za2, the only elements in Post, (240) in Sy, are related by R to x3. Conversely,
the reader is invited to verify that the relation:

R = {(.Ifao, xbo)a (xala xbl)v (xalv xb2); (mala xb?))}

is an alternating simulation relation from S, to S,. However, R’ is not a
simulation relation from S, to S, since the transition x,g —— 42 in S,
a

cannot be matched by S,. <

Although alternating simulation is substantially different from simulation,
these two notions coincide in the very special case of deterministic systems.
This can be easily seen by noting that determinism implies |Post,, ()] < 1
and |Post,, (z4)] < 1 for every up € Up(xp) and u, € Uy(x,). Hence, the third
requirement in Definition 4.19 becomes the third requirement in Definition 4.7.

When addressing problems of control in Chapter 6 we will need an alter-
nating simulation relation relating, not only states, but also inputs.

Definition 4.22 (Extended alternating simulation relation). Let R be
an alternating simulation relation from system S, to system Sy,. The extended
alternating simulation relation R® C X, x X}, x U, x Uy associated with R is
defined by all the quadruples (x4, Ty, ug, up) € Xq X Xp X Uy X Uy for which
the following three conditions hold:

1. (xq,2p) € R;

2. Uug € Uy(xqa);

3. uy € Up(zp) and for every x;, € Posty, (z) there exists x!, € Post,, (z,)
satisfying (z,,x}) € R.

Note that the third requirement in Definition 4.22 is no more than the third
requirement in Definition 4.19.
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The following proposition, whose simple proof we omit, will be needed
when discussing refinement of controllers in Chapter 6.

Proposition 4.23. Let S,, Sy, and S, be systems with Y, =Y, =Y,.. If . Ry
is an alternating simulation relation from S, to S, and yR. is an alternating
simulation relation from Sy to S, then yR. o 4Ry is an alternating simulation
relation from S, to Se.

We arrive at the stronger notion of alternating bisimulation by symmetriz-
ing alternating simulation.

Definition 4.24 (Alternating bisimulation). Given two systems S, and
Sy with Y, =Yy, we say that S, is alternatingly bisimilar to Sy, denoted by
Sa Zas Sp, if there exists a relation R satisfying:

1. R is an alternating simulation relation from S, to Sy;
2. R~ is an alternating simulation relation from Sy to Sq.

The reader is asked to patiently wait until Chapter 8, where we discuss
problems of controller design and refinement, to fully appreciate the role of
alternating simulations and bisimulations.

4.4 Notes

The notions of simulation and bisimulation, considered in this book, closely
mirror the classical homonym notions introduced by Park [Par81] and Mil-
ner [Mil89]. The main difference lies in a shift of emphasis from inputs to out-
puts: related states need to have the same outputs but matching transitions
do not need to be labeled by the same inputs. There is an important topic in
the study of simulation relations that we did not discuss: the relation between
simulation and composition. Simulation relations are known to commute with
composition, i.e., if S, <5 Sp and S. =g Sy, then S, x7S. =5 Sp X 754 where
J is an interconnection relation that can be computed from Z and from the
simulation relations from S, to Sp and from S. to Sy. In Chapters 8 and 11
we touch upon these results in the context of alternating simulation relations
and controller refinement.

The notion of alternating simulation and bisimulation relation is adapted
from the work of Alur and co-workers [AHKV9S].
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Verification

Verification problems can be formulated using behavioral and similarity rela-
tionships. We discuss both versions in this chapter and show how to convert
verification problems using behavioral relationships into verification problems
using similarity relationships. The later kind can be solved by computing
fixed-points of conveniently defined operators.

Notation

For a set Z, |Z| denotes the cardinality of Z and Z“ denotes the set of all
infinite strings obtained by concatenating elements in Z. An element z € Z%
can thus be seen as a map z : Ny — Z represented by z = zpz122 ... with
Z(Z) = z;, 1 € Ng.

Given a map f: Z — W and a subset K C W we denote by f~1(K) the
subset of Z defined by f~Y(K) ={z€ Z | f(z) € K}. When K C Z, we de-
note by f(K) the set f(K)={w e W | w= f(z) for some z € Z}. Also used
is the map 7, : X, x X, — X, taking the pair (24, 2p) to 7o (24, 75) = 24 € X,.
The set of all subsets of Z, also known as the power set of Z, is denoted by
27,

5.1 Behavioral relations

Showing that a system S, satisfies a desired property P is a problem that re-
currently appears in the analysis and design of complex engineering systems.
Using the notion of system introduced in Chapter 1, we can formalize the
concept of property as a subset of Y“. Intuitively, a property P of a system
S, allows us to separate Y into the set of strings that satisfy P and the set
of strings that do not satisfy P. Therefore, we can identify P with the set of
strings that satisfies this property and thus think of a property as being a sub-
set of Y. This conceptually appealing formulation is difficult to be directly

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 43
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used since writing down explicitly the set of all strings satisfying a given prop-
erty P is very difficult if not impossible. Fortunately, there exist alternative
and simpler ways to specify properties such as temporal logics and other for-
mal specification formalisms. A detailed exposition of these techniques would
force us to digress into the realm of temporal logics and automata theory
for which good expositions are already available in the literature. Instead, we
consider only properties that can be specified as B“(S}) for some finite-state
system .S,. In order to determine if a system S, satisfies property P we equiv-
alently test if 5 (S,) belongs to the set of all the infinite strings satisfying P,
which is simply B“(Sy). Hence, this formulation leads to the preorder problem
Sa =B Sp, formulated in Part I, that asks if the following inclusion is satisfied:

B¥(Sa) € B*(5) (5-1)

for a system .S, and a specification system .S,. From Proposition 4.11 we know
that inclusion (5.1) is equivalent to:

Sa 2s Sp

whenever S, is nonblocking and Sy, is output deterministic. These are reason-
able assumptions that we shall adopt. We can easily check if S, is blocking
by searching for states that have no outgoing transitions. If one such state is
found, then S, needs to be redesigned since .S, is a model for a reactive system,
such as an embedded controller, that must operate uninterruptedly for arbi-
trarily long periods of time. Regarding the output determinism assumption
on Sp, we now show that we can always construct an output deterministic
system S, that is behaviorally equivalent to .S,. The proof of this result is
based on the Myhill-Nerode equivalence classes which have long been used
to solve realization problems in automata theory as well as in systems and
control theory.

Proposition 5.1. For any system Sy there exists an output deterministic sys-
tem S, satisfying Sp =p Se.

Proof. In view of Proposition 4.4 it is sufficient to show the existence of an
output deterministic system S, satisfying B(S.) = B(Sp).

Let R be the equivalence relation on B(S,) rendering y = yoy1 ... Yk
equivalent to y' = yoy; ...y, if yr = y; and for every y € Y, we have
Yy =Yoy1--- Yy € B(Sy) < y'y=y\i...yy € B(Sy). Note that R has the
property:

(v,¥)eR = (yy,y'y) €ER VyeY,. (5.2)

We now define S, starting with the set of states X, given by X, = B(S;)/R,
the set of all equivalence classes induced by R. The set of initial states X.q is
the set of equivalence classes containing the behaviors y of unit length given
by y = Hy(xp) for every xpg € Xpo. The set of inputs is given by U. = Y,

and the transition relation is defined by z. —i’» a! if . is the equivalence
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class containing a behavior y and 2/, is the equivalence class containing the
behavior yy. The transition relation is well defined in view of (5.2). The set of
outputs is Y, =Y}, and H.(x.) = y when z. is the equivalence class containing
the behavior yy.

We claim that S, is output deterministic. First, note that the cardinality
of X is the cardinality of H,(Xpo) and every element in X is mapped by H..

to a different output. Therefore H.|x, , is injective. Moreover, if . %» xl,
Te %» ! in S, and H.(z,) = y = H(x)), it follows by definition of

_ — /A . . "o
— that v, = y = u., z is the equivalence class containing yy, x| is
the equivalence class containing yy, and x. is the equivalence class containing
y. Therefore z/, = 2!/, as desired, and the claim is proved.

Finally, B(S.) = B(Sy) follows by construction of S.. 0O

When system Sy, is finite-state, system S, is also guaranteed to be finite-state.
Therefore, there is no loss of generality! in assuming that the specification
system is output deterministic. The behavioral inclusion problem can thus be
reduced to the verification problem in the similarity context which is discussed
in the next section. Similarly, the problem of verifying behavioral equivalence
of two systems can be transformed into the problem of verifying bisimilarity
between two systems.

5.2 Similarity relations

Existence of simulation or bisimulation relations between two finite-state sys-
tems can be studied through the fixed-points of certain operators. The per-
spective offered by fixed-points of operators is advantageous on two counts.
Operators are a convenient mathematical abstraction allowing us to study
correctness and termination of algorithms without being distracted by the im-
plementation details. The second advantage is the possibility of implementing
symbolically the algorithms defined by fixed-points. This means that explicit
enumeration of the states is avoided by manipulating instead succinct repre-
sentations for sets of states.

5.2.1 Simulation relations as fixed-points

Given a system S, and a system specification S, we are interested in de-
termining if S, =g Sp. Ideally, an affirmative answer would also provide a
simulation relation from S, to S;. We can thus reinterpret the simulation
preorder problem as the search for a simulation relation.

! It should be noted, however, that the cardinality of X. can be exponential in the
cardinality of X3.
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Consider the operator:

F . 2X,,,><Xb N 2X,1><Xb

defined by (z4,xp) € F(W), for some W C X, x Xy, if the following three
conditions are satisfied:

1. Hy(zo) = Hyp(xp);

2. (zq,p) € W;

3. for every transition x, %» x! in S, there exists a transition %:» x),
in S, with (z/,x}) € W.

The definition of F' closely mirrors the definition of simulation relation. This
observation justifies the second assertion of the following proposition.

Proposition 5.2. The operator F : 2Xe*Xo _ 9XaXXo gqtisfies:

1. Z C 7' implies F(Z) C F(Z');
2. R C X, x Xy, is a simulation relation from S, to Sy iff R C F(R) and
Xao € (RN (Xao X Xpo))-

Proof. It (z4,2) € F(Z), we have: H,(x,) = Hp(xp), (24, 25) € Z, and

Tq —=» ! implies xp %» xy, with (z),,2}) € Z. Let now Z C Z' and
a

note that H,(x,) = Hy(xp), (x4,2) € Z’', and x4 %» a! implies ay, %:» x),
with (af, ;) € Z'. Hence, (z4,2,) € F(Z') and we conclude that Z C Z’
implies F(Z) C F(Z').

We now prove the second assertion. Assume that R is a simulation relation
from S, to S, and let (x4, ) € R. The first requirement in the definition of
simulation implies that X9 C 7 (RN (Xa0 X Xpo)). The second requirement
implies H,(x,) = Hp(xp). Finally, the third requirement implies that for every
Zq La(» x!, we have xy, %» xy, with (), ;) € R. Therefore, (24,2) € F(R)
which shows that R C F(R).

Conversely, let R be a relation for which the inclusions R C F(R) and
Xao C o (RN (X0 X Xpo)) are satisfied. From X0 C 7 (R N (Xao X Xpo))
follows directly the first requirement in the definition of simulation relation.
Let now (x4, 2p) € R. Then, the first requirement in the definition of F'
implies the second requirement in the definition of simulation relation. Finally,
since for every z, %:» x), we have x; %:» xj, with (z,x}) € R, the third
requirement in the definition of simulation relation is also satisfied and the
result is proved. O

It follows from the general results on lattice theory reviewed in the Ap-
pendix that the maximal relation R satisfying R C F(R) is a fixed-point of F,
i.e., F(R) = R. This can be seen by noting that the first assertion in Proposi-
tion 5.2 and R C F(R) imply F(R) C F(F(R)). But since R is the maximal
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relation satisfying the inclusion R C F(R) we necessarily have F(R) C R,
thus concluding F'(R) = R. Moreover, it also follows from Corollary 12.6 in
the Appendix that the first assertion in Proposition 5.2 implies the existence
of the maximal fixed-point of F' that can be obtained by iterating F. We
summarize this discussion in the following result.

Theorem 5.3. Let S, and Sy, be systems with Y, = Y. The maximal simu-
lation relation from S, to Sy is the maximal fized-point Z, of the operator F,
that satisfies X0 C w,(Z N (Xao X Xpo)). Moreover:

Z = lim FY(X, x X) (5.3)

71— 00
and S, =s Sy iff Xao C 7Ta(Z N (Xq0 X XbO))-

For finite-state systems, the limit (5.3) is reached after finitely many iter-
ations and Z can be computed in time polynomial in | X,|| Xp|.

Ezxample 5.4. Consider system S, and system .S, represented in Figure 4.3.
The states in X, x X}, are displayed in Figure 5.2. To simplify the presentation
we show in Figure 5.3 the result of iterating F' over X, x X, without labeling
the states. A fixed-point is reached after two iterations and the resulting
simulation relation is the one presented in Example 4.15. <

Ezxample 5.5. Consider again the bus fare machine system in Figure 4.1, that
we denote by S,, and suppose that we want to verify S, =<p S, with respect
to the specification S, given in Figure 5.1. This specification allows the bus
riders to swipe their card and trigger the ding sound but prevents them from
dropping a quarter and hearing the dong sound.

System S, is non-blocking and S}, is output deterministic, hence S, =<5 Sp
is equivalent to S, =<s Sp. To test S, <s S we iterate F' over X, x X;. The
states in X, x X are displayed in Figure 5.4. To simplify the presentation
we show in Figure 5.5 the result of iterating F' over X, x X, without labeling
the states. After three iterations we obtain F3(X, x X;) = @ thus concluding
Sa As Sy and consequently S, A5 Sp. <

| idle
Tho Tl
silence ding
swipe

Fig. 5.1. Finite-state system Sy describing the specification for Example 5.5.
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(xaﬂ) wa)

(a1, 00) @ @
(Yo, o) w w

(a1, Tv2) @ (®a3, Tp2)
(%o, o) w (%o, %0)

Fig. 5.2. States in the set X, x X} over which the operator F' acts.

(yOa yO)

(za0, Zb1)

(Yo, 1)

(Za0, Tb2)

(yoa yO)

)
A

9000 OO0

FY(X, x X3) F2(X, x X3) F3(X, x X3p)

Fig. 5.3. Computation of the maximal simulation relation from S, to Sy. The
image of the operator F' is represented by the dark-colored states. For conciseness,
the states are not labeled and the corresponding labels can be found in Figure 5.2.

5.2.2 Bisimulation relations as fixed-points
Verifying bisimilarity between two systems can be solved by strengthening the
operator I’ to the operator:

G . 2Xa><Xb N 2Xa><Xb

defined by (x4, xp) € G(W), for some W C X, x X, if the following four
conditions are satisfied:

1. Hy(xg) = Hp(ayp);
2. (g, xp) € W;
3. for every transition x, e, x! in S, there exists a transition %» :vg
a
in S, with (z/,,x}) € W;
o up ;- . " Uq ,
4. for every transition xy — T in Sy there exists a transition x, — T
in S, with (z},x}) € W.
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Reasoning in the same manner as in the simulation case, we can charac-
terize the maximal bisimulation relation between two systems as the maximal
fixed-point of G.

Theorem 5.6. Let S, and Sy, be systems with Y, =Y. The mazimal bisimu-
lation relation between S, and Sy is the maximal fixed-point Z, of the operator
G, that satisfies Xao C mo(Z N (Xao X Xpo)) and Xpo C m(Z N (Xao X Xpo))-
Moreover:
Z = lim G'(X, x X3) (5.4)
11— 00
and Sq Zs Sy iff Xao C 7Ta<Zﬂ (Xa() X Xbo)) and Xpy C Fb(Zﬂ (Xa() X Xbo)).
The iteration of G is guaranteed to converge in time polynomial in
| X.||Xp| when S, and S}, are finite-state systems. For infinite-state systems,
the limit (5.4) may not be reached in finitely many steps so that (5.4) only
defines a semi-algorithm. In Part III we will use a variation of this algorithm
to compute the maximal bisimulation relation between an infinite-state sys-
tem S and itself as an intermediate step in the construction of a finite-state
abstraction bisimilar to S.

@ (a1, 710) (202 200)

(silence,
silence)

@ (Ta1, 1) (Ta2, Tp1)
(ding, (dong,
ding) ding)

Fig. 5.4. States in the set X, x X} over which the operator F' acts.

900 000 000
000 000 000

FY (X, x X3) F2(X, x X3p) F3(X, x X3)

(ding,
silence)

(dong,
silence)

(silence,
ding)

Fig. 5.5. Computation of the maximal simulation relation from S, to Sy. The
image of the operator F' is represented by the dark-colored states. For conciseness,
the states are not labeled and the corresponding labels can be found in Figure 5.4.
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5.3 Notes

In this chapter we used systems to model both the system to be verified
and the specification. In practice, however, formal specifications mechanisms
such as temporal logics are preferred to systems since they are much more
succinct. Modeling specifications as systems allowed us to give a flavor of
the existing automated verification techniques in a concise and self-contained
manner. In particular, we avoided discussing liveness specifications and its
associated automata theoretic constructions. Liveness, however, will surface in
Chapter 6 when discussing the synthesis of controllers enforcing reachability
specifications. Chapter 6, devoted to controller synthesis problems, can be
seen as a complement to this chapter since controller synthesis algorithms
also answer verification questions: when a property is satisfied, no controller
is necessary! The interested reader is referred to [CGP99], and [BBFT01] as
entry points into the rich world of formal verification.

The proof of Proposition 5.1 is based on Myhill-Nerode’s equivalence
classes introduced in [Ner58].

Although we discussed verification problems for simulation and bisimula-
tion, one could also conceive verification problems using alternating simula-
tion and bisimulation. Fixed-point algorithms for such problems are described
in [AHKV9S]. In this book, alternating simulations and bisimulations will ap-
pear in the context of controller synthesis problems and they will be explicitly
constructed.



Control

Whenever a system S, fails to conform to its specification Sp, in the sense
that S, £ Sj, we may ask if there exists another system S., the controller,
such that S. x7 S, <X S or even S. x7 S, = S,. In this chapter we discuss
these control problems in the behavioral and similarity contexts. We show
how to reduce controller synthesis problems from the behavioral context to
the similarity context and we solve the later by computing fixed-points of
suitably defined operators. In addition to these general control problems we
also present fixed-point solutions specialized for safety and reachability control
problems that frequently arise in applications.

Notation

For a set Z, Z* and Z“ denote the set of all finite and infinite strings, re-
spectively, obtained by concatenating elements in Z. An element z € Z* can
thus be seen as amap z: {0,1,2,...,n} — Z represented by z = 292122 ... 2,
with z(i) = z;, ¢ € {0,1,2,...,n}. Similarly, an element z € Z“ is a map
z : Ng — Z represented by z = zpz122... with z(i) = z;, i € Ny. A string
ze L C Z*UZ% is said to be maximal if z € Z¥ or if z = 2921 ...2, € Z*
and there exists no string w = wow; ... wrwr4+1 € L satisfying z; = w; for
1=0,1,... k.

The natural projection taking (zq,xp) € X, X Xp to z, € X, is de-
noted by m, : X, x X, — X,. Similarly, 7, : X, x X, — X, de-
notes the natural projection taking (x.,xp) € X, x Xp to zp, € Xp. The
map mx : Xg X Xp x Uy, x Uy — X, X X} is also a projection and sends the
quadruple (4, Ty, Ug, up) € X4 X Xp x U, X Uy, to the pair (x4, xp) € Xo X Xp.
The set of all subsets of Z, also known as the power set of Z, is denoted by
27,

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 51
DOI: 10.1007/978-1-4419-0224-5 6, © Springer Science + Business Media, LLC 2009



52 6 Control

6.1 Feedback composition

The notion of system introduced in Part I made no claims regarding the se-
mantics of the set U of inputs. While for some systems, the elements of U that
are fed into a system can be suitably chosen, for other systems this choice is
not possible. In the literature, two different approaches to the modeling of U
coexist. The set of inputs U can be treated as the disjoint union of U, and
Ug, i.e., U =U. WUy with U, modeling the inputs under the designer’s con-
trol (controllable) and U, modeling the inputs beyond the designer’s control
(uncontrollable). Under this paradigm the effect of controllable and uncon-

trollable inputs is interleaved or turn-based since a transition = e 2 will
either be labeled by a controllable or by an uncontrollable input w. The other
approach consists in describing U as the product U = C' x D with C' modeling
the control inputs and D modeling the disturbance or adversarial inputs. In
this case, starting from a state  and choosing a control input ¢ € C' leads to

a transition z <%+ 2 in which the reached state =’ depends on the choice of
disturbance input d € D which is unknown and thus assumed adversarial. In
this paradigm, the effect of the control and disturbance is concurrent instead
of being interleaved or turn-based. We follow the concurrent approach since
this is the natural paradigm for continuous-time control systems and it will be
inherited by its finite-state models discussed in Parts III and IV. We do not
model disturbance inputs explicitly but rather implicitly through the nonde-
terminism of the transition relation. This means that the disturbance has the
power to decide which c-successor of a state x is reached when a control input
c is chosen at the state x.

The notion of controller can be formalized in several different ways. We
could regard a controller as a mechanism that determines which input should
be fed into the system being controlled based on observed states'. This intu-
itive description has one important limitation: there may be more than one
input that leads to a correct or desirable behavior. We thus revise the concept
of controller to a mechanism that determines which inputs can be fed to the
controlled system based on a sequence of observed outputs. Mathematically,
this can be described by a map:

b X*—2V

transforming sequences of outputs into sets of inputs. A sequence of transi-
tions:
Uo ul u2 Un—1
Tg—> T] —> Tg —> ... — X,

would then be an internal behavior of the controlled system provided that
up € ¢p(zoxy ... xy) for every k € {0,1,...,n — 1}. Although this notion of
controller is conceptually very pleasing, for operational reasons we restrict
attention, in this chapter, to controllers ¢ : X* — 2V that can be described

! To simplify the discussion, we assume Y = X and H = 1x.
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by a finite-state system S.. To understand how this can be done we need to
digress into feedback composition.

If the effect of applying ¢ : X — 2V to a system S, is to be described by
S. X7 S4, we need to elaborate on the kind of interconnection relation that
is appropriate for control. Among the several different possibilities we shall
require Z to be the extended relation R¢ of an alternating simulation relation
R from S, to S,. This choice renders the results that follow conceptually
simple.

Definition 6.1 (Feedback composition). A system S, is said to be feed-
back composable with a system S, if there exists an alternating simulation
relation R from S. to S,. When S, is feedback composable with S,, the feed-
back composition of S. and S,, with interconnection relation F = R¢, is given
by S X7 Sq.

The term feedback is justified by the following interpretation of S, X = .5,.
Assume that S. xx S, is at the state (x.,2z,) € R. Controller S, offers to
execute any of the inputs u. € U.(x.). System S, responds by selecting any
input u, € U,(z,) satisfying (z., Za, te, uq) € F and by taking any transition

Tq %» x}, labeled by the chosen input u,. This transition then triggers a
matching transition by the controller. This means that S. measures the new
state z/, of S, and takes a transition . %» xl, satisfying (z/,2.) € R.

Existence of the matching transition is guaranteed by the fact that R is an
alternating simulation relation. We can thus interpret an internal behavior of
Se X7 Sy as being the result of a feedback process during which the controller
offers a set of inputs, measures the state of S,, updates its own state, offers
again a new set of inputs based on its updated state, and so on. Although
it would be more appropriate to use the term state-feedback, given that S,
has access to the states of S, we use feedback for brevity. To emphasize this
feedback interpretation, the interconnection relation R is denoted by F.
The next example illustrates the notion of feedback composition.

Example 6.2. Consider the system S, displayed in Figure 6.1 and assume that
we want to eliminate all the internal behaviors containing transitions of the

a .. .. b .
form x,1 — x,1 or containing transitions of the form z,9 — 4. This
a a

objective can be achieved by resorting to the controller S, also represented in
Figure 6.1. The required alternating simulation relation is given by:

{(xCO; an); (mcla -Tal)a (.’1302, xa?)}-

The feedback composed system S. X £ S, is also depicted in Figure 6.1 and
it can be seen that it is equal, up to a relabeling of states and inputs, to S..
Therefore, the controller enforces the desired requirements on S,.
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Fig. 6.1. From top to bottom we have: system S,, controller S., and the feedback
composed system S. X £ Sq.

To understand the need to require the existence of an alternating simula-
tion relation from S, to S,, let us attempt to use system Sy in Figure 6.2 as a
controller. The relation R = {(x40,%a0), (Td1,Ta1)} is an obvious simulation
relation from Sy to S, but not an alternating simulation relation. Although
the composition Sy x7 S, is well defined for the interconnection relation:

T ={(x4,Tq,uq,tq) € Xg X Xog X Uy x Uy, | (x4,24) € R},

the transition (249, Z40) %» (241, Z42) is not present in Sy x 7S, even though

it is labeled by the same input as the transition (x40, Zq0) %» (Td1,Ta1)

which is present in Sy X7 .S,. This means that an implementation of S; X7 S,
requires a synchronization procedure between Sy and S, that is not purely
based on inputs. <
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Td1 Zdo
Ya0

b 1

Fig. 6.2. Candidate controller for system S, in Figure 6.1.

The following result, which is also valid for other forms of composition,
explains how feedback composition can restrict the behavior of systems.

Proposition 6.3. Let S, and Sy be systems with Y, =Y, and let T be an
interconnection relation satisfying:

(Xa,xp) € Tx(Z) = Hy(xq) = Hp(xyp).

Then, the following holds:

o Sy Xz 8 =sSy;
o Sy X154 =5 Sa-

Proof. The proof consists in routinely checking that the relations:

{((I‘(I,xb),xé) S X(Lb X Xb ‘ Ty = SC;)}
{((-’L’b,.%'a),x:l) € Xpa X Xq | Lq = xé}

are simulation relations from S, x7 Sy to Sp and from Sy, x7 S, to S,, respec-
tively. 0O

Feedback composition not only restricts the behavior of the system to be
controlled but also its initial states. Recall that (x.,z,) is an initial state
of S, xx S, if z. is an initial state of S., x, is an initial state of S,, and
(z¢yxa) € R. Therefore, it suffices that R does not relate z, to an initial
state of S, to prevent z, from being part of an initial state of S, x # S,. The
introduced notion of feedback composition thus assumes that the controller
has the possibility of initializing S,. As this assumption may not hold in many
situations, we also show how to generalize the results in this chapter to the
case where S, cannot be initialized.

6.2 Safety games

We start by considering a very simple class of control problems whose objective
is to design a controller S, for a system S, so that S. x £ S, is nonblocking
and Reach(S, xx S,) C W for some set W C Y,. If we regard W as a set
of safe outputs, the objective of S, is then to render W invariant for the
behaviors in B¥(S. x £ S,), thus keeping the composed system safe. This class
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of control problems are termed safety games since the controller S, arises as
the solution of a game played against an opponent that tries to prevent the
composed system from being safe.

Definition 6.4 (Safety game). Let S, be a system with Y, = X, and
H, = 1x,, and let W C X, be a set of safe states. The safety game for
system S, and specification set W asks for the existence of a controller S,
such that:

1. S, is feedback composable with Sg;
2. 5. x5 S, is nonblocking;
3.+ BY(S. xg S,) CW?.

A safety game is said to be solvable when S, ewists.

The requirement Y, = X, and H, = 1x, is made without loss of generality
since the general case where Y, # X, can be reduced to this one. We shall elab-
orate on this fact once we know how to solve safety games. Note that the third
requirement in the preceding definition is equivalent to Reach(S. xx S,) C W
since a behavior yoy1ys . .. in W« necessarily satisfies y; € W for every i € Ny
and vice-versa.

Safety games can be solved by constructing a suitable operator:

Fyy - 2%e — 2%

for any specification set W C X,. A fixed-point of this operator provides a
collection of states from which it is possible to control system S, so as to
remain in W. The operator Fyy:

Fyw(Z)={xq € Z | v, € W and Ju, € Uy(x,) @ # Posty, (v,) C Z}

captures the essence of safety games in the sense that the set Fyy(Z) contains
all the states z, € Z N W for which all the u,-successors of x, are in Z. The
next result shows that a maximal fixed-point of Fy, exists and relates the
solvability of safety games to fixed-points of Fyy .

Proposition 6.5. Let S, be a system with Y, = X, and H, = 1x,, and let
W C X, be a set of safe states. The operator Fyy : 2% — 2% satisfies:

1. Z C Z' implies Fw (Z) C Fw (Z');
2. if the safety game for system S, and specification set W is solvable, then
the mazimal fixed-point Z of Fy satisfies Z N X0 # 9.

Proof. The first assertion follows directly from the definition of Fyy.

To prove the second assertion, assume that a solution S. to the safety
game exists, let K be the set of all states reachable in S. xx S, and let
7' = Reach(S. xx S,). Note that K C X, x X} while 7,(K) = 7' C X,. We
claim that X,0NZ' # @ and Z’' C F(Z'). The first claim is proved by noting
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that the second and third requirement in the definition of safety game imply
K N X4 # @ and thus:

Z/ ﬂXaO = Wa(K) mﬂ'a(Xcao) 2 ﬂ'a(KmXcaO) # .

The second claim can be proved as follows. Let z, € Z’' and let z. € X, be
such that (z.,z,) € K. Since state (x., z,) is reachable in S, x xS, and since
S¢ is a solution to the safety game, there must exist (uc,ug) € Ueq(Ze, Tq)
such that (e, z4) ——s (2,2} with 2/, € W. Moreover, (z',z,) € K which
implies z, € Z’. We now invoke the definition of feedback composition to

conclude that every transition x, %:» z in S, labeled by the same input

Uc,Uq

ug gives rise to a transition (z.,x,) (x/,2") in S, X S,. Necessarily,
(x/,2!) € K and thus «!/ € Z'. Hence, we conclude the existence of an input
ug € Uy(,) for which @ # Post,,, (z,) C Z'. According to the definition of
Fw, 24 € Fw(Z') and the second claim is proved. Finally, by definition of
Fy we always have Fy, (Z') C Z’ so that Fyy (Z') = Z' and Z' is a fixed-point
of Fy. Since the second assertion in the proposition holds for any fixed-
point Z’ of Fyy, it also holds for its maximal fixed-point whose existence is a
consequence of the first assertion in the proposition. 0O

A controller solving a safety game with specification set W can always be
constructed from the information contained in a fixed-point Z of Fyy satisfying
7 N Xa0 # @. One possibility is the controller:

Sc - (XCaXC()an, T’ ) (61)

defined by:

° Xc :Z;
o X =2ZnNXqo;
o I, L:» x!, if @ # Post,,, (x.) C Z,

and where Post,,, (x.) refers to the wu,-successors in S,. It is a simple matter
to check that the relation defined by all the pairs (z.,z,) € X. x X, with
T. = X, is an alternating simulation relation from S, to S,. According to
Proposition 6.3, S. X £ .S, =<s S and we can interpret the result of composing
S. with S, as the elimination of all the transitions labeled by inputs for which
the corresponding successor sets are not contained in Z. Intuitively, S, forces
the behavior of S. x # S, to remain in Z% C W%,

A complete characterization of the solutions to safety games can now be
obtained by noting that it follows from the results in the Appendix that the
maximal fixed-point of Fyy can be obtained by iterating Fyy .
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Fig. 6.3. System S, for Example 6.7.

Theorem 6.6. Let S, be a system with Y, = X, and H, = 1x,, and let
W C X, be a set of safe states. The safety game for system S, and speci-
fication set W is solvable iff the maximal fixed-point Z of the operator Fy
satisfies Z N X0 # . Moreover, Z can be obtained as:

Z = lim Fy(X,).
71— 00
When Z N X490 # I, a solution to the safety game is given by the con-
troller (6.1).

Example 6.7. To illustrate Theorem 6.6 consider the finite-state system S, in
Figure 6.3 and let W be the set of all light-colored states. The maximal fixed-
point of Fy can be obtained by iterating Fy, and the result of this iteration
is shown in Figure 6.4.

After 5 iterates of Fyy a fixed-point is reached. The resulting set Z defines
a controller that restricts the inputs to e at the state x,5 and to c at state x.4.
The reader can verify that this choice of inputs prevents the behavior of S, to
leave W¥. The feedback composition of S. with S,, displayed in Figure 6.5,
results in a finite-state system equal to S, if we identify the states (25, Zq5)
and (246, Te6) With the states x45 and x46, and if we identify the inputs (e, e)
and (c, c) with the inputs e and c, respectively. <

The controller (6.1) is completely determined by a given fixed-point of
Fyy. When we use the maximal fixed-point of Fy, (6.1) becomes the best
possible controller in the sense that any other controller solving the same
safety problem would be more restrictive.
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Fiy (Xa)

Fig. 6.4. Iterates of Fy. Dark-colored states correspond to the image of Fyy .

Proposition 6.8. Let S, be a system with Y, = X, and H, = 1x,, and let
W C X, be a set of safe states. For any controller Sy solving the safety game
for system S, and specification set W we have:

Sa Xg Sq 25 Se Xr S,

where S, is the controller (6.1) defined by the mazimal fized-point of Fyy .
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Fig. 6.5. System S, xr S, for Example 6.7.

Proof. Tt was shown in the proof of Proposition 6.5 that for any controller Sy
solving the safety game, the set Z’ = Reach(Sy Xg S,) is a fixed-point of Fyy.
Therefore, Z' C Z where Z is the maximal fixed-point of Fyy. This suggests
that the relation:

R = {((xd,wfl), (Te,2a)) € Xaa X Xea | mIa =T}

is a simulation relation from Sy xg S, to S, Xz S,. The proof consists in
showing that this is indeed the case. Before starting we note that by definition
of S, and since H, = 1x,, (2., 24) € Xeo iff 2. = 4.

Consider the first requirement in Definition 4.7 and let (x40, Z40) € Xdao-
Then, 2,0 € Z' C Z and w, € Xg. By definition of S. and by defi-
nition of feedback composition, (40, Zq0) € Xeao - Consequently, the pair
((xd0, Za0), (Tao, Zao)) belongs to R.

The second requirement follows directly from the definition of R.

To prove the third requirement let ((x4, ), (Zq,74)) € R and assume that

(x4, 24) %» (xl), z)) in SqxgS,. Since Sy is a controller for the safety prob-

lem we necessarily have @ # Post,,_ (x,) € Z' C Z. But by definition of S, for

every such input u, we have u, € U.(x,). Therefore, (x4, 2s) —te (2, ")

in S, xz S, and by definition of R, ((«},z}), (x}.,2,)) € R. O

Theorem 6.6 can be generalized to the case where the initial state of
S, cannot be initialized. The modification amounts to replace the condition
Z N Xao # @, which requires the existence of at least one initial state from
which S, can operate, to X,0 C Z, which requires that S, can operate from
every initial state in X.

The apparently more general problem of synthesizing a controller S. to
enforce B (S, xx S,) € W* when Y, # X, and H, # 1x, can be reduced
to the problem studied in this section. It suffices to consider a new safe set
W' C X, defined by W' = H; (W) and to apply Theorem 6.6 to system
(Xa, Xa0,Uq, — , Xa, 1x,) and specification set W’.
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6.3 Reachability games

While the objective of safety games is to keep the behaviors of the composed
system within a safe set, reachability games ask for a certain set W of outputs
to be reached. As in the previous section we consider only the case where
H, = 1x, since the general case can be reduced to this one by suitably
redefining W.

Definition 6.9 (Reachability game). Let S, be a system satisfying Y, = X,
and H, = 1x,, and let W C X, be a set of states. The reachability game for

system S, and specification set W asks for the existence of a controller S,

such that:

1. S, is feedback composable with Sg;
2. for every mazimal behavior'y € B(S. X Sq) UB“(S. X7 S,) there exists
k € No such that y(k) =y, € W.

A reachability game is said to be solvable when S, exists.

The second condition in the definition of reachability game requires that
any infinite behavior y = yoy; ... of S. x £ S, visits the set W in finite time.
Moreover, it also requires that any finite behavior yoy; ...y, that cannot be
extended to an infinite behavior, visits W before or when reaching a blocking
state. In particular, no nonblocking condition is imposed since the objective
is simply to reach W in finitely many steps. Once states in W are reached, no
further requirements are imposed by the reachability game. More demanding
requirements, such as reaching a set of states W and remaining within W
thereafter, can be obtained by combining safety with reachability.

Similarly to safety games, reachability games can also be given a fixed-
point characterization. For any W C X, we can define the operator:

Gy : 2%« — 2%
by:
Gw(Z) = {24 € Xo | 24 € W or u, € Us(z,) @ # Posty, (z4) C Z}.

It is not difficult to see that for any W C X, the inclusion Z C Z’ implies
Gw(Z) C Gw(Z'), thus guaranteeing the existence of a unique minimal fixed-
point of Gyy. Several different controllers solving the reachability game can
be constructed from a fixed-point Z of Gy for which Z N X,g # @.
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Among the several possible solutions, we consider the controller:

SC = (XCaXC()an, - > ) (62)
defined as:
X. =7,
Xeo = Z N Xao;
o =z, —=+ 2/ if there exists a k € N such that z. ¢ G}, () and

& # Posty, (z.) C G’{,‘V(Q),

and where Post,,, (z.) refers to the ug-successors in S,. Moreover, one can
easily verify that the relation defined by all the pairs (x., z,) € X, x X, with
T. = x, is an alternating simulation relation from S, to S,. Similarly to safety
games, the solution of reachability games can be fully characterized in terms
of the fixed-points of Gy .

Theorem 6.10. Let S, be a system with Y, = X, and H, = 1x,, and let
W C X, be a set of states. The reachability game for S, and specification
set W is solvable iff the minimal fixed-point Z of the operator Gy satisfies
Z N Xao # . Moreover, Z can be obtained as:

Z = lim Gy (9).
When Z N X,0 # 9, a solution to the reachability game is given by the con-
troller (6.2).

FEzample 6.11. Consider again the finite-state system in Figure 6.3 and assume
that W consists of the single state x,4. The computation of the fixed-point of
Gw by iteration is presented in Figure 6.6. The resulting controller (6.2) is
displayed in Figure 6.7. Note that state x,5 is not helpful for this particular
problem since it is not reachable. However, it may be useful when this set of
states, corresponding to the minimal fixed-point of Gy, is used as the starting
point for further design problems. <

For reachability games there is no optimal controller in the sense of Propo-
sition 6.8. This observation is illustrated in Example 6.12.

Example 6.12. Consider the system S, in Figure 6.8 where the set W consists
of the state zo. Let S, be any finite-state controller solving the reachability
problem for system S, and let k be the maximum number of times? that an
internal behavior of S, X £ S, visits the state x; before reaching the state x,.
We can always construct a controller S; that allows the internal behaviors
of Sy xg S, to visit 1 any number of times smaller than or equal to k + 1
before reaching xs. Clearly, Sy is less restrictive than S. which shows that a
minimally restrictive controller does not exist. <

2 Such number exists since both S, and S, are finite-state systems.
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G, (2) Gy (9)

Fig. 6.6. Iterates of Gw . Dark-colored states correspond to the image of G .

e e m c
—| Tas ZLab @ Ta2

Fig. 6.7. Controller S, for Example 6.11.

Analogously to safety games, Theorem 6.10 can be generalized to the case
where the initial states of S, cannot be initialized by the controller. This
generalization consists in replacing Z N X0 # @ with the stronger condi-
tion Xy0 € Z guaranteeing that no initial state of S, is eliminated in the
composition with the controller.

b .
—

Fig. 6.8. System S, for Example 6.12. The set W consists of the state xz.
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6.4 Behavioral games

Safety games are special instances of behavioral games. If S is a system such
that B¥(Sp) = W<, then the safety game specified by S, and W can be
reformulated as the existence of a controller S. such that S. xS, <5 ;.

Definition 6.13 (Behavior inclusion game). Let S, be a system and let
Sy be a system specification satisfying Y, = Y,. The behavior inclusion game
for system S, and specification system Sy asks for the existence of a controller
S. such that:

1. S, is feedback composable with S, ;
2. 5. xx S, is nonblocking;
3. 8. xx S, 25 Sp.

A behavior inclusion game is said to be solvable when S, exists.

In Chapter 4 we saw that under reasonable assumptions the specification
system is output deterministic. Therefore, by Proposition 4.11, the third re-
quirement in the definition of behavior inclusion games can be converted to
Se X FSq =s Sp. Replacing behavior inclusion with simulation leads to similar-
ity games which are discussed in detail in the next section. Behavioral games,
where the stronger requirement S. Xz S, =g S, is to be enforced, can also
be transformed into similarity games with the requirement S, Xz S, =Zs Sp.
These games are also discussed in the next section.

6.5 Similarity games

The controller synthesis problem in a similarity context is called a simulation
game.

Definition 6.14 (Simulation game). Let S, be a system and let Sy be a
system specification satisfying Y, = Y,. The simulation game for system S,
and specification system Sy, asks for the existence of a controller S. such that:

1. S, is feedback composable with Sg;
2. 5. xx S, is nonblocking;
3. 8. Xxr S, 2s Sp.

A simulation game is said to be solvable when S, exists.

Simulation games can be solved by using an extension of the operator F
introduced in Chapter 5. The operator F¢:

FC . 2Xa><Xb N 2Xa><Xb

in which the subscript C refers to control, is defined by (x4, xp) € Fo(W), for
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some W C X, x Xy, if the following three conditions are satisfied:

1. Ha(l'a) = Hb(xb);

2. (zq,xp) € W;

3. there exists u, € Uy(x,) such that for every z/, € Post,, (x,) there exists
a transition %» xp, in Sy with (2, 2;) € W.
As before, Z C 7' implies Fo(Z) C Fo(Z') so that F has a unique max-

imal fixed-point which can be used to construct a solution to the simulation
game whenever Z N (X0 X Xpo) # &. In this case we can define the controller:

Se = (XmXcOaUaa - > 7Yach) (63)

by:
o X,.=17;
o Xo=2ZN(Xa0 x Xpo);
o (x4,1p) u—;» (xl,x;) in S, if the following three conditions hold:

1. (2,z) € Z;

2. ap u—;’» xp, in Sy, for some wy, € Up(zp);

3. X4 u—;» xl in S, for some u, € U,(z,) such that for all 2!/ € Post,,, (z,)

’

there exists a transition %» xy in Sy with (2, z})) € Z;
° Hc(ma7xb) = Ha(xa)~
The reader should verify that the definition of F» ensures that the relation:

R = {((mavxb)vx;) €Zx X, | Tgq = SC;}

is an alternating simulation relation from S, to S,.
The previous discussion can be summarized in the following result char-
acterizing the solution to behavior inclusion games.

Theorem 6.15. Let S, be a system and let S, be a system specification
with Yy, = Y,. The simulation game for system S, and specification sys-
tem Sy is solvable iff the maximal fived-point Z of the operator F¢ satisfies
Z N (Xa0 X Xpo) # . Moreover, Z can be obtained as:

7Z = lim F&(Xa x X3).

11— 00

When Z N (Xa0 X Xpo) # &, a solution to the simulation game is given by the
controller (6.3).
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Proof. It was already shown, by defining explicitly the controller S. in (6.3),
that existence of a fixed-point Z of F¢ satisfying Z N (X0 X Xpo) # & leads
to a solution of the simulation game.

The converse implication can be proved by noting that from any con-
troller S, solving the simulation game and from the corresponding simulation
relation R from S, xS, to S, we can construct a relation R’ C X, x X,
defined by (x4, xp) € R’ if there exists z, € X, such that ((z.,z,),2p) € R.
It is now simple to verify that R’ is a fixed-point of F. The crucial inclu-
sion is R C Fe(R') and the key step is to show that any (z,2) € R’
satisfies the third requirement in the definition of F». We focus on this step.
Let (z4,2p) € R’ and recall that by definition of R’ there exists z. € X,
such that ((z.,z4),xp) € R. Since S. X S, is nonblocking, there exists an
input (e, ttg) € Uca(@e, x4). Moreover, it follows from the definition of feed-
back composition, that for every z!, € Post,, (z,) there exists a transition

Uc,Ua

(Tey ) (xl,2!) in S. Xz S,. But as R is a simulation relation from

Uc,Uq

Se X7 S, to Sy, for every transition (z.,x,) (2L, 2)) in S. X 7 S, there

exists a transition z, —— x in S, satisfying ((2,z/,),2}) € R. We thus
conclude the existence of u, € U,(z,) such that for every z/, € Post,, (z,)
there exists a transition z, —— x} in S satisfying (z/,,2,) € R’ which is
precisely the third requirement in the definition of F. 0O

Ezxample 6.16. To illustrate the construction of S, we revisit the models for
the bus fare machine used in Example 4.3 and displayed in Figure 4.1 and
Figure 4.2. Although S, 23 Sy, system S, is not simulated by system .S.
We thus seek a controller solving the simulation game for system S, and
specification system S;. The iteration of F starts with the set X, x X, and
terminates with the fixed-point Z after two iterations.

Fo(Xa x X3) = {(%a0, 20); (Za0s Tv1), (Ta0, T62), (a0, T53)s (Ta1, Tp0),
(-Talv xbl), (xah xb2)> (fﬂal, $b3), (»%27 xbo), (%2, $b1)7
(IaQ,l’bz), (Ia2,xb3)}

F&(Xa x Xp) = {( ) ( )
( ( )

FA(Xo x X3p) =

b
Ta0,T10)s (Ta1, To1), (Ta1, T3), (Ta2, Tp2) }s
(

{
{(@a0, 2b0), (Ta1, Tv1), (Ta1, T63), (Taz, To2) }-

The corresponding controller S, is displayed in Figure 6.9 and S. xx S, is
shown in Figure 6.10. The simulation relation from S. x £ .S, to S is given by
the fixed-point Z of F¢. Note that the state (241, p3), albeit not reachable,
can be useful when S, x £ S, is the starting point for further designs. <

The operator F can be seen as a control generalization of the operator
F defined in Chapter 5. If there exists a simulation relation from system S,
to system S, then the maximal fixed-point Fo coincides with the maximal
fixed-point of F'. However, if no simulation relation from S, to S exists, then
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Fig. 6.9. Controller S, for Example 6.16.
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Fig. 6.10. Composed system S. Xz S, for Example 6.16.

Xa0 € ma(Z N (Xao % Xpo)) for the maximal fixed-point Z of F. In contrast,
the maximal fixed-point of Fo provides a simulation relation from a restricted
version of S, to .S, whenever a solution for the simulation game exists. Such
restricted version can then be constructed as S. xS, for a controller S..

The iteration of the operator F provides an algorithm which is guaranteed
to terminate in time polynomial in | X,[| X, | for finite-state systems. Moreover,
the controller S. constructed from the maximal fixed-point of Fe in (6.3) is
optimal in the sense that it minimally restricts S, in order to enforce the
specification.
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Proposition 6.17. Let S, be a system and let Sy, be a system specification
with Yy, = Y,. For any controller Sy solving the simulation game for system
S. and specification system S, we have:

Sd Xg Sa jS Sc XF Sa
where S, is the controller (6.3) defined by the mazimal fized-point of Fe .

Proof. Tt was shown in the proof of Theorem 6.15 that any controller Sy
solving the simulation game leads to a fixed-point Z’ of Fo. Moreover, S, is
completely determined by the maximal fixed-point Z of F. If we denote by
R and R’ the simulation relations from S. X = S, and S4 xg Sy, respectively,
to Sp, it follows from the maximality of Z that the relation defined by the
pairs ((zq,2), (e, 2a)) € Xga X Xeq for which there exists a state x, € X
such that ((zq,2,),2) € R and ((z¢,%4),xp) € R is the desired simulation
relation from Sy xg S, to S. X £ S,. The rest of the proof consists in routinely
checking that all the requirements in Definition 4.7 are satisfied and is left to
the reader. 0O

Theorem 6.15 assumes that the initial states of S, can be initialized by the
controller. When this is not the case we need to replace Z N (X0 X Xpo) # &
with X,0 = ma(Z N (Xao0 X Xpo)) in Theorem 6.15 to ensure S, can operate
from any initial state of S,.

The more demanding bisimulation games require the composed system
S. X7 S, to be bisimilar to the specification.

Definition 6.18 (Bisimulation game). Let S, be a system and let Sy, be a
system specification satisfying Y, = Y,. The bisimulation game for system S,
and specification system Sy, asks for the existence of a controller S, such that:

1. S, is feedback composable with Sg;
2. 5. Xxr S, =Zs Sp.

A simulation game is said to be solvable when S, exists.

Note that no nonblocking requirement is imposed on S, Xz S, since a state
in S, xx S, is blocking iff it is bisimulated by a blocking state in S;. Hence,
the existence or absence of blocking states is completely determined by the
specification Sp.

Before molding bisimulation games into a fixed-point computation we
make two observations. First, if there exists a controller S, rendering S, X S,
bisimilar to Sp, it follows that S, <s S, since S, =s S. X S, =s S, in
virtue of Proposition 6.3. The second observation notes that for any input
ug € Uq(x,) enabled by the controller S, and for any z/, € Post,, (z,) there

. . o s Up .
must exist a matching transition - xy in Sp.
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The preceding observations motivate the definition of the operator:

GC . 2Xa ><Xb N 2Xa ><Xb
given by (z4,2p) € Go(W), for some W C X, x X, if the following three
conditions are satisfied:
1. Hy(zo) = Hp(xp);
2. (xq,xp) € W;
3. for every transition x, %» xy, in Sy there exists an input u, € U,(z,)
satisfying:
a) there exists x), € Post,,, (zq) with (2, 2}) € W; /
b) for every z!/ € Post,, (z,) there exists a transition x;, %» xy in S
with (af/, x)/) € W.
A controller based on a fixed-point Z of G¢ can be constructed whenever
m(Z N (Xao X Xpo)) = Xpo- Under this assumption, one possible controller is:

Se = (XmXcOaUaa _C' 7Yach) (64)
defined by:
X. =7,
XCO =7N (XaO X Xb());
e for every transition x; % xy, in Sy, (24, xp) L:» (x},xp) in S, if the
following two conditions hold:
1. (zl,,z) € Z;
2. x4 u—;» al in S, for some u, € U, (z,) such that for all 2!/ € Post,,, (z,)
there exists a transition z %» xy in S, with (2, z})) € Z;
L4 Hc(xavxb) = Ha(xa)'
Controller S, is defined so as to make the relation:

{((‘raaxb);x;) c /X Xa | Ty = x:l}

an alternating simulation relation from S, to S,. Arguing as we did for sim-
ulation games we arrive at the following result characterizing the solution of
bisimulation games.

Theorem 6.19. Let S, be a system and let S, be a system specification
with Yy, = Y,. The bisimulation game for system S, and specification sys-
tem Sy is solvable iff the mazimal fized-point Z of the operator G¢ satisfies
m(Z N (Xa0 X Xpo)) = Xpo. Moreover, Z can be obtained as:

7Z = lim G5(X, x X3).

When mp(Z N (Xao X Xoo)) = Xpo, a solution to the simulation game is given
by the controller (6.4).
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For finite-state systems, a fixed-point of G¢ is reached after finitely
many iterations and the bisimulation game is solvable in time polynomial
in | X,||Xp|. Although the operator G¢ can also be used for infinite-state sys-
tems, a fixed-point may not be reached in finitely many steps unless one is
working with an infinite-state system satisfying additional assumptions such
as the ones described in Part III.

In situations where it is not possible to initialize S, we can still apply Theo-
rem 6.19 by strengthening it with the requirement 7,(Z N (Xa0 X Xp0)) = Xao0-

6.6 Notes

Problems of control in the behavioral context have been studied in the
discrete-event systems community since the pioneering work of Ramadge and
Wonham [RW87, RW89]. The main results of this line of work can now be
found in several books [KG95, CL99]. Similar problems were independently
solved in the context of reactive software synthesis [PR89a, PR89b]. Except
for [QLI1], the corresponding simulation and bisimulation games have been
addressed much more recently and using very different mathematical formal-
izations [MT02, AVW03, Tab04, ZKJ06, Tab08b]. The use of alternating sim-
ulation relations to formalize feedback composition and the systematic expo-
sition based on fixed-points appears to be new.

The adroit reader certainly noticed the reachability problem to be different
from all the other control problems considered in this chapter: its solution is
given by a minimal and not a maximal fixed-point, and no least restrictive
controller exists. Reachability is an instance of a liveness property as opposed
to safety. See, e.g., [AS87] for definitions of safety and liveness. This distinction
between safety and liveness properties also occurs in verification problems and
makes verification a much more interesting topic than what can be judged by
the superficial treatment in Chapter 5.

Worth mentioning is also the similarity between the definition of the op-
erator G¢, used to solve bisimulation games, and the definition of alternating
simulation relation. This is no coincidence since the solutions of bisimulation
games can be completely characterized in terms of certain alternating simu-
lation relations, see [Tab04, Tab08b].
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Exact symbolic models for verification

The evolution of physical quantities such as position, temperature, humid-
ity, etc, is usually described by differential equations with solutions evolving
on R™ or appropriate subsets. The infinite cardinality of R™ prevents a di-
rect application of the verification methods described in Chapter 5. However,
verification algorithms are still applicable whenever suitable finite-state ab-
stractions of these infinite-state systems can be constructed. In recent years,
several methods have been proposed for the construction of these abstractions
based on a very interesting blend of different mathematical techniques. We
present several of these methods starting with timed automata to illustrate
the general principles of the abstraction process. Most of the abstraction tech-
niques described in this chapter require linear differential equations. For this
reason, we discuss as a special topic how to transform a class of nonlinear
differential equations into linear differential equations in larger state spaces.

Notation

The identity map on a set Z is denoted by 17 : Z — Z. The graph
of a function f : Z — W is denoted by I'(f) and defined as the set
I'(f) ={(z,w) € Zx W | w= f(2)}. The pre-image of K C W under f is
the set f~1(K) ={z € Z | f(2) € K}. The function sign : R — {—1,0,1} is
defined by sign(z) = —1 for z < 0, sign(z) = 0 for x = 0, and sign(z) = 1 for
x> 0.

Given an equivalence relation @) on a set Z, we denote by [z] the equivalence
class of z € Z, by Z/Q the set of all equivalence classes, and by 7g : Z — Z/Q
the natural projection map taking a point z € Z to its equivalence class
7w(z) = [2] € Z/Q. We say that an equivalence relation is finite when it
has finitely many equivalence classes. An equivalence relation ) refines an
equivalence relation R when (z, 2’) € @ implies (z,2") € R. Given a collection
of sets Z = {Z;}ier, Z; C Z, we say that an equivalence relation @ on Z
respects Z if (z,2") € Q implies z € Z; iff 2’ € Z; for every i € I.

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 73
DOI: 10.1007/978-1-4419-0224-5 7, © Springer Science + Business Media, LLC 2009
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A finite partition P of a set Z is a finite collection of sets P = {P; }icr,
P; C Z, satisfying Uje; P; = Z and i # j = PN P; =@ for any 4,5 € I.

For any set Z C R", Z denotes the topological closure of Z and int Z
denotes its interior. The Minkowski sum of two sets Z,WW C R™ is the
set Z4+W ={z €R" |z =z+w for some z € Z and w € W}. The infinity
norm of a vector x € R™ is denoted by ||z]c = max;=1__n|z;| and the
corresponding induced matrix norm by ||Allse = max;—1,..m Z;.lzl |a;;| for
A € R™™ where a;; is the entry of matrix A on the ith row and the jth
column. The natural projections taking a vector x € R™ to its ith component
x; are denoted by m; : R" - R, ¢ =1,2,...,n.

7.1 Dynamical and hybrid dynamical systems as systems

With the objective of constructing finite-state abstractions for verification, we
show in this chapter how to model dynamical systems and hybrid dynamical
systems as systems.

7.1.1 Dynamical systems

The reader less familiar with differential equations will benefit from rereading
the rigid body example in Chapter 1 before progressing through this section.
We consider differential equations:

d
Se= 1) (7.0

in which f : R — R" is an infinitely differentiable! function. We also call such
functions smooth. The simpler notation £ = f (&) is also used to denote (7.1).
By a solution or trajectory of (7.1), with initial condition 2 € R™, we mean a
smooth curve:

¢ Ja,b[— R"
satisfying:

1. a<0<;
2. £(0) = =z;
3. LE(t) = f(E(t)) for all t €]a, b].

When we want to emphasize the initial condition = € R™, we denote a trajec-
tory by &,. For the preceding class of differential equations, classical results
guarantee that for any initial condition z € R™ there exists a unique solu-
tion & :lag,by[— R™ of (7.1) where the constants a,,b, € R depend on x.
When —a, = b, = +oo for any x € R", the differential equation is said to be

! Most results in this chapter hold under weaker regularity assumptions. The dif-
ferentiability assumption is only made for simplicity of presentation.
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complete. For complete differential equations there exists a unique solution
defined for all ¢ € R and for every initial condition. We can thus speak of a
family of solutions indexed by € R™. This family is denoted by:

f:R*"xR—R"

where 0(x,t) = &, (t) is the solution of (7.1) with initial condition x. Tt is
known from classical results on differential equations that 6 satisfies:

0(z,0) ==z (7.2)
9(x,t1 + tz) = Q(G(x,tl),tg) (73)

for very x € R™ and t1,t; € R. Moreover, if we are given a smooth map
0 : R" x R — R" satisfying (7.2) and (7.3), there is a unique differential equa-
tion that has 6(x,t) as its solution with initial condition x. For convenience,
we will use both f and 6 to define the corresponding differential equation.
The pair (R™, f) or (R™,8) defines a dynamical system.

Definition 7.1 (Dynamical system). A dynamical system X is a pair
(R™, f) consisting of :

e the state space R";
e a smooth map f: R™ — R"™ defining a differential equation as in (7.1).

A solution or trajectory of a dynamical system is a solution or trajectory
of the differential equation defined by f. A dynamical system is said to be
complete when the differential equation defined by f is complete.

We will also consider dynamical systems (X, f) with f defined in a strict
subset X' of R™. We note that in such cases a solution is a curve ¢ :Ja, b[— X
with image in X.

When X' = (R, f) describes the evolution of some physical quantity being
measured or regulated by a control system, we are many times confronted
with the need to prove that 6 or £ satisfies some desired requirements or
specifications. Moreover, the requirements to be proven seldom require that
we distinguish between arbitrary elements of R™. In a chemical plant, for
example, it is usually necessary to guarantee that pressures and concentrations
are controlled to lie within a set of admissible values rather than to a specific
value. We can thus construct a finite set of outputs:

Y = {0k, TempViolation, ConcViolation, TempAndConcViolation}

and an output map H : R” — Y sending: the set of states in which temper-
ature and concentration are within the desired range to the symbol Ok; the
set of states in which temperature is outside the desired range but concen-
tration is within the desired range to the symbol TempViolation; the set of
states in which concentration is outside the desired range but temperature is
within the desired range to the symbol ConcViolation; and the set of states
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in which both temperature and concentration are outside the desired range to
the symbol TempAndConcViolation. The behavior of X observed through the
output map H is a subset of Y, and since Y is a finite set, it is natural to
ask if there exists a finite-state system generating the same output behavior.
The answer will depend not only on X but also on the choice of output set
Y and output map H. Hence, we revisit the different ways in which we can
specify Y and H and how such choices lead to a system describing X

There are different equivalent ways in which we can define the output of
a dynamical system Y. As in the previous chemical plant example, we can
specify an output map H : R® — Y to a finite set Y describing the desired
outputs. Such map defines an equivalence relation @ on R™ by (z,2') € Q if
H(z) = H(z'). Equivalently, we can directly specify an equivalence relation
Q@ on R"™ having a finite number of equivalence classes. The relation @) defines
the canonical projection map mg : R" — R™/Q that can be used as output
map. A third equivalent way consists in defining a finite partition P of R™.
Given one such partition, we can regard each set P € P as an equivalence
class and obtain an equivalence relation. Conversely, an equivalence relation
on R"™ defines a partition of R™ where each set P € P is an equivalence class
of Q.

Since all the preceding ways of defining the output set and map are equiva-
lent, we take a dynamical system to be verified and a finite equivalence relation
on its state set as the starting point for the methods described in this chapter.

Definition 7.2. Consider a dynamical system X = (R", f), let Q be a finite
equivalence relation on R™, and let L C R™ be a set of initial states. The
system associated with X, Q, and L, denoted by Sqr(X), consists of:

e X =R";
[ ] XO :L,'
U=R{;

R p—— if any of the following two conditions is satisfied:
1.mo(z) # mo(a'), & : [0,7] — R™ is a solution® of X satisfying
&:(1) = ', and there exists € € [0, 7] satisfying one of the following:
2 m({@(t})) — mola) for t € [0e] and mo(&(t) = mqle’) for
€, 7|;
D) a(En) = mo(@) for t € [0,¢] and mQ(u(t)) = mqla') for
t €le, 7];
2. mg(z) = mo(x’) and & : RE — R™ is a solution of X satisfying
&:(7) =" and mg(&:(t)) = mo(w) for all t € RY;
. Y =X/Q:
o H=mg.

2 We consider a curve ¢, defined on the closed set [0, 7] while implicitly assuming the
existence of a curve &, :Ja, b[— R™ satisfying & = &.|j0,-], and all the additional
conditions imposed on &,.



7.1 Dynamical and hybrid dynamical systems as systems s

The construction of Sgr,(X) depends on @ to define both the outputs and the
transitions. In fact, the transitions of Sgr, (X) were constructed to describe the
observations that a user can make of X' through the output map H. Instead of
recording the outputs periodically, we record only the changes or transitions
in the output signal. An output change, say from y to y’, is witnessed by
the transition 2 —— &,(7) of Sgr(¥) satisfying H(z) = y and H(z') = v/
Note that we only allow H o £ to switch once from y to y’. The switching
time is € € [0,7] and two situations may occur: the point £(¢) belongs to
H~1(y'), corresponding to la in Definition 7.2, or the point £(¢) belongs to
H~1(y), corresponding to 1b in Definition 7.2. This sampling strategy has two
important consequences: the output strings never have repeated symbols, and
trajectories ¢ of unbounded duration may be sampled into finite strings. The
last consequence occurs, e.g., when H o &(t) = H 0 £(0) for t € RY. This is
quite unfortunate since a finite observed string suggests that X' is a blocking
system even if this is not the case. To overcome this difficulty, we clairvoyantly
repeat the last output y in an observed string induced by a trajectory & of
unbounded duration. This is done by equipping S (X) with the transition

& —— &,(7) when H(z) = Ho&,(t) for t € R, as described in case 2 of
Definition 7.2. To simplify notation, we denote Sqr(X) by Sg(X) whenever
L = X. A different way of modeling dynamical systems as systems, closer to
the discussion in Section 1.3.2, appears in Chapter 10.

7.1.2 Hybrid dynamical systems

In addition to dynamical systems, we also consider hybrid dynamical systems
consisting of a finite collection of dynamical systems and a set of rules describ-
ing when and how to switch among the individual dynamical systems. The
definitions of hybrid dynamical system and its associated system are known
to be difficult to digest. The reader in need of an aperitif is invited to reread
Chapter 1 where hybrid systems are introduced through examples and several
important notions such as invariant sets, guard sets, and reset functions are
discussed.

Definition 7.3 (Hybrid dynamical system). A hybrid dynamical sys-

tem X' is a quintuple (57 {In(L‘}IEX7{Gut}tE — a{Ret}tE — a{fw}xEX)
consisting of:

a finite-state system S = (X, U, — );

a non-empty invariant set In, C R™ for each x € X;

a non-empty guard set Guy 51y € In, for each (z,u,2") € — ;
a reset function Re gy ) 2 Ing — Ing: for each (z,u,2") € — ;
a dynamical system (Ing, f,) for each x € X.
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{=m
switch
right left
— E=-1 =1 —
0<¢<m 0<¢<m
§=0
switch

Fig. 7.1. Hybrid dynamical system modeling a windshield wiper.

As we distinguish between dynamical systems and control systems, we also
distinguish between hybrid dynamical systems and hybrid control systems.
The former are equipped with a dynamical system for each finite state while
the later are equipped with a control system for each finite state.

Example 7.4. We consider a simplistic model for a windshield wiper given
by the hybrid dynamical system X in Figure 7.1. The finite-state system
S corresponding to X is defined by the set of states X = {right,left},

by the set of inputs U = {switch}, and by the transition relation contain-
switch

ing only two transitions right —— left and left sulth, right. The fi-
nite state right describes the clockwise motion of the wiper while the fi-
nite state left describes its counterclockwise motion. The angle described
by the wiper is denoted by & and taken as positive when measure in the
counter clockwise direction. Its dynamics is given by the dynamical sys-
tem ([0,7], —1) at the state right and by the dynamical system ([0,7],1)
at the state left. In particular, this implies Inpigne = [0,7] = Injesy since
the wiper’s angle changes between 0 and 7 radians. The analogue of a tra-
jectory for a dynamical system is an execution for a hybrid dynamical sys-
tem. Given an initial condition, e.g., (right, §) € X X Inyigne, the execution
from (right, 5) starts with the solution {z = 5 —t of ([0, 7], —1). At time

t = 5 we have {z(5) = 5 — 5 = 0 and the guard associated with the

. itch . . .
transition right = ——» left, GU(rignt,switch1et) = 10}, is satisfied, that is,
£z (%) € GU(rignt,switcn,1e£¢)- Lhe execution can be continued from (right,0)
by a transition from state right to state left. In this case, this transition

has to be taken since failure to do so would force the angle to leave the in-

variant set. Taking the transition right SR 1 eft changes the state from

(right,0) to (left, Re(rest switch rigne)(0)) = (1eft,0). Upon taking the tran-
sition, the execution proceeds from (left,0) with the evolution of the angle
according to the solution of ([0, 7], 1) until another transition is taken and so
on. <
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The previous example suggested that executions of hybrid dynamical sys-
tems consist of sequences of continuous-time evolutions interleaved with tran-
sitions between finite states. We do not need to formally define executions since
they arise as the internal behavior of the systems modeling hybrid dynamical
systems. Therefore, system models for hybrid dynamical systems require tran-
sition relations describing both the continuous-time dynamics defined by the
dynamical systems (In,, f,) as well as the dynamics induced by the finite-state
system S through the guards and reset maps.

Definition 7.5. Consider a hybrid dynamical system:
= (Sav {Inxa}xaEX(ﬂ {Guta}taE _a> v{Reta}taE —a’ v{fxa }xana)'

For each z, € X, let Qz, be a finite equivalence relation on In,, , and let
L C{(zg,mp) € Xo xR" | mp € In,, } be a set of initial states. The system
associated with X, {Qz, Yz,ex,, and L, denoted by Sqr(X), consists of:

X ={(zq,2p) € Xg xR" |z, € Iny, };

XO = L;

U=U,UR{;

o (Ta,p) — (2}, x}) if one of the following three conditions holds:
1. u € Us, 7 € GU(a, uer), and vy, = Re(y, u.ar)(T1);

2.u € RY, o, = x4, 7q,, (v) # w0, (}), &, 1 [0,u] — Ing, is a
solution of (Ing,, fz,) satisfying &, (v) = x}, and there exists € € [0, u]
satisfying one of the following:

&) 7, (60, (1)) = T, (31) for t € [0,e[ and mq,. (n, (1)) = ma.. (z})
fort € [e,ul;

) T, (€ (8) = Tan. (20) for t € [0,2] and mq., (€ () = 7., (z})
for t €le, u);

S.u€RY, ) = x4, mq,, (x5) = Tq,, (%), &, 1 Ry — Ing, is a solution
of (Ing,, fz,) satisfying &, (u) = x3, and ©q, (&, (1)) = 7q,, (xs) for
all t € RY.

o YV = {(xa,y) € X, X Um;eXa Inx&/Qw; ‘ y e Inxa/Qﬂva}f
o H(xa,wp) = (Ta,7Q,, (¥b)).

For a hybrid dynamical system X, the state of the system S (X) is pair
(2a,xp) € X, X In,, consisting of a finite part x,, inherited from the finite-
state system S,, and an infinite part x, inherited from the dynamical system
(Ing,, fz,)- The evolution of the finite part is governed by a coupling between
the transition relation of S, and the transition relation of Sq, (Ing,, fs,)-

g Ugq ;. e Ugq / /
A transition x, —— T, in Sa defines a transition (xq,z,) —— (2}, })

in Sor(X) only when the infinite part of the state belongs to the guard
Gu(z, u,,2) and when x}, is obtained from z; by applying the reset map
Re(z, u,,2r,)- This kind of transitions, corresponding to case 1 in Definition 7.5,
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are termed discrete transitions since they are induced by the transitions in S,.
In addition to discrete transitions there are also continuous flows described
by cases 2 and 3. A transition (z,,75) —— (2/,,}) describes a continuous
flow when u € R} is the duration of the flow defined by the solution &, of
(Ing, , f,) satisfying &,, (u) = x}. Note that a continuous flow leaves the finite
part of the state unaltered, i.e., 2/, = x,. Consequently, during a continuous
flow, a hybrid dynamical system behaves as the dynamical system (In,,, f.,)
and the construction of Sqr(X) mirrors the construction of Sq, (Ing,, fz,)
in Definition 7.2. The construction in Definition 7.5 is the starting point for
the different abstraction techniques described in this chapter.

7.2 Timed automata

Several abstraction techniques for hybrid systems are generalizations of a con-
struction developed for a special class of hybrid dynamical systems: timed
automata. This class was originally introduced to reason about the tempo-
ral properties of software systems and is characterized by restrictions on the
invariants, guards, resets, and continuous-time dynamics.

Definition 7.6 (Timed automaton). A hybrid dynamical system:
2= (Sav {Inwa}waexav {Guta}tae T ’{R’eta}tae T’ 7{fwa }wana)'

is said to be a timed automaton if the following four conditions are satisfied:

1. for every x, € X,, the sets In,, C R" are defined by finitely many
conjunctions of conditions of the form xp; ~ ¢ with i € {1,2,...,n},
~e{<, <, =,>,>}, and c € QF ;

2. for every (za,uq,vy) € — , the sets GU(y, u, 2r) are defined by finitely

many conjunctions of conditions of the form xy; ~ c withi € {1,2,...,n},
~e{<,<,=,>,>}, and c € Q(T;
3. for every (xq,uq, ) € — , ap € In,,, and i € {1,2,...,n}, the com-

posite T; 0 Re(q, u, .21 )(p) is either zy; or 0;
4. for every x4 € Xq, xp € Ing,, and i € {1,2,...,n}, m; o fy (xp) = 1.

We explain the meaning of the preceding restrictions by referring to the
timed automaton, modeling a periodic real-time task, presented in Chap-
ter 1, Figure 1.6. For convenience, this timed automaton is also depicted in
Figure 7.2. The invariant associated with any of the finite states is a con-
junction of inequalities in which an infinite state variable x; is compared
with a non-negative constant. The invariant associated with the state active
is 0 < xp1 < D, the conjunction of xp; > 0 with xp; < D. The guards

are defined by sets constructed in the same fashion. The guard associated
with the transition active —*%. error is rp1 = D and of the form re-

quired by the definition of timed automata. Consider now the transition
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active
GLH=1&=1
0<& <D
expired
élZ:O élzD
& =0
sleep starting error
&1=1&=1 0<& <D &1=1&=1
0<&<T & =0 D<&
finished expired
0<£2<C §1ID
execute
GLH=1&=1
0<& <D
0<&<C

Fig. 7.2. Timed automaton representing a periodic real-time task.

. starting . . . .
active execute which is decorated with x5 := 0. The assign-

ment xp2 := 0 defines the reset map associated with this transition to be
Re(active,starting,execute) (T6) = (Tp1,0) by stating that a;» should be reset to
zero while xp; should remain unchanged. Finally, the differential equations in
each of the finite states are of the form £ =1 and &, = 1.

Existence of a finite-state system bisimilar to the infinite-state system S
associated with a timed automaton implies that for each finite state x, € X,
of S, there exists a finite-state system bisimulating the system Sg(In,,, fz,)
for some finite equivalence relation ¢) C In,_ xIn, . The converse of this obser-
vation does not hold unless we make some additional assumptions. The next
result, a direct consequence of Theorem 4.18, offers the missing assumptions
in the general context of hybrid systems.
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Lemma 7.7. Consider a hybrid dynamical system:
Y= (Sav {Inwa}laexa’ {Guta}tae - 7{Reta}ta€ - 7{f7;a}wa€Xa)

and let Q = {Qu, }z,ex, be a collection of finite equivalence relations with
Qz, CIn,, xIn,, . If Q satisfies the following three properties:

1. Qq, is a bisimulation relation between Sq, (Ing,, fz,) and Sq,, (Ing,, fz,);
2. Qq, respects the guard sets;
3. for every (zp,x}) € Qu, we have:

xbaﬂu“?) € Gu(ma,u,a:{l) - (Re(za,u,z;)(l'b)vRe(za,u,m{l)('r?))) € Qazfn

then there exists a finite-state system bisimilar to Sg(X).

Proof. The proof consists in weaving together the finite equivalence rela-
tions (), into a single finite equivalence relation R C X x X, on the state
set of Sg(X) = (X, Xo,U, — Y, H), satisfying the requirements of Theo-
rem 4.18. Relation R is defined by all the pairs ((zq,zs), (2, 2})) € X x X
satisfying xz, = 2, and (zp, ) € Q4,. Since R is finite by construction, the
result follows from Theorem 4.18 once we show that R is a bisimulation rela-
tion between Sg(X) and Sg(X). Requirements 1a, 1b, and 2 in Definition 4.13
follow directly from the way in which we defined R. To show requirements 3a
and 3b, we first note that requirement 3a implies requirement 3b since we are
relating Sg(X) with So(X). We discuss separately discrete transitions and
continuous flows.

Let ((2q,2), (2, 2,)) € Rand let (24, 2) —> (2, z]) be a discrete tran-
sition in Sq(X). By definition of R, z, = z/, and (zp,2}) € Q,. Moreover,
by definition of Sq(X), zp € Gu(y, u,.r)- Since Q., respects guard sets, zj,
also belongs to Gu(g, 7). It now follows from the third property of @ that

1"

(Re(mmu?%)(xb),Re(za,uy%)(xg)) = (z3,23") € Quv. Consequently, by con-

struction of So(X), we have the transition (z,,x)) —— (27, z}") in Sq(%).
Since (xy,2}") € Qg implies ((z},zy), (z;,7")) € R we conclude that re-
quirement 3a in Definition 4.13 holds for discrete transitions.

Consider now a continuous flow (z,,2y) —— (2//,2}) in So(%) and
let ((xg, ), (2}, 2;)) € R, ie, z, = z, and (xp,2},) € Qu,. By def-

inition of continuous flow, z, = z! and x, —— 2} is a transition in

Sq,, Ing,, fz,). Since Q, is a bisimulation relation between Sq, (Ing,, fz,)

and Sq,, (Ing,, fz,), there exists a transition x;, — Z/" in Sq., Ing,, fz,)

satisfying (z},2]") € Qg,. We thus conclude the existence of the continuous

flow (24, 7)) — (Ta,2}") in Sq(X) satistying ((a, x}), (24, }")) € R which
concludes the proof. 0O
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T2

2 3 Th1

Fig. 7.3. Partition of (R(T)Q, induced by the equivalence relation @, distinguishing
guards, and invariant sets.

Lemma 7.7 can be straightforwardly applied to hybrid dynamical systems
with constant reset maps since in such cases condition 3 is automatically
satisfied in virtue of the equality Re(,, uar)(76) = Re(, u.er)(2}). Hence, it
suffices to construct finite-state abstractions for the systems Sq, (Ing,, fz,),
based on equivalence relations (), respecting the guard sets, in order to obtain
a finite-state abstraction for Sq(X). This observation justifies why we devote
a large portion of this chapter to the construction of finite-state abstractions
of several classes of dynamical systems.

For timed automata, we do not need to rely on constant reset maps due to
the simple nature of the differential equations describing the continuous-time
dynamics. We illustrate the construction of a family of equivalence relations
{Qz, }z.cx, satisfying the conditions in Lemma 7.7 using again the timed
automaton in Figure 7.2. For concreteness, we take C' =1, D =2, and T = 3.
Instead of constructing directly an equivalence relation for each invariant set,
we start by constructing a single equivalence relation @@ on (Rar)2 that re-
spects all the invariant sets and all the guards. Relation @ is displayed in
Figure 7.3 and defines three different kinds of equivalence classes. The first
kind, of dimension zero, consists of six singleton sets:

{0,008, {20} {30} {01} {ZD}) {BGD}

The second kind, of dimension 1, consists of twelve horizontal and vertical
open line segments:
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{(p1,7p2) €R? | 2y = 0A0 < 2 < 1},
{(zp1,m02) ER? | 251 = 0A 1 < T},
{(zp1,7p2) €ER? |y = 2N 0 < a3 < 1},
{(zp1,p2) ER? | 2p1 = 2A 1 < mpo},
{(2p1, 7p2) €R? | 2y =3 A0 < ap < 1},
{(zp1,p2) ER? | 2p1 =3 A1 < mpo}.

The third kind, is formed by the six open sets of dimension 2:

{(zp1,252) ER? | 0 < xpy < 2A0 <y < 1},
{(zp1,mp2) ER? | 2< w1 <3N0 < a3 < 1},
{( )ER2|3<xb1/\0<xb2<1},
{(:rbl,acbg) € R? | O<zpy <2N1< mbz},
{(Ibl,zbg) S Rz | 2< o <3N1< IbQ},
{(zp1,202) ER? | 3 < apy A1 < a3}

Although the equivalence relation @ respects invariant sets and guards, it
fails to respect the continuous flow in the sense that different points in the
same equivalence class may visit, under the continuous flow, different equiva-
lence classes. This is illustrated in Figure 7.4 where the flow is represented by
the dashed lines. Since failure to respect the continuous flow implies failure
of the first assumption in Lemma 7.7, we refine ) to an equivalence relation
Q' respecting the continuous flow. Given the special nature of the differential
equations present in timed automata, the continuous flow with initial condi-
tion (xp1, xp2) is the straight line with unit slope passing through (z41, zs2).
Using this fact, it is straightforward to refine @ to the equivalence relation
Q' represented in Figure 7.5. The reader should verify that any two points
in the same equivalence class of Q' are taken by the continuous flow through
the same equivalence classes. Upon inspection of Figure 7.5, we observe that
the equivalence classes of @’ are not closed under projection maps. To be

Tb2

2 3 Tp1

Fig. 7.4. Two points on the same equivalence taken by the continuous flow to
different equivalence classes.
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Th2

1 2 3 Th1
Fig. 7.5. Partition of (RO"')Q, induced by equivalence relation @’ refining equivalence

relation ). Guard and invariant sets are distinguished while the continuous flow is
respected.

T2

1 2 3 Th1

Fig. 7.6. Partition of (]R(J{)Q7 induced by equivalence relation Q" refining equiva-
lence relation @Q’. Guard and invariant sets are distinguished while reset maps are
respected.

precise, consider the maps r1 : (R§)? — (RF)?, m2 : (RF)? — (RJ)?, and
12 1 (RY)? — (RY)? defined by:
r1(zp1, To2) = (2p1,0),  ra(wp1, T2) = (0,202),  T12(T1, TH2) = (0,0).

For any equivalence class [z3] € (R$)?/Q’ and for any map g € {1(R§)2 T2, 712},
g([xp]) is an equivalence class of @)'. However, this is no longer the case when
g = r1. In particular, applying r; to the equivalence class defined by:

{(xp1,2p,) € RE)? | 0 < 1 < 2Ampy = 1}
results in the set:
{(xp1,70,) € (RF)? | 0 < 21 <2 A xpa = 0}

which clearly does not belong to (Rj)?/Q’. Since the reset maps are neces-
sarily of the form 1 (®$)2> T15 T2 and 712, we conclude that Q" does not respect
the reset maps. Failure to respect the reset maps implies failure of the third
assumption in Lemma 7.7. The next step is then obvious: refine Q' to the
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Th2

1 2 3 Th1

Fig. 7.7. Partition of (R )?, induced by equivalence relation Q" refining equiva-

lence relation @”. Guard and invariant sets are distinguished while reset maps and
the continuous flow are respected.

equivalence relation Q”, shown in Figure 7.6, respecting the reset maps. Un-
fortunately, by refining Q' to Q" we obtain an equivalence relation that no
longer respects the continuous flow. A further refinement step is necessary to
obtain the equivalence relation ", depicted in Figure 7.7, that respects both
the continuous flows and the reset maps.

At this point we have an equivalence relation respecting all the ingredients
of our timed automaton: invariant sets, guards, the continuous flow, and reset
maps. This observation implies that the second and third assumptions in
Lemma 7.7 hold for the equivalence relations:

Qia = (Inma X Infa,) N Q//a Tq € Xa-

Furthermore, as these equivalence relations also respect the continuous flow,
they are bisimulation relations between Sq, (Ing,, fz,) and Sq, (Ing,, fz,).
Lemma 7.7 then guarantees the existence of a finite-state system bisimilar to
So(X).

The previously described steps lead to the following general result.

Theorem 7.8. Let X be a timed automaton and let Q = {Qu, tz,ex, be a
collection of finite equivalence relations Q,, C Ing, X In,, whose equivalence
classes are defined by finitely many conjunctions of conditions of the form
Ty ~c withi € {1,2,...,n}, ~€ {<,<,=,>,>}, and c € Qf. Then, there
exists a finite-state system bisimilar to Sq(X).

The strategy to obtain Theorem 7.8 consisted in refining an initial finite
equivalence relation until invariants, guards, resets, and the continuous flow
were respected. The resulting finite equivalence relation lead directly to the
quotient system which is finite-state and bisimilar to the original system. We
refer to these abstractions as quotient based abstractions. The existence of
quotient based abstractions for timed automata can be further exploited to
prove several deep and beautiful results for this class of systems. Instead of
exploring further timed automata, we veer to more general classes of hybrid
dynamical systems possessing richer continuous-time dynamics.
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7.3 Order minimal hybrid dynamical systems

Polynomial functions have remarkable finiteness properties that are highly
desirable for the construction of finite-state models for verification. Unfortu-
nately, even if a differential equation is linear, its solutions are not, in general,
polynomial functions of time. We thus need a larger class of sets and functions
that still enjoys the same finiteness properties of polynomials and contains the
solutions of (some) differential equations. Order minimal structures provide an
axiomatization for a class that is general enough to include semi-linear, semi-
algebraic, and even more complicated sets and functions, while still possessing
very strong finiteness properties. In what follows, we restrict the discussion
to order minimal structures over the real numbers.

Definition 7.9 (Order minimal structure). An order minimal structure
on R is a sequence S = {8y, }nen such that for each n € N we have:

1. S, is a boolean algebra of subsets of R™, i.e., Sy is a collection of subsets
of R™ such that:
a) @ € Sy;
b) Z,W €S8, implies ZUW € S,,;
¢) Z € S, implies R"\Z € S,,;
2.7 €S8, implies Z xR € Sp11 and R X Z € Sp41;
3 A(z1,20,...,xn) ER" |2, =25} €S, for 1 <i<j<mn;
4. Z € Spy1 implies n(Z) € S,, where w : R"1 — R™ is the usual projection
taking (x1,...,&n_1,2n) to (T1,...,Tpn_1);
5.{r} € S for each r € R and {(z1,22) € R? | 21 < w2} € Sa;
6. the only sets in S are the finite unions of open intervals and points.

Example 7.10. The class of semi-linear sets on R™ is defined by finite unions
of subsets of R™ satisfying conjunctions of conditions of the form f ~ 0 where
f is an affine function and ~€ {=, >}. Semi-linear sets form an order minimal
structure. When the functions f are polynomial instead of affine, we obtain
the class of semi-algebraic sets. This class constitutes another example of an
order minimal structure.

The set W, depicted in Figure 7.8, is a semi-algebraic set defined by:

W= {
U

(z1,22) ER? | 22 + 22 < 1A~z + 21 <0} (7.4)
(z1,22) ER? | 22 + 22 <1 Axg+ 21 <0} (7.5)
Although the sets (7.4) and (7.5) are not defined by conditions of the form
f ~ 0 with ~€ {=, >}, they can be rewritten in that form. For example (7.4)
can be written as:

{(z1,20) €ER? | —2% —224+1>0Axy — 1 >0} (7.6)
U{(z1,22) €ER*| —2f —23+1=0A2y — 21 =0} (7.7)
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Fig. 7.8. Semi-algebraic set defined by (7.4) and (7.5).

Given an order minimal structure S on R, we say that a set Z C R™ is
definable (in the structure S) if Z € S,,. A map f : Z — R™ is said to be
definable (in the structure S) if its graph I'(f) € R™ x R™ is definable, i.e.,
F(f) € Sn+m~

Let W C R™ x R™ be a definable set. For every z € R™ the following set
is a well defined subset of R™ called the fiber of W over z:

W, ={zeR" | (z,2') e W}

We can regard W as a family of sets in R™ parameterized by points z € R™.
The only result we need from the theory of order minimal structures shows
the existence of an upper bound for the number of connected components of
W, which is independent of z.

Theorem 7.11 (Uniform finiteness). Let W C R™ xR" be a definable set.
Then, there is a number k € N such that for every z € R™, the fiber W, has
at most k connected components.

Example 7.12. Consider the set W C R x R in Figure 7.8. For 1 < z < —1,
W, = @; for —1 < z < 0, W, consists of a single connected component;
and for 0 < z < 1, W, consists of two connected components. Although the
number of connected components changes with z, Theorem 7.11 guarantees
the existence of a uniform upper-bound which is this case is 2. <

In addition to semi-linear and semi-algebraic sets there are two other order
minimal structures that will play an important role in this section. The first
consists of semi-exponential-algebraic sets. Such sets are finite unions of sets
in R™ described by conjunctions of conditions of the form f ~ 0 where the
functions f are polynomials in the variables x1,xo,...,T,, €%, e"2, ... e
and ~€ {=,>}. The fact that we can work with the exponential function
will be essential when dealing with solutions of linear differential equations.
The second structure extends semi-exponential-algebraic sets with any fi-
nite number of analytic functions i : R™ — R restricted to the hyper-cube
[—1,1]™. This means that the functions f are polynomials in the variables
Ty X2y vy Ty, €51 €%2 0o P hy(x), ha(x),. .., hi(x) for analytic functions
h; : R™ — R restricted to [—1,1]™.
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We now consider dynamical systems X' = (R", #) in which 0 : R* xR — R"
is a definable map. The finiteness properties of @, ensured by definability, can
be used to guarantee the existence of finite-state abstractions. The starting
point is a dynamical system X = (R™, ) and an equivalence relation @ on
R™ with finitely many equivalence classes consisting of definable sets. Such
equivalence relations are termed definable finite equivalence relations.

Theorem 7.13. Let ¥ = (R™,0) be a complete dynamical system in which
0 :R" xR — R" is a definable map. For any definable finite equivalence
relation @ on R™, there exists a finite-state system bisimilar to Sq(X).

Proof. Recall that since X' is a complete dynamical system, for every = € R™
there is a unique solution &, : R — R” satisfying &, (0) = z. Let P be the par-
tition of R™ induced by Q. Then &, 1(P) is a partition of R that we denote by
Pr(z). The cardinality of Pr(z) corresponds to the number (with multiplicity)
of equivalence classes visited (in positive and negative time) by the solution
&x. We now use Theorem 7.11 to assert the existence of a global bound for the
cardinality of Pr(z) independent of 2 € R™. To do this, we let Z(q) be the set
0~1(q) where ¢ is an equivalence class of @, thus (z,t) € Z(q) if 6(z,t) € q.
By Theorem 7.11, there is a uniform upper-bound on the cardinality of the
fibers Z;(q) = {t € R | 6(x,t) € q}. This upper-bound describes how many
times the equivalence class g is visited by &,. Moreover, since there are finitely
many equivalence classes ¢, there is a finite upper-bound for the cardinality
of 71(P) and therefore also for the cardinality of Pr(z), independently of
x € R™. To each point z € R™ we can now associate a finite string q(z)
obtained by concatenating elements in {q1,...,qx} U{q1,...,qx} where each
¢; is an equivalence class of ). This string describes the equivalence classes
of @ visited along &, and is of the form q(z) = qoq1 - - - ¢i—1Giqi+1 - - - ¢ With
g; representing the equivalence classes of () to be visited in the future when
j > i, visited in the past when j < i, and ¢; representing the equivalence
class containing x. The set of all such strings is finite, since there is a uniform
upper bound on the cardinality of Pg(x), and defines the state set X of the
finite-state system S. The remaining elements of S = (X,U, — Y, H) are
as follows:

U={+}, Y=X/Q, H(qq .- ¢-13i%i+1-- Q)=
with —— consisting of two kinds of transitions:
~ * ~
L qoq1---i-1GiGi+1 - @ — Q041 - - - 4i-1GiGi+1 - - - 45

o~ * o~
2. qoq1--Q—1q1 — qoq1---Q—1qi-

It is now routine to check that the relation R C R™ x X defined by all the
pairs (z,q(z)) is a bisimulation relation between So(X) and S. O

The proof of Theorem 7.13 can be seen as an application of Theorem 4.18
to the system Sg(X') and to the equivalence relation R C R™ x R™ obtained by
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declaring (z,z’) € R when q(z) = q(z’). Definability of # and @ is then used to
prove that R has finitely many equivalence classes. In this sense, Theorem 7.13
follows very closely the spirit of Theorem 7.8 for timed automata and provides
another example of a quotient based abstraction.

When initial states L C R™ are to be described in the finite-state model
S, we can refine the equivalence relation ) to an equivalence relation Q'
respecting L, and apply Theorem 7.13 to X and @Q’. The set of initial states
on the finite-state system S can then be obtained as the set of all states related
to the states of Sg/(R", 6) belonging to L.

Theorem 7.13 is a powerful result that can be specialized for different kinds
of differential equations.

Corollary 7.14. Let X = (R™, f) be a dynamical system in which f(x) = Az
is linear map represented by the matrix A € R™*™. If the eigenvalues of A are
purely real, or if the matriz A is diagonalizable and its eigenvalues are purely
imaginary, then for any definable finite equivalence relation @ on R™ there
exists a finite-state system bisimilar to Sg(X).

Proof. Tt is known from classical results [AM97] that the solution of a lin-
ear differential equation d¢/dt = A¢ with initial condition z € R™ is given
by £(t) = eta = 7 L A't'z. When the eigenvalues of A are real, for
every i = 1,2,...,n, &(t) is a semi-exponential-algebraic function of ¢ and
X1, 22, ..., %, see [AMOT] for a detailed description of &;(¢). Therefore, 0 is
definable and the result follows from Theorem 7.13. When the matrix A is di-
agonalizable and its eigenvalues are purely imaginary, then &;(¢) can be written
in terms of the analytic function sin. It follows from periodicity of sin that we
can restrict its argument to [—, 7] without altering its image. The restriction
of sin induces a restriction #’ of # which is definable in the order minimal
structure containing restricted analytic functions. Since this restriction leads
to a system Sq(R"™,0’) that is bisimilar to Sg(R™,0), the result follows by a
straightforward adaptation of Theorem 7.13 applicable to Sg(R",6’). O

Example 7.15. A typical problem in control engineering is to design feedback
control laws forcing the solutions of a particular differential equation, modeling
the physical process being controlled, to converge to some desired operating
point or region. We consider the following linear dynamical system X on R?:

s =50l [2] (78)

)

which describes the result of applying a stabilizing feedback controller to a
linear system. Although the solutions of the differential equation defined by
f are guaranteed to converge to the origin, we would like to verify that tra-
jectories do not violate the operating envelope by entering the set of unsafe
states defined by:

B={(z1,72) €ER? | 32 < —4 V x5 > 4)}
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Fig. 7.9. Finite partition defined by an equivalence relation respecting continuous
flows, the set of initial states L, and the set of unsafe states B. The set L is light-
colored while the set B is dark-colored. The continuous-time dynamics defined by
smooth map (7.8) is superimposed in gray.

when the initial conditions belong to the set:
L={(v1,72) ER* |5<21 <6 A —1<uazp <1}

The verification problem is specified by X and by the equivalence relation @)
on R? defined by the equivalence classes B, L, and R?\(B U L). Noting that
the eigenvalues of the matrix A defining the dynamics of X' are purely real,
we can apply Corollary 7.14 to conclude the existence of a finite-state system
S bisimilar to Sg(X). The partition of R? defining the states of S is depicted
in Figure 7.9. The resulting finite-state system .S is shown in Figure 7.10 with
the states of S superimposed onto the equivalence classes they represent. The
state in the center of the figure corresponds to the equivalence class containing
only the state {(0,0)}. By analyzing the finite-state system S we see that it
is not possible to reach the set B from L and thus Sg(X) is safe. <

The conditions in Corollary 7.14 are tight in the sense that there exist
systems that do not satisfy these conditions and for which no finite-state
bisimilar system exists. One such example is given by the dynamical system

on R? defined by:
fla) = {0'1 0‘}] [2] (7.9)

The corresponding A matrix has eigenvalues 0.1 44 and the solution to the
differential equation defined by (7.9) is:

W@ﬂ:&ﬂrﬁwﬁdﬂ{m}

sin(t) cos(t)| |x2
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Fig. 7.10. Finite-state system S bisimilar to Sg(X). The states of S are superim-
posed on the equivalence classes they correspond to. The state in the center of the
figure corresponds to the equivalence class consisting of the single state (0, 0).

Solutions are spirals that unwind away from the origin as shown in Figure 7.11.
Consider the partition of R? defined by the sets:

P = {(:171,0) E]R2 | 0<z < 1}

Py = {(21,0) €R* | —1 <2, <0}

Ps=R:\P,UP,

and let @ be the corresponding equivalence relation. Any system that is bisim-
ilar to Sg(X) needs to distinguish between the points of P, that visit P; a

Fig. 7.11. Solution of the differential equation defined by (7.9) with initial condition
z1 =0, and x2 = 0.001.
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different number k € Ny of times. If we denote by Py the set of points of P
that visit P; k times, a simple computation shows that:

(2k—1)7

ng:{(xl,()) eR? | e < 1 <o}.

Since these sets are all different for different values of k, we conclude that any
system bisimilar to Sq(X) would necessarily have an infinite number of states
and thus cannot be finite-state.

Differential equations in strict feed-forward form with a definable f also
have definable solutions.

Corollary 7.16. Let ¥ = (R", f) be a dynamical system in which f is in
strict feed-forward form, i.e., f is of the form:

fl(.’li) = f1(.132, e ,l‘n)

fn—Z(I) fn—2(zn—17xn)
fn—1(2) = fa1(zn)
fa(@) = fn

with f; definable for i = 1,2...,n. Then, for any definable finite equivalence
relation Q@ on R™ there exists a finite-state system bisimilar to Sg(X).

Proof. The differential equation d€/dt = f(£) can be solved by successive
integration and substitution. We start by integrating f,, to obtain:

€n(t) = §n<0) +/0 fndT = fn(o) + fnt-

Then we substitute &, into f,—1 to obtain f,,_1(&,(¢),t) which can also be ex-
plicitly integrated, substituted in f,,_», integrated, and so on. Since fot fu(T)dT
is definable for a definable function f,, see [Spe99], it follows that 6 is defin-
able. Therefore the result follows from Theorem 7.13. O

For general hybrid dynamical systems, refining a relation that already re-
spects the continuous-time dynamics to a relation respecting reset maps, leads
to a relation that no longer respects the continuous-time dynamics. Similarly,
refining a relation that already respects the reset maps to a relation respect-
ing the continuous-time dynamics, leads to a relation that no longer respects
the reset maps. Therefore, there is no guarantee that a finite equivalence re-
lation respecting both continuous-time dynamics and reset maps exists, even
if all the data is definable. Nevertheless, Theorem 7.13 can still be used, in
conjunction with Lemma 7.7, to show existence of finite-state bisimulations
of hybrid dynamical systems with constant reset maps.
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Corollary 7.17. Let X be a hybrid dynamical system:
2= (Sav {Inwa}waexav {Guta}tae —a’ ’{R’eta}tae —a> ’{f-'L'a }wana)'

satisfying the following properties:

1. Gu, is a definable set for everyt, € —

2. In,, in a definable set for every x, € X,;

3. (Ing,, fz,) is complete dynamical system with definable solutions for every
Ty € Xg;

4. the maps Rey, are constant for every t, € —

For any collection of finite and definable equivalence relations Q = {Qz, }z, e x,
with Qg, C Ing, x In,, , there exists o finite-state system bisimilar to Sq(X).

Order minimality in an important tool in proving that certain classes of
dynamical and hybrid dynamical systems admit finite-state bisimilar models.
However, the computation of such abstractions remains a challenge since, in
general, it requires the explicit knowledge of the solution £. In the following
sections we describe different abstractions techniques that do not require the
knowledge of &.

7.4 Sign based abstractions

We now describe a very different technique for the construction of finite-state
abstractions based on a judicious analysis of the sign of real-valued functions
on the state space. The underlying idea is quite simple and can be explained
as follows. Consider a dynamical system X = (R”, f) and let p : R" — R be
a smooth real-valued function. Function p induces a ternary partition of R™
defined by:

py = {z €R" | p(z) > 0},
po = {z €R" | p(z) =0},
p- ={z eR" | p(z) < 0}.

Composing p with & we obtain po £ : R — R, a smooth function of time.
Continuity of po¢ tells us that if po¢ is negative for some 71 € R and positive
for some 75 > 71, there must exist a 7 €|y, 72| such that po¢ is zero at 7. We
thus see that continuity imposes some restrictions on the different sequences
of signs that a smooth real-valued function of the state can assume. Such
restrictions can be encoded in a finite-state symbolic model for X' describing
how the trajectories of X' interact with the sets p;, pg and p_. These simple
ideas can be developed into a very powerful abstraction technique that we
now describe in more detail.
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| 1 92 935 94 g5 g5 gr gs go
m| 1 1 1 0 -1 -1 -1 0 0
p2| 1 0 -1 -1-1 0 1 1 0

Table 7.1. Sign conditions for the functions p; and p» in (7.10).

Given a finite collection P = {p;};cr of smooth real-valued functions on
R™, {1,0,—1}7 denotes the set of all functions g : P — {1,0, —1}. We call the
functions g € {1,0,—1}7 sign conditions since g(p;) € {1,0, -1} is regarded
as a sign for p; € P. Each sign condition g defines a subset of R™ denoted by
(g) and defined by:

(g) =) {z e R" | sign(pi(z)) = g(p:) }.

icl

A point z € R™ belongs to (g) if for every function p; : R" — R, the sign of
pi(x) agrees with g(p;) in the sense that sign(p;(x)) = g(p;). The collection
of sets (g) with g € {1,0,—1}" defines a partition of R” and we denote the
corresponding equivalence relation by P. We extend the notation (g) to sets

of functions G = {g1,92,...,9x} by (G) =U;—1 1 (9:)-

.....

Example 7.18. Let n = 2 and consider the functions:

pi(z) = x4, p2(x) = xo. (7.10)

There are 32 = 9 sign conditions as shown in Table 7.1. The sign condition
g3 defines the set (g3) consisting of all the points (z1,22) € R? such that
sign(p;) = sign(z1) = 1 and sign(p2) = sign(xs) = —1. This corresponds to
the points satisfying the constraints x; > 0 and 22 < 0. <

The key idea underlying the construction of sign based abstractions is the
interplay between the Lie derivative of p; along f and the sign of p;. The Lie
derivative of a smooth function p : R®™ — R along f is the function:

Lip= Z %fi
i=1 "

which can also be expressed as:

d
Lyp(z) = %L:Op 0&y

with &, the solution of (R", f). We also use Lé%p with £ € N to denote the kth
Lie derivative of p along f defined by:

Litp=Le(Lsp),  Lip=p.
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If the inequality Lyp; () > 0 is satisfied at a point o = &,(0) for which
pi(xz) = 0, positivity of this derivative implies p; o &,(g) > 0 for sufficiently
small € > 0. This can be restated as: if £,(0) belongs to the set (signop;)~*(0),
then &, () belongs to the set (sign o p;)~*(1). We can thus use the valuable
information provided by the Lie derivatives of the functions p; along f to
build a model constraining the evolution of the signs of the functions p;.

Definition 7.19. Let ¥ = (R", f) be a dynamical system, let P = {p;}ier
be a finite collection of smooth real-valued functions on R™, and let P be the
equivalence relation defined by P. For any set of initial states L C R™, the
finite-state system induced by S(X), P, and L, denoted by Spr(X), consists
of:

o X = {1303_1}7;;
o Xo={geX|(gnL+a};
o U ={x};

g LN g’ if for every i € I any of the following holds:
1. g(p;) = 1 implies any of the following:
a) sign(Lypi((g))) € {1,0} and ¢'(p;) = 1;
b) sign(Lspi((9))) 2 {—1} and ¢'(p:) € {1,0};
2. g(p;) = 0 implies any of the following:
o) sign(Lypi((g))) = {1} and ¢'(pi) = 1;

( )
b) sign(Lyspi((g))) = {1} and ¢'(p;) = —1;
c) sign(Lyspi((g))) = {1,—1} and ¢'(p;) € {1, —1};
d) sign(Lypi((g))) 2 {0} and ¢'(p;) € {1,0,~1};
3. g(p;) = —1 implies any of the following:
a) sign(Lspi({9))) 2 {1} and g'(p;) € {0, —1};
b) sign(Lsp;({g))) € {0, 1} and ¢'(p;) = —1;
. Y =RP;
e H(g) = (9.

Before proceeding further, we illustrate the construction of Spr(X).

Example 7.20. Consider the linear dynamical system on R? defined by:

flz) = [_ij . (7.11)
The trajectories of this system revolve around the origin under a circular
clock-wise motion as depicted in Figure 7.12. We take P = {p;,p2}, with p;
and ps as defined in (7.10), and L = {z € R? | 21 > 0Az2 > 0}. The state set
X is defined by the 32 = 9 functions represented in Table 7.1. The transition

relation of Spy, (X)) is constructed by adding transitions g AN g’ according to
the rules in Definition 7.19. We illustrate the construction for the transitions
originating from g; and g». We first compute:

0 0 0
Lypy = 7f1 ﬂfz = T2, Lyps = 875?]:1 & f2
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Fig. 7.12. Trajectories of the dynamical system defined by (7.11) with ini-
tial conditions (x1,z2) = (0,0.05), (z1,2z2) = (0,0.1), (z1,z2) = (0,0.15), and
(.Tl,xz) = (0,0.2).

On the set (1) = {(z1,22) € R? | 21 > 0 Az > 0} we have Lsp; > 0 and
Lps < 0. Since p; is positive in (g1) and Lyp; > 0, the successor ¢’ of g1
satisfies ¢’(p1) = 1. Moreover, as ps > 0 in (g2) and Lyps < 0, ¢’ also satisfies
g’ (p2) € {1,0}. The only elements ¢’ € X satisfying the constraints ¢’(p;) = 1
and ¢'(p2) € {1,0} are g; and go. Therefore, there are only the following two
transitions originating from g¢;:

* *
91— g1, g1 —> g2.

Similarly, on the set (g2) we have L¢p; = 0 and L¢p, < 0 implying that the
successor g’ of g satisfies ¢'(p1) = 1 and ¢’(p2) = —1. Consequently, the only
transition originating from g is:

*
g2 — g3.

The remaining transitions can be similarly constructed resulting in the sys-
tem Spr(X) depicted in Figure 7.13. Although Spr(X) simulates Spr(X),

Spr(X) is not bisimilar to Spr(X) since, e.g., the transitions g; . g; with
i €{1,3,5,7} do not correspond to transitions in Spr(X). <
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g7 * gs * 9
* *
)G C)—

(g7) (gs) (91
g6 go * g2
(g6) * (99) (92)

s

(95) (g4) (93

Fig. 7.13. Finite-state sign based system Spr(Y) simulating the infinite-state sys-
tem SPL(E).

The system Spr(X) is a finite-state abstraction of §pz,(X) in the following
sense.

Proposition 7.21. Let X = (R™, f) be a dynamical system, and let P be a
finite collection of smooth real-valued functions on R™. For any set of initial
states L C R™, the relation R C R™ x {1,0,—1}" defined by:

(r.9)e R if weg)
is a simulation relation from Spr(X) to Spr(X).

Proof. By construction, the first and second conditions in the definition of

simulation relation are satisfied. Let now (z,g) € R, assume that z s 2in
Spr(X) and recall that this implies the existence of a trajectory ¢ satisfying
£(0) = z and £(7) = 2/. Consider any p; € P. We only provide the details for
the case where g(p;) = 1 since all the other cases are similar. By definition of
the equivalence relation P defined by P, and by definition of Spr(X), three
situations can occur: sign(p; o £(t)) = 1 for ¢ € [0, 7]; sign(p; o &(t)) = 1 for
t € [0,e[ and sign(p; 0 &(t)) = 0 for ¢ € [, 7]; or sign(p; 0 &(t)) = 1 for t € [0, €]
and sign(p; o £(t)) = 0 for ¢ €]e, 7].

First situation: according to Definition 7.19, independently of the sign of
L;pi({g)), there exists a transition g —+ ¢/ in Sp(X) with ¢/(p;) = 1 and
thus (2/,¢') € R.
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Second and third situations: in both cases cases, smoothness of p;o£ implies
the existence of ¢’ € [0, such that:

d
dt li=v

Therefore, Lyp;(2”) < 0 for 2” = £(t') and thus {—1} C sign(Lp;((g))). It

then follows from Definition 7.19 the existence of a transition g — ¢’ in
Spr(X) with ¢'(p;) = 0, hence (2/,¢') € R.

Using the same argument for the remaining cases we conclude that R is a
simulation relation as desired. O

pio& <O.

The relationship Spr(X) <s Spr(X) is quite useful in practice since the
construction of Xpy, (X) only requires the knowledge of the signs of Lie deriva-
tives. By contrast, the construction of Spy,(X) requires knowledge of the tra-
jectories of Y.

Example 7.22. Sign based abstractions can also be used to verify the system
in Example 7.15. Consider the set P consisting of the single function:

p(x) = 722 — 62129 + 28235 — 320.

The reason for choosing this function will become apparent in the next section
where we discuss barrier certificates. For now, we compute Spr(X). We have
three states g1(p) = 1, g2(p) = 0, and g3(p) = —1. The set of initial states
is Xo = {gs} since L C (gs). To construct the transition relation we note
that Lp(z) < 0 for any x € R%. According to Definition 7.19 the transition
relation consists of the transitions:

*

g1 —> 91, 91 —> 92, g2 —> 93, g3 —* J3-

The resulting abstraction is depicted in Figure 7.14, clearly showing that ¢,
is not reachable in Spr(X). Since Spr(X) simulates Spr(X) and B C (g1),
the system is safe. <

The rules used to construct the transition relation in Spr(X) are conser-
vative whenever the sign of Lp; is not constant on a given set (g) since in this
case ¢'(p;) is not uniquely determined. A less conservative abstraction can be
obtained by adding L;p; as a new function to the set P if the sign of L;p;

g1 * g2 * g3
* SN | *
- ) D

(91) (92) (93

Fig. 7.14. Sign based abstraction Spr(X) of Spr(X).
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is not constant on (g). Termination of this closure or saturation process, con-
sisting of adding Lie derivatives to P, leads to a set of functions P for which
Spr(X) is a tight abstraction of Spr,(X) as measured by the inclusions:

UzeReach(Spr(£)Z € UzeReach(Spr(5)Z € UzeReach(spn(2) 2. (7.12)

Before discussing further the preceding inclusions, we need to give meaning
to the expression “termination of the saturation process”. We say that a set
P of smooth real-valued functions is closed with respect to the sign of the
Lie derivative when for every p € P and for every £ € N, the sign of L’J‘ép
is constant on every set (g) and can be determined from the knowledge of
g€ {1,0,-1}7.

Example 7.23. The set P used in Example 7.20 is closed with respect to
the sign of the Lie derivative since Lyp1 = pp and Lyps = —p; imply
sign(Lyp1) = sign(ps) and sign(Lype) = —sign(py). Hence, by recursively
using these equalities we can determine the sign of Lip, and Lipy for any
k € N as a function of the sign of p; and ps. <

Whenever the set of functions P is closed with respect to the the sign of the
Lie derivative, the rules for defining the transition relation of Spy,(X) simplify
since there is no ambiguity in the sign of (Lp;)({g)). A careful analysis of these
rules shows that the only transitions in Spy,(X) that might not correspond to
transitions in Spr(X) are generalizations of the next example.

Ezample 7.24. Consider the dynamical system X~ = (R, —z) and the set P
consisting of the just one function p(x) = z. It is easy to see that in this case
the set P is closed with respect to the sign of the Lie derivative. Moreover,

{1,0,-1}” = {g1,92,93} with gi(p) = 1, g2(p) = 0 and gs(p) = —1. On
the set defined by (g1) we have Lyp = —z < 0. According to the rules in
Definition 7.19 we have the following two transitions, in Spr(X), from g;:

* *
g1 —> 92, g1 — g1-

However, for any initial condition > 0 we know that the solution §(t) = e tx
of £ = —¢ satisfying £(0) = = will never reach the set (g2) and thus the
transition g; —— g» does not correspond to a transition in Spz(X).

Nevertheless, when L = (g;) we have:

UZGReach(SPL(E))Z = <g1> = {1’ eR | xr > 0}

and:
UzeReach(Sp(5)Z = (91) U(g2) = {z € R | = > 0},

hence:

UzeReach(SpL(2)Z C UzeReach(Spr(2)Z C UzeReach(SpL(5))Z-
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The containment (7.12) holds whenever P is closed with respect to the
sign of Lie derivatives. This fact, formally stated below, can be proved by
meticulously generalizing Example 7.24.

Theorem 7.25. Consider a dynamical system X = (R™, f), let P be a finite
collection of smooth real-valued functions on R™, and let P be the equivalence
relation defined by P. If L is any set of initial states that is a union of equiv-
alence classes of P, and if P is closed with respect to the sign of the Lie
derivative, then:

UZEReach(SpL(E))Z C UZeReach(SpL(E))Z C UZEReach(SPL(Z'))Z~ (713)

The inclusions (7.13) show that Spr(X) defines a tight abstraction of
Spr(X). From Proposition 7.21 and Proposition 4.6 we know that:

Reach(Spr (X)) C Reach(Spr (X))
from which follows directly:

UzeReach(Spr ()2 S UzecReach(Spr (X)) 2

by noting that Reach(Spr (X)) and Reach(Spr (X)) are sets of equivalence
classes. Although the reverse containment:

UzeReach(SpL(2)Z 2 UzeReach(SpL(2) 4

cannot be guaranteed, a state belonging to UzcRreach(sp,, (x))Z that fails to be-
long to UzeReach(Sp. (£))Z must belong to the boundary of UzcRreach(sp (2))Z
which is a “thin” set. This can also be expressed by the equality:

It UzeReach(Spy () £ = It UzeReach(Spr(5) Z-

Theorem 7.25 requires the collection of functions P to be closed with
respect to the sign of Lie derivative. In concrete applications, one starts with
a set of functions P defined by the verification problem to be solved. Since
the set P may not be closed with respect to the sign of the Lie derivative, one
can enlarge P by adding the functions L;p. Unfortunately, this saturation or
closure procedure is not guaranteed to terminate except in some special cases.
When the dynamics is linear, i.e., f(z) = Ax for some matrix A, there are
several obvious choices for the functions p. Some examples include p(x) = vz
with v an eigenvector of A”. In this case:

Lip=v" Az = (ATv)T2 = )Tz = Mp

and thus sign(L’;p) = sign(\¥)sign(p). If A is nilpotent, then for any affine
function p there exists a [ € N such that L’}p =0 for all k£ > 1.

It is important to emphasize that even if the saturation process does not
terminate, Spr, (X)) is always guaranteed to simulate Spy(X) and can be de-
tailed enough to verify the desired properties.
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g3 * g2 * g1

(93) (92) (91)

Fig. 7.15. Sign based abstraction of Sp([0,7], —1) for Example 7.26.

*

[

g3 * g2 * g1

—

(g3) r\(f>/ (g1)

*

Fig. 7.16. Sign based abstraction of Sp([0,7],1) for Example 7.26.

Sign based abstractions can also be used to verify hybrid dynamical sys-
tems. Given a hybrid dynamical system ', we can use Definition 7.19 to con-
struct a finite-state system S, , for every z, € X, simulating the continuous-
time dynamics in each finite state of Y. These abstractions can then be weaved
together into an abstraction of X' by adding discrete transitions between the
systems S, simulating the discrete transitions of X. This construction is
illustrated in the next example.

Ezxample 7.26. We revisit Example 7.4 and in particular the hybrid dynamical
system X', depicted in Figure 7.1, modeling the windshield wiper. If P consists
of the functions p;(z) = x and pz(z) = 2 — § there are only three nonempty
sign conditions. The corresponding sets are:

(g)) ={z 0] |z=0 A :c—g<0}
(92) ={x€[0,7n] |[z>0 A x—g<0}
(g3) ={z €0,n] |2>0 A x—g:O}.

Following Definition 7.19 we obtain the sign based abstraction Sp ([0, x], —1)
of Sp([0,n],—1), represented in Figure 7.15, and the sign based abstrac-
tion Sp([0,7],1) of Sp([0,],1), represented in Figure 7.16. The finite-state
systems Sp([0,7],—1) and Sp([0,7],1) can now be combined into a sin-
gle finite-state system simulating Sq(X) with Q = {Qrignt, Q1esc} where
Qrest = P = Qrigne. This is done by adding transitions simulating the dis-
crete transitions of Sg(X) as shown in Figure 7.17. <
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(left7g3) * (leftng) * (left7gl)

(g3) (92) (g1)

*

switch " switch

s T

(right,g?)) * (rightaQQ) * (right,gl)

(g3) (g92) (g1)

*

Fig. 7.17. Sign based abstraction of Sp(X) for Example 7.26.

7.5 Barrier certificates

Constructing finite-state bisimulations of Sgr(X), when X' is a dynamical or
hybrid dynamical system, is a difficult task even when they are known to exist.
However, safety verification problems can often be solved without computing
very detailed finite-state systems abstracting Sor(X). Recall that the safety
verification problem asks if given a system .5, which we take as S = Sgr(X),
and given a set of unsafe outputs B C Y, wether Reach(Sqr(X))Nmo(B) = @.
The next result provides a very simple and elegant sufficient solution for an
affirmative answer to the safety verification problem.

Theorem 7.27. Let X = (R", f) be a dynamical system, let L CR"™ be a set
of initial states, let B C R™ =Y be a set of unsafe outputs, and let Q be a
finite equivalence relation on R™ respecting L and Tél(B). If there exists a
smooth function E : R™ — R satisfying:

1. E(x) <0 forz e L;
2. E(x) >0 forx e 7751(3);
3. (LyE)(z) <0 forz € R";

then Reach(Sqr (X)) Nmg(B) = @.
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Proof. For the sake of contradiction assume that a smooth function E sat-
isfying the assumptions exists and that Reach(Sp (X)) N7mo(B) # @. Then,
there must exists a solution £ of the differential equation d¢/dt = f(&) sat-
isfying £(0) € L and &(7) € 7rc_21(B) for some 7 € R. Since E(£(0)) < 0 and
E(&(7)) > 0, it follows from smoothness of F o £ the existence of 0 < 7/ < 7

such that: J
— FE t .
dt t=r1' © 5( ) - O

However, the preceding inequality contradicts LyF < 0 thus contradicting
Reach(Sp (X)) Nmo(B) # 2. O

A function FE satisfying the conditions in Theorem 7.27 is called a barrier
certificate since the set E~1(0) cannot be crossed by the solutions of ¥ and can
thus be regarded as a barrier separating L from 7@1 (B). This result places the
onus of the verification on the construction of E. For the case of polynomial
vector fields, the search for polynomial barrier certificates can be performed by
resorting to convex optimization techniques which makes barrier certificates
a very appealing approach. The next example illustrates the use of barrier
certificates and explains the choice for the collection P used in Example 7.22.

Example 7.28. We revisit Example 7.15 using barrier certificates. Since the
dynamical system in Example 7.15 is stable, a natural candidate for E is a
Lyapunov like function. The following choice:

E(x) = Taf — 6z122 + 2873 — 320 (7.14)

satisfies all the conditions in Theorem 7.27 and thus proves that system X in
Example 7.15 is safe. The zero level set of E is the ellipsoid represented in
Figure 7.18 where it can be seen that it does separate L from 7751(3). <

\ I ANAVES O
vl v~~~
//’6(‘ IS Y
CTTAAA A A
TR AS A AN

Fig. 7.18. Representation of the zero level set for the barrier certificate (7.14). The
initial set is light-colored while the unsafe set is dark-colored. The continuous-time
dynamics defined by the smooth map (7.8) is shown in the figure on the right.



7.6 Computation of reachable sets 105

7.6 Computation of reachable sets

A direct approach to safety verification problems is the computation of
an over-approximation to the reachable set. When W is such an over-
approximation, i.e., Reach(Sqr (X)) € W, showing that W N B = @ is suffi-
cient to conclude that Reach(Sgr(X))NB = @. The computation of reachable
sets is not only useful for verification purposes but also for the construction
of some symbolic models for control discussed in Chapter 11.

Several different competing techniques for the computation of reachable
sets are available in the literature. Here, we focus on a very simple but efficient
technique applicable to linear dynamical systems. The starting point is a linear
dynamical system X = (R", f) with f(z) = Az, for some matrix A € R"*"™
and a set of initial states L C R™. We use zonotopes to represent all the
sets appearing in the computations. A zonotope is a convex polytope that
is the image of the unit cube under an affine transformation. An equivalent
definition will be more convenient for our purposes.

Definition 7.29 (Zonotope). A zonotope Z is a set Z C R™ described by:

i=1

k
Z:{$€Rn|$:C+Z)\i’Ui7 _1§)\i§1}

where ¢, vy, Vo, ...,V are vectors in R™.

We denote a zonotope Z by Z = (¢, < v1,...,v; >) and note that the point
c is the center of the zonotope. The class of zonotopes is closed under linear
transformations and Minkowski sum.

Proposition 7.30. Consider two zonotopes Z, = (Cqy < Vg1, ..,V >) and
Zy = (Cby < Up1, ..., vp >) inR™ and let g(x) = Gz be a linear transformation.
The following holds:

° Za+Zb:(Ca+Cb7<'Ua17...,'l)ak,'Ub1,...,Ubl >)7
o g(Z,) = (Gea, < Guaty ..., Gugr, >).

We now denote by R, (Z) the set of points reached at time 7 by trajectories
of X starting in Z:

RA(Z)={z €R" |z =¢&(7) A £0) € Z}.

and by R, -,](Z) the set of points reached at time 7 € [11, T2] by trajectories
of X starting in Z:

R[Tl,‘rz](Z) - U RT(Z)

TE([T1,72]
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The computation of R, (Z) is straightforward when Z is a zonotope
Z = (¢,<v1,...,v >). Since the solution of d{/dt = A& with initial con-
dition x € R™ is £(t) = ez and since e is a linear transformation we have:

RA(Z) = e (Z) = (e, < eTuy, ..., ey >).

The computation of R[O’T}(Z ) involves a sequence of steps. First, we con-
struct a zonotope Z, containing Z and e7(Z) by:

7 (c +el7e <vl + e v + ey
a b

5 5 R, 5 ,
c—eATc’ v —eATvl’.“’vk — ATy, . (7.15)
2 2 2

The particular form of Z, was chosen for technical reasons that will become
apparent in the proof of Proposition 7.31. Although Z, contains Z and e47(Z),
there is no guarantee that it contains Ry ,1(Z). The next step is to inflate Z,
by computing:

Zy=Z,+C,., (7.16)

where C,, is the hyper-cube centered at zero and of radius a.,. Note that C,,
is a zonotope since it can be written as (0, < a; by, ..., a;b, >) with b; being
the vector containing a one in position 7 and zeros elsewhere. The parameter
a, is chosen so that Zj, is large enough to contain Ro ,(Z).

Proposition 7.31. Let ¥ = (R™, f) be a dynamical system with f(x) = Ax
for A € R"™™ and let Z C R™ be a zonotope. If the parameter o is chosen
according to:

ar = (41=7 1~ 7 4]l ) sup o]l
reZ

then Rpo,+(Z) € Zy where Zy is the zonotope computed according to (7.16)
and (7.15).

Proof. Let x € Z and t € [0, 7]. We use:

~ t t
t)=(1-- —efT 7.17
&0 =(1-2)o+ Lt (.17)
as an estimate of £(t) = e*z. Note that for t = 0 and t = 7 we have

£(0) = 2 = £(0) and (1) = eA72 = (7). For other values of ¢ € [0,7] the
error in this estimate is bounded by:

t t
Aty — (1 — —> x— -
T T

e t(tk—l _ ,Tk—l) X
Z — Atz
k=2

~

1€(t) = €)oo =

oo

oo
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<

oo k
Tk
k=2
<3 T IAR el
k=2

= (M1=7 — 1~ Al o

< (eHAHxT 1 HAHOOT) sup [oc = o (7.18)
xrc

(oo}

Consider now the following set containing all the estimates of the form (7.17):
t
C = {x'eR" | gc’:a:—i-f(etA:U—x) withz € Z and t € [O,T]}.
T

Since t € [0, 7] implies t/7 € [0, 1] we see that C' C Z,. Therefore, by inflating
Z, by the error in (7.18) we conclude that R -(Z) € Zs + Co, = Zp as
desired. O

Given some time horizon T' € Rt and a desired discretization step A € RT
such that T/A = k € N we can decompose R, 1)(Z) as:

Rio,11(Z) = Rio,41(Z) URa241(Z) U ... UR—1y)a k4] (Z). (7.19)

The first set in this union can be over-approximated by Z,. Moreover, the
remaining sets can also be recursively over-approximated using Z; as we now
show. Applying e*4 on both sides of Rio,a)(Z) = Ureo,a)e**(Z) we obtain:

MY Rpa(2) = | M2 = U M2 =Ra24(2)
te[0,A4] te[A24]

therefore Rig,4)(Z) € Zy implies Rija24)(Z) C e*4(Z,). Based on (7.19) we
can over-approximate Ry 71(Z) by:

Rio1)(2Z) C Z, Ue?(Z,) Ue?®2(Z,) U...ue?t?(Z,). (7.20)

We note that approximation errors are only introduced in the computation
of Z and these errors can be made arbitrarily small by reducing A. There-
fore, the computation of the reachable set by equation (7.20) can be made
arbitrarily precise by suitably reducing A.

Example 7.32. We revisit Example 7.15 to illustrate the computation of the
reachable set. In Figure 7.19 we show the set of initial states L and e (L) for
A = 0.01. The trajectories of the vertices are also represented. Since Z, is not
guaranteed to contain all the points in Ry -)(L), Z, is inflated to Z, according
to (7.16) with «, = 0.103304. Both Z, and Z, are depicted in Figure 7.19
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15+ 15 F

1.0

0.5 0.5

10} -1.0

Fig. 7.19. Representation of the zonotopes: L, e*? (L), Z,, and Z,. Set L is light-
colored while ¢4 (L) is dark-colored. The left figure displays also the zonotope Z,
in light gray while the right figure displays the zonotope Z; in light gray.

Fig. 7.20. Over-approximation of the reachable set. The left figure shows the inter-
mediate zonotopes and the right figure shows the over-approximation of the reach-
able set in gray. Also shown are the true trajectories of the vertices delimiting the
true reachable set. In both figures the set of unsafe states is dark-colored.

while in Figure 7.20 we show the over-approximation of the reachable set
Rio,1)(L). We can clearly see that the over-approximation does not intersect
the set of unsafe states:

B={(z1,22) €ER? | 32 < —4 V x5 >4)}

from which we conclude safety. <1
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7.7 Advanced topics

Several results in this chapter apply only to dynamical systems X = (R™, f)
where f(z) = Az is a linear map described by the matrix A € R™**", In
this section we describe a class on nonlinear differential equations that can be
transformed into linear differential equations on a higher dimensional space.
The following discussion requires some familiarity with more advanced math-
ematical concepts.

We start by relating dynamical systems, living on different spaces, by a
map.

Definition 7.33. Let X, = (R™, f) and X = (R", g) be dynamical systems
and let ¢ : R™ — R™ be a smooth map. Dynamical system X, is said to
be ¢-related to dynamical system Xy if the following equality holds for every
xzeR™: 96

3,7 (@) =g0¢(@). (7.21)
Relating dynamical systems allows us to relate also their solutions.

Proposition 7.34. Let X, = (R™, f) and X = (R™, g) be dynamical systems
and denote by & and C the solution of the differential equation defined by X,
and Xy, respectively. Dynamical system X, is ¢-related to dynamical system
Xy iff the following equality holds for all x € R™ and for all t € R for which
& and ¢ are defined:

¢ 0&(t) = Cp)(B)- (7.22)

When Y, is ¢-related to X, and X is “simpler” than X,, equality (7.22)
tell us that instead of studying the solutions £ with initial condition = we
can study the solutions ¢ of the simpler system X} with initial condition
¢(x). Furthermore, when ¢ is an injective map, no information is lost in this
process. We now identify a class of dynamical systems that can be ¢-related
to dynamical systems defining linear differential equations.

We introduce the main idea through a scalar differential equation f = f(&),
f R — R. The key assumption we make is local finiteness. We say that (R, f)
is a locally finite dynamical system if there exist a natural number k£ and a
sequence of real numbers «q, a1, ..., ar_1 such that:

L’;].]R = qolr + OzlLf].R -+ CMQL?:].R + ...+ Olk_lLl;_llR. (723)

Under the local finiteness assumption, we can construct a linear differential
equation ¢ = g(¢) = A¢ defined by the A matrix:

[0 1 0... 0 0
00 1... 0 0
A= . . :
00 0... 1 0
00 0... 0 1
_ao a1 g ... X2 Ozkfl_
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and we can construct the map ¢ : R — R* defined by:
¢1=1r, ¢2=Lylr, ¢3= L?clJR, e = Lfc—llﬂa.

A simple computation now shows that (7.21) holds:

LflRESL’g

L2 I]R xr

09 @) = | Lh1a(e) | = 40(a)
L?IR(I)

so that ¥, = (R, f) is ¢-related to X}, = (R¥, g) with g(y) = Ay. This process
can be generalized to differential equations on R™ by replacing 1g with 1gm.
In order to summarize the previous discussion, we introduce the concept of
locally finite dynamical system.

Definition 7.35 (Locally finite dynamical system). A dynamical sys-
tem X = (R™, f) is said to be locally finite if for every projection map
mcR™ =R, i=1,2,...,m, the R-vector space spanned by the functions:

i, L(mi), L (i), L} (i), - ..
is finite dimensional.

When the vector space described in the previous definition is finite dimen-
sional, say of dimension k, we can write L’Jﬁ(m) as a linear combination of
ch(m) for j =0,...,k — 1. This is a generalization of the requirement (7.23)
to the case m > 1. The map ¢ can be constructed in the same manner by
starting with ¢; = 1gm and the construction of the A matrix follows from the
specific coefficients appearing in the linear combinations defining the m scalar
functions L’;m fori=1,...,m.

Theorem 7.36. Let X, = (R™, f) be a locally finite dynamical system. Then,
there exists an injective and smooth map ¢ : R™ — R™, with n > m, and there
exists a dynamical system X, = (R™, g), with g(y) = Ay a linear map, such
that X, is ¢-related to Xy.

7.8 Notes

In the literature, several different notions and mathematical formalizations
of hybrid systems coexist. The one presented in this chapter represents a
reasonable compromise between generality and tractability. It was inspired in
the hybrid automaton model in [Hen96].

Timed automata were introduced by Alur and Dill in [AD90, AD94] and
since then a wealth of deep results on verification and control appeared in the
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literature. We limited the discussion of timed automata to the rudiments of
quotient based abstractions that set tone for the whole chapter. Introductory
expositions on timed automata include Chapter 17 in [CGP99] and [Alu99,
AMO04, BY04].

Order-minimality was first used to show existence of symbolic mod-
els for hybrid systems in [LPS99, LPS00]. A much more insightful proof
of a slight generalization of these results appears in [BMO05]. The proof
of Theorem 7.13 was based on [BMO05]. The early work on decidability of
several verification problems for restricted classes of hybrid systems, re-
ported in [ACHT95, HKPV9§|, can now be understood as a consequence
of Lemma 7.7 and Theorem 7.13. The proof of Theorem 7.11 can be found
in [vdD98].

Sign based abstractions are discussed in [Tiw08] where the hybrid version
of Proposition 7.21 is stated and proved. The reader can also find in this refer-
ence complete proofs for Proposition 7.21 and Theorem 7.25. Other abstrac-
tion techniques based on the analysis of Lie derivatives include [SSM06, PCO0S].

Barrier certificates for safety verification were introduced in [PR0O7, PJPO7]
where it is proved, under mild additional assumptions, a converse to The-
orem 7.27: safety implies the existence of a barrier certificate. Although
there is no systematic way of constructing barrier certificates, they can be
searched for using an efficient convex programming technique called “sums of
squares” [PPP02].

There is a large literature on reachability computation using different
set representations such as a ellipsoids [KV00, BT00], polyhedra [ABDMOO,
CKO3], level-sets [TMBOO03], etc. The results in Section 7.6 are from [Gir05]
and represent a very particular view of reachability computation.

Locally finite dynamical systems are discussed in [vdE94] under the name
of locally finite derivations. In this reference the reader can find a proof of
Theorem 7.36. This result can also be seen as a special case of similar results
for control systems reported in [LMS86]. The proof of Proposition 7.34 can be
found, among other sources, in [AMRSS].
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Exact symbolic models for control

The prevalent role that software plays in modern complex engineering systems
creates new control problems combining requirements of finite-state and of
infinite-state nature. The existence of symbolic models for control systems
suggests that we can use these abstractions to synthesize controllers enforcing
finite-state requirements while accounting for the infinite-state dynamics. In
this chapter, we discuss two classes of control systems admitting finite-state
abstractions and how these can be used for control. Although the starting
point is an infinite-state control system, the synthesized controllers are hybrid
since they enforce finite-state and infinite-state requirements.

Notation

Given an equivalence relation @ on a set Z we denote by [z] the equivalence
class of z € Z, by Z/Q the set of all equivalence classes, and by 7g : Z — Z/Q
the natural projection map taking a point z € Z to its equivalence class
w(z) = [2] € Z/Q. We say that an equivalence relation is finite when it
has finitely many equivalence classes. An equivalence relation ) refines an
equivalence relation R when (z,2) € Q implies (z,2’) € R. A finite partition
P of a set Z is a finite collection of sets P = {P;};es satisfying P, C Z,
UierP; = Z, and for any 4,j € I, i # j implies P; N P; = @. A partition P of
a set Z defines an equivalence relation P on Z by declaring each set P; € P
to be an equivalence class of P.

The transpose of a vector z € R™ is denoted by 27" while the ith component
is denoted by x;. The topological closure of a set Z C R" is denoted by Z and
the interior of Z is denoted by int Z.

A function f :]a,b[— R"™, a,b € R, is said to be piecewise continuous or
piecewise continuously differentiable if there exists an ordered sequence of real
numbers a = i1 < iy < ... < i, = b such that for every j € {1,2,...,k — 1},
the restriction of f to the interval ]i;,7;41[ is continuous or has continuous
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derivative, respectively. A piecewise continuous function f :]a,b[— R™ is es-
sentially bounded if there exists a compact set K C R™ such that f(t) € K
for almost all t €]a, b].

8.1 Control systems as systems

The notion of system introduced in Chapter 1 can be used to model control
systems in discrete-time and continuous-time.

8.1.1 Discrete-time control systems

A discrete-time control system consists of a smooth map f : R” x R™ — R"
describing the state f(z,u) € R™ that is reached by applying the input u € R™
at the state x € R™. The controlled economy model in Chapter 1 offers an
example of a discrete-time control system.

Definition 8.1 (Discrete-time control system). A discrete-time control
system is a triple X = (R™,R™, f) consisting of:

the state space R";
the input space R™;
a smooth map f :R™ x R™ — R".

Using an equivalence relation on R™ to define the outputs, we can describe
discrete-time control systems using the notion of system adopted in this book.

Definition 8.2. Let X' = (R™,R™, f) be a discrete-time control system and
let Q be an equivalence relation on R™. The system associated with X and Q,
denoted by Sq(X), consists of:

X =R";
U=R";

t—— 2 if 2 = f(z,u);
Y =X/Q;

H:ﬂ'Q.

In control theory, and also in this chapter, the notion of controllability
plays a fundamental role.

Definition 8.3 (Controllable discrete-time system). A discrete-time
control system X is said to be controllable if for any two states x,z’ € R™
there exists a finite internal behavior of Sq(X):

uo ul u2 Uk —1
ro —> X1 —> Loy —> ... —> T

with o = x and x, = x'.
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Controllability admits a very simple characterization for linear control
systems. Recall that a discrete-time control system is said to be linear when:

f(z,u) = Ax 4+ Bu

for matrices A € R™*"™ and B € R" ™. We denote a linear control system
by the quadruple X' = (R™,R™, A, B). The following classical result in linear
systems theory characterizes controllability by a rank condition.

Theorem 8.4. A discrete-time linear control system X = (R™,R™, A, B) is
controllable iff rankC = n where C is the controllability matriz of X defined
by:

C = [B|AB|A®B|...|A"'B].

8.1.2 Continuous-time control systems

A control system in continuous-time is described by a differential equation
& = f(&,v) whose solution & can be influenced by external inputs v. An exam-
ple is provided by the satellite equipped with gas jets, discussed in Chapter 1.

Definition 8.5 (Continuous-time control system). A continuous-time
control system is a triple ¥ = (R™, U, f) consisting of:

the state space R";
a set of input curves U whose elements are* essentially bounded piece-
wise continuous functions of time from intervals of the form |a,b[C R to
R™ C R™ with a < 0 < b;

e qa smooth map f:R"” x R™ — R".

1

A piecewise continuously differentiable curve & :a,b[— R™ is said to be a
trajectory or solution of X' if there exist v € U satisfying:

d
%g - f(gv U)
for almost all t € a,b].

Although we have defined trajectories over open sets, we shall refer to
trajectories € : [0, 7] — R™ defined on closed sets [0, 7], 7 € R", with the un-
derstanding of the existence of a trajectory &' :]Ja, b[— R™ such that £ = &'|jo 7.
We also write &, (t) to denote the point reached at time t € [0, 7] under the

! We do not allow U to be the set of all curves from ]a, b[ to R™. From a mathemat-
ical point of view, we restrict U to a class of functions that are regular enough
to guarantee existence and uniqueness of solutions for the differential equation
é = f(&,v). From an engineering point of view, the curves in U describe signals
that are implemented by physical actuators. Hence, actuator technology poses a
different set of limitations on the curves in U.
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_>{ % :f(a:,u) ’L

Fig. 8.1. Diagrammatic representation of a closed-loop system.

input v from initial condition z. This point is uniquely determined since the
assumptions on f and U ensure existence and uniqueness of trajectories.

A feedback law for a control system is a smooth map k£ : R" — R™
transforming states € R™ into inputs k(x) = u € R™. The term feedback
describes the process of feeding the current state  back as the input u = k(z).
This process is diagrammatically illustrated in Figure 8.1 and results in a dy-
namical system, termed closed-loop system, defined by the differential equa-

tion:
d§

= = FERE).

The construction of a system Sg(X) from a dynamical system X and

a finite equivalence relation, discussed in Chapter 7, can be generalized to
continuous-time control systems.

Definition 8.6. Let X = (R™, U, f) be a control system and let QQ be an
equivalence relation on R™. The system associated with X and Q, denoted
by So(X), consists of:

e X =R"
o U=U;
o T —»yg if any of the following two conditions is satisfied:
1.mg(x) # mo(x'), &w @ [0,7] — R™ is a solution of X satisfying
Exo(T) =2/, and there exists € € [0, 7] satisfying one of the following:
0) 7Q(En() = Tq(x) fort € (0,2, Tq (€ (t)) = mo(a) fort € [£,7),
and g (z) # mo(a');
b) T (Eralt)) = mo(w) for t € [0,2), mEn(t) = T(a’) for t €le, 7],
and To(z) # mo(x');
2. mo(x) = mo(a') and & : RY — R™ is a solution of X satisfying
Eou(T) = 2 and 1 (& (1)) = mq(x) for all t € RY;
e Y =X/Q;
o H=rmqg.



8.2 Controller refinement 117

Contrary to dynamical systems, we assume the set of initial states X, to
equal the set of states X since in the vast majority of control problems we do
not have the possibility of initializing the state.

8.2 Controller refinement

The synthesis methods discussed in Chapter 7 produce a controller based on
a finite-state model of the system to be controlled. When this model is an
abstraction Sgps of an infinite-state system S, it is natural to ask how to
refine the controller synthesized for S,ps so that it can be applied to S. For
safety verification problems, the crucial relationship between a model S and its
abstraction Sgps is that Sgps simulates S. When this holds, a positive answer
to the safety verification problem for Sg;s implies a positive answer to the
safety verification problem for S. For control problems, a similar relationship
holds provided that we work with alternating simulation relations.

Proposition 8.7. Let S,, Sy, and S, be systems with the same oulput set,
assume that S. is feedback composable with S,, and let .R, be the correspond-
ing alternating simulation relation. If there exists an alternating simulation
relation o Ry from S, to Sp, then Sc X _ge Sq is feedback composable with Sy
and the corresponding alternating simulation relation is given by:

cally = {((xwxa)vxb) S (Xc X Xa) x Xy | (xcwxa) € Ry A (xawfcb) S aRb}-

Proof. The proof consists in showing that the relation ., R, satisfies all the
requirements in Definition 4.19.

We start with the first requirement. Let (2.0, Zq0) € Xcao- By definition
of feedback composition (x.o,Za0) € R and x40 € Xga0. Invoking now the
alternating simulation relation ,R, from S, to S, there exists xy0 € Xpo
satisfying (240, Zp0) € o Rp. Consequently, ((2co, Ta0), To0) € caRb-

The second requirement follows immediately from the definition of ., Rp.

Consider now the third requirement, let ((x.,zq),xp) € coRp, and let
(e, uq) be any element of U, (2, x,). By definition of feedback composition,
and since (R, is an alternating simulation relation, we know that:

Va! € Posty, (z,) Izl € Posty, (z.) (z.,2)) € Ra. (8.1)
Moreover, as 4R} is an alternating simulation relation, we also have:
Jup € Up(xp) Vay, € Posty, (zp) Jz), € Posty, (2a)  (Ta,2p) € R (8.2)

Combining (8.1) with (8.2) we conclude the existence of u, € Up(xp) such
that for all 2} € Posty,(z;) there exists (x,,z) € Post(,, u,)(Tc,zq) for
which ((z,,z},),2}) € ¢oRp thus concluding the proof. O
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Proposition 8.7 can be summarized by the following implication:
Se 2as Sa N Sa 2as Sy = Se XF Sa 2as Sb (8.3)

and used to explain how a controller S.,,; synthesized for an abstraction Sgps
of a system S can be refined to a controller for S. If S.,,: solves a simulation
game for system S,ps and specification Sgpc., we have:

Scont j.AS Sab37 (84)
Scont XF Sabs jS Sspec' (85)

Moreover, if S,ps is an abstraction of S in the sense:
Sabs jAS Sa (86)

we can use Proposition 8.7, or implication (8.3), applied to the conjunction
of (8.4) with (8.6), to conclude that Seont X £ Saps is feedback composable with
S. This suggests that we use the controller:

S{:ont = Secont XF Sabs
to control S. Indeed:

!
SCO’II

+ Xg S = (Scont XF Sabs) Xg S jS Scont XF Sabs jS Sspec

where the first simulation relation follows from Proposition 6.3 and the second
follows from (8.5). We conclude that controller S’ , = Scont X 7 Saps enforces
the specification Sy on the original system S. However, if no controller exists
for Sgps, we cannot conclude the nonexistence of a controller for S. A stronger
claim can be made when the abstraction Sy, is related to the original model S
by an alternating bisimulation relation. In such case, existence of a controller
S! ne enforcing the specification Sgpe. on S implies, by Proposition 8.7, that
Slont X7 S is a controller enforcing Sspe. on Syps. Hence, when the abstract
model S, is alternatingly bisimilar to the original model S, a controller exists

for Sups iff a controller exists for S.

8.3 Discrete-time linear control systems

We saw in Section 7.3 that by placing certain restrictions on the eigenvalues
of linear dynamical systems, finite-state bisimilar abstractions are guaranteed
to exist. In this section we follow a complementary approach: instead of con-
straining the dynamics, we constrain the outputs. Intuitively, we work with
partitions consisting of sets that are adapted to the dynamics of the control
system.
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Definition 8.8 (Adapted sets). Let X = (R",R™, A, B) be a discrete-time
linear system and consider a collection of m wvectors ¢y, co,...,cym € R™ for
which there exist numbers vi,vs, ..., vy € N satisfying:
1.c'b, =0, ¢cTAb, =0,...,cF A" =2b. =0, cT A" 10, #£0,r=1,...,m;
2. the vectors ¢t A1 B,ck A2 B, ... cI A¥m B are linearly independent,
where by, by, ..., b, are the columns of B. The class of subsets of R™ adapted
to X is formed by finite unions of sets defined by conjunctions of conditions
of the form f ~ 0 with f = +cl'Alz e, e € R, 1 € {0,1,...,v,. — 1}, and
~e {=,>}.
Example 8.9. We revisit the controlled model for the national income, dis-
cussed in Chapter 1 and repeated here for convenience:

c(n+1) = afc(n) +i(n) + g(n))
i(n+1) = Ba(c(n) +i(n) + g(n)) — Be(n)
g(n+1) = d(n).
Taking o = % and § = 2, the corresponding A and B matrices are given by:
733 0
A=|-111 B=10]. (8.7)
000 1

For this system m = 1 and adapted sets are defined using a single vector c;.
The choice:

1
Cc1 = 0 (88)
0

satisfies ¢I'B = 0, ¢ AB # 0 and thus v; = 2. Note that in this case the
second condition in Definition 8.8 is trivially satisfied since m = 1. Noting
that ¢{ z = c and ¢ Az = L(c+ i+ g), the 8 possible functions f for a fixed
e € R are given by:

fl(c’i7g) :C+e’
f2(cv27.g> =CcC—E¢€,
f3(cvivg) =—c+e,
f4(0,i,g) = —Cc—¢,
1

f5(C,i,g) = §(C+’L+g) + e,

. 1 .
fG(Cvzvg) = §(C+Z+g) -6

1
frleiivg) = —5(e+itg)+e,

1
foleivg) = —5letitg) —e. <
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Adapted sets exist for any discrete-time linear system X. It suffices to
take v1 = 15, = ... = v, = 1 and to define the vectors ¢; by ¢; = b;. More
interesting choices for the vectors ¢; are discussed once we show how finite
partitions defined by adapted sets, termed adapted finite partitions, lead to
finite-state bisimilar systems.

Theorem 8.10. Let X = (R",R™, f) be a discrete-time linear system. For
any finite partition P of R™ adapted to X there exists a finite-state system
bisimilar to Sg(X) where Q is the equivalence relation defined by P.

Proof. The first step in the proof consists in making a change of input coor-
dinates. We define new inputs v by u = Lv where L € R™*™ is defined by:

DL =1, (8.9)

with I,,, the m x m identity matrix and D the matrix having ¢/’ A¥i~! B as its
i-th row. Matrix L exists and is invertible since, by assumption, the vectors
cI' A¥i=1B are linearly independent. Therefore, if we denote by X’ the control
system (R",R™, A, B') with B’ = BL, it follows that So(X) is bisimilar to

So(X"). This can be seen by using the identity relation on R™ as bisimulation
1

relation since * —— 2’ in Sq(2) iff z LY in Sq(X"). Therefore, in the
remaining proof we work with X’. We shall not prove it here, but if follows
from well established results in systems theory [AM97] that for every | < v,.—1
we have:

c"A'B = 0. (8.10)

Every set P in P is a finite union of sets defined by conditions of the
form f ~ 0 with f = &¢I Alx + e and ~€ {=,>}. We now construct a new
set of functions consisting of all the functions g(z) = +c! Alx 4 e in which
re{l,2,...,m}, 0 <l <y, —1, and the constants e appear in the functions
f defining the sets P € P. The functions g induce an equivalence relation R
on R™ defined by (x,z’) € R if sign o g(x) = sign o g(x’) for every function g.
Note that R is finite as we have finitely many functions g. We claim that R is
a bisimulation relation between S (X) and Sg(X). Note that for any € R”,
(x,z) € R which implies that conditions la and 1b in Definition 4.13 are
satisfied. Moreover, (z,2") € R implies mg(x) = mg(2') since every function
f is also a function g, that is, R refines the equivalence relation defined by
‘P. Hence, condition 2 in Definition 4.13 is also satisfied. We now focus on

condition 3. Let (x,2') € R and assume that x —%+ 2", or equivalently, that
2" = Ax+ BLv. We claim that «” = Az’ + BLv' satisfies (2", 2""") € R where:

vl =cl AV (z — 2') + v;. (8.11)
Let g be any function used to construct R. Noting that:

g(a") = £cTAla" +e = T AN (Ax’ + BLo ) +e = T A2’ £ T A'BLy +e
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we have the following two situations. When | < v,.—1, cL A'BL = 0, by (8.10),
and sign o g(2’") = sign o g(z””’) becomes:

sign(cl ATl 4 e) = sign(+cl ATla’ +e)

which holds by definition of R and by the membership (z,2") € R. If | = v, —1,
then g(2"") = £cl Avra’ £ eI Avr =1 BLv' & e with ¢ A¥»='BL # 0. Moreover:

g(@") = £l A2’ £ T A IBIv e
=+cl A a' + T A (x —2') £ T A" 'BLu+e by (8.11) and (8.9)
=+cl A x +cF A BLy 4+ e = g(2).

It then follows that sign o g(a") = sign o g(z”) for any ¢ used to construct R
and we conclude (2, 2"") € R. By symmetry, condition 3b in Definition 4.13
also holds and the result now follows from Theorem 4.18. 0O

The notion of quotient system, introduced in Definition 4.17, preserves
determinism in the sense that the quotient of a deterministic system is a
deterministic system. Hence, Sq(X) being deterministic, has a symbolic de-
terministic quotient S. We can thus refine controllers synthesized for S to
controllers acting on Sg(X), as described in Section 8.2, since alternating
simulation degenerates into simulation for deterministic systems.

The equivalence relation R used in the proof of Theorem 8.10 is not guar-
anteed to be the maximal bisimulation relation between Sg(X) and Sg(X).
Therefore, the resulting finite-state system S, constructed as the quotient
S = (8¢(¥))/r, is not guaranteed to have the smallest number of states.
Although we could use the operator GG, introduced in Chapter 5, to construct
the maximal bisimulation relation, we would not be exploiting the fact that
we seek a bisimulation relation between Sg(X') and itself. Using the operator
Pre : 2% — 2% defined, for any W C X, by:

Pre(W) ={z € X | & — 2’ for some u € U and 2’ € W}, (8.12)

and the fact that we are dealing with deterministic systems, we can specialize
the algorithm defined by G. Starting from a partition P we can refine it
using the Pre operator until it stabilizes, i.e., until Pre(P) can be written as
a union of sets in P for any set P € P. Once stabilization is achieved, the
resulting partition defines a bisimulation relation between Sg(X) and Sq(X)
since P’ N Pre(P) # @& implies that every point = € P’ also belongs to Pre(P).
These ideas lead to Algorithm 8.1 whose correctness can be easily proved
using the fixed-point techniques of Chapter 5. Moreover, a careful analysis of
the proof of Theorem 8.10 reveals that the number of equivalence classes in
the equivalence relation computed by Algorithm 8.1 is [P < |P|™. In this
expression, |P| denotes the number of elements in the partition P and v is
the largest number in the sequence vy, v, . . ., 1, introduced in Definition 8.8.
Consequently, the number of states in the finite-state abstraction S, whose
existence is asserted by Theorem 8.10, is bounded by |P|".
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Input: Partition P and system S

Output: P’

P =P

while 3P, P’ € P’ such that @ # P’ N Pre(P) # P’ do
P, := P' N Pre(P);
P, :== P'\Pre(P);
P = (P\{P'}) U{Pa, P}

end

Algorithm 8.1: Computation of the largest bisimulation relation, re-
specting partition P, between S and S.

Example 8.11. Consider again the controlled model for the national income
and suppose that we are interested in reducing the internal consumption from
10 units to 2 units while keeping the national income above 20 units. Using
the vector ¢; in (8.8) we define the finite partition P adapted to X by:
{(c,i,g) €R? | ¢F Az < 10}

{(c,i,g) €R® | T Az >10n T <2}

{(c,i,g) €R? | ¢l Az > 10N 2 < ]z < 10}

{(c,i,g) €R® | e] Az > 10 A ]z > 10}.

In terms of these four regions, our objective can be formulated as the existence
of a control strategy driving all the points in region Py to region P, without
entering region P;.

In order to obtain a bisimulation relation, we refine this partition using
Algorithm 8.1. We first apply Pre to P; and obtain the set of points = € R3 sat-
istying ¢I’ A%z +cT ABu < 10. Since ¢I' AB # 0 we conclude that Pre(P;) = R?
as we can always find a u € R such that ¢! A%z + ¢l ABu < 10 is satisfied.
Applying Pre to P, results in the set defined by the points z € R? satisfying
T A%z + T ABu > 10 and ¢f Az + ¢I'Bu < 2. As we saw before, the first
condition is satisfied by every point in R3. The second condition is equiv-
alent to ¢l Az < 2 since ¢/ B = 0. Note now that P, N Pre(P;) # @ and
Py NPre(P,) # P;. We thus split the set P; into the sets Py, and Py, defined
by:

o =1{(c,i,g) eR?® | T Ax < 2}
Py, = {(c,i,9) € R® | 2 < ] Az < 10}.
We can easily check that the resulting partition:
Pio = {(cing) € B | T Az < 2)
={(c,i,g) €eR® | 2 < I Az < 10}
={(c,i,9) €ER? | el Ax > 10 A T < 2}
Py ={(c,i,g) €R® | cf Az > 102 < ]z < 10}
={(c,i,g) €R® | ¢l Az > 10 A Tz > 10}
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Fig. 8.2. Finite-state system S = (Sq(X)),p bisimilar to Sq(X) with X' defined
by (8.7).

is already closed under the Pre operator and thus defines the maximal bisimu-
lation relation R between Sq(X) and Sg(X). The resulting finite-state system
S = (SQ(Z‘))/R is depicted in Figure 8.2 where each state x; represents the
set P;. Inspecting Figure 8.2 we immediately see that it is not possible to
reach P, from P, without passing through P;. Since S is bisimilar to Sg(X)
we conclude that the desired objective cannot be achieved in Sg(X) neither in
S. When the finite-state abstraction is more complex, it is no longer possible
to solve the control synthesis problem by inspection and one resorts of the
fixed-point algorithms described in Chapter 6. <

Theorem 8.10 critically depends on the use of adapted sets. Its practical
importance is thus tied to the flexibility we have in using adapted sets to de-
scribe the problem being solved. A reasonable requirement is that we have n
linearly independent vectors ¢ A! at our disposal to define adapted sets. Al-
though this is not guaranteed in general, n such linearly independent vectors
do exist whenever Y is controllable. In fact, existence of such vectors is equiv-
alent to controllability. Furthermore, there exists a procedure to construct the
vectors cy, ..., cp that we now describe. We start by constructing an n x n
matrix C containing n linearly independent columns of C. The columns of
C are found by sweeping the columns of C from left to right and extracting
the first n linearly independent columns. Note that if the columns in B are
linearly independent, then they are among the n linearly independent chosen
columns. Once we identify these columns, we reorder them in the form:

C = [b1|Aby|...|A" by |by| Abs| ... |[A2 " by ... |byn| Abyy | ... A" 2D, ]

This reordering also defines the numbers vy, v, ..., vy, appearing in Defini-
tion 8.8. Since all the columns of C are linearly independent, C is invertible
and its inverse satisfies: o

c'c=1, (8.13)
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where I, is the n x n identity matrix. If we denote by ¢; the ith row of C~’1,
we define the vectors c¢; as follows:

A = G, (8.14)
3 = Qurtvss (8.15)
3 = Qs vaivns (8.16)

(8.17)
= Qs tvat v = - (8.18)

We leave it to the reader to verify that this choice of vectors and (8.13) imply
the first requirement in Definition 8.8. The second requirement is satisfied by
construction since all the rows in C~! are linearly independent.

Ezxample 8.12. We illustrate the preceding construction using the matrices:

1 5 3 4 1 3

-2 4-1 3 0 2

A= 0 0 3 1 B= 2 —4

2—-1 0 1 -1 1

The controllability matrix is given by:
1 3 3 5 -13 37
0 2-7 9 —36 52
_ 23]

€= [BIABlA B] T 2-4 5-11 16 —28
-1 1 1 5 14 6

and the matrix C is obtained from the first four columns of C, which are
linearly independent, by reordering:

C = [b1|Aby |bs|Abs] =

— N O
Ot~ W
o N W
|
oD o o

The construction of C also defines the numbers v1 and vy as v = 2 = 1y, We
invert C to obtain:

36 45 45 —18
s, 1 |8 -8 8 24
T 144 |28 —37 —53 —78

0 18 18 36

The vectors ¢; and ¢ and finally obtained as:

1
c{:m[S—s 8 24] c=—1[0 18 18 36].
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The next example illustrates how symbolic abstractions of control sys-
tems can be used to synthesize controllers enforcing requirements stemming
from infinite-state and finite-state specifications. It also shows the refinement
process from the controller synthesized for the finite-state abstraction to the
refined controller for the original infinite-state system.

Example 8.13. This is the longest example in the book. For the sake of read-
ability it is divided in several sections.

Problem description

We consider an infra-red camera onboard of a mobile rover exploring the cold
landscape of Mars. As the temperature on the Mars surface is typically below
zero degrees Celsius, the rover is equipped with a heater that maintains the
camera and other sensors warm. The objective is to synthesize the control
software responsible for using the camera to take pictures. The requirements
for this software module are:

1. the heater must be turned off when pictures are taken since the heater
radiation masks the other infra-red sources;

2. the heater can only be turned off once per picture and must be turned on
immediately after taking a picture to prevent the camera from freezing;

3. the camera must be controlled from the home position to the position
required to take the picture and back to the home position in no more
than 5 units of time.

Heater model

The heater is a shared resource since there are other software tasks that need
to switch the heater on and off. This means that a request to turn the heater
off may not be immediately granted. However, we assume that such request is
granted after some time. To simplify the discussion, we assume this time to be
one time step so that two consecutive requests to turn the heater off always
result in the heater being turned off. Hence, we model the heater by the system
Sheat in Figure 8.3. We can see that a request to turn the heater off, modeled
by the input off, at the state xjeq;1 may result in the heater remaining on, if
the system moves to state Tpeqs2, or being turned off, if the system moves to
state Tpeqr3. However, at the state Tpeqr2 a request to turn the heater off is
immediately honored. The system in Figure 8.3 is a metaphor for other shared
software /hardware resources which typically require more complex interaction
protocols and are the source of several software bugs.
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on
Sheat Q
Theat 1
—
Hon
on on
off A
Lheat 2 off Lheat 3 D £f
[e]
Hon Hoff

Fig. 8.3. Finite-state model Sheq: for the heater.

Camera model

The software module to be designed, not only needs to interact correctly with
the heater system, but it also needs to send continuous-time input signals to
the camera pointing system. The later is described by a simple mechanical
system including a friction term proportional to the angular velocity and an
input describing the torque applied by a motor:

f=w (8.19)
w=—yw+u. (8.20)

In this model, 6 describes the angle that the camera makes with the rest
position, that we call home position; w represents the angular velocity of the
camera; and u is the input. To keep our discussion simple, we let? v = 0.
Assuming that the input is updated every unit® of time and held constant
between updates, we can explicitly integrate the differential equations (8.19)
and (8.20) to obtain the discrete-time control system X' defined by:

Ok +1) = 0(k) + w(k) + %u(k‘)
wk+1)=wk)+u

with k& € Ny and where 0(t) = 0(k) and w(t) = w(k) at t = k, and u(t) = u(k),
for all t € [k, k + 1[. In order to apply Theorem 8.10, we model X as a system

2 Tt is also possible to carry out the subsequent constructions with a nonzero friction
term at the expense of a lengthier presentation.

3 The choice of unit sampling period was made for simplicity of presentation only.
Given any other sampling period, and assuming the inputs to be constant in
between updates, we can always construct a discrete-time linear control system
describing the evolution of a continuous-time linear control system at the sampling
instants.
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Sq(X) with @ an equivalence relation defined by a finite partition P adapted
to X and adequate to express the specification. One possible choice for P is
obtained by first constructing the vector ¢; from the requirement ¢ b; = 0
as:

clT = [1 —%] .
Using ¢! and ¢! A we consider the partition P consisting of the following sets:

Pr={0,w) eR?|cTa<e A cTa>—e N cTAr<e N cTAz > —¢}

Po={(0,w) €R?* | cTx <e40qes N x> —+04es N cl Ax < e+ Oges
ANl Ax > —e 4+ 0404}

Py =R*\(PLUP)

where ¢ is a sufficiently small design parameter and 64, is the angle to which
the camera should be controlled to, in order to take the picture. The set P, can
be made arbitrarily small by choosing e sufficiently small and thus describes
a small neighborhood of = (f,w) = (0,0). Similarly, the set P> describes a
small neighborhood of 2 = (0, w) = (f4es, 0). The sets P, and P, are depicted
in Figure 8.4 for ¢ = 0.5 and 04.s = 4. In terms of these sets, the objective is
to control the camera from the home position P, to the orientation required
for the picture and described by the set P,. Once the picture has been taken,
the camera should return to the home position P;. Applying Algorithm 8.1
to this partition we obtain the new partition represented in Figure 8.4, for
e = 0.5 and 045 = 4, and defined by:

Pr={0,w)eR? |cfa<e ANcfa>—e A cTAz<e A T Az > —¢}
Po={(0,w) eR? | Tx <e40ges N cTx>—+04s N T Az <4 04,
A clTAx > —e 4+ 0ges}
Py={0,w)eR? | cfAz <e A c]Az > - A (Jz>e V ]z < —¢)}
Py ={(0,w) € R? | clTAm <e+04es N clTA:c > —e+04es N (clTx > e+ Oges
Vel < —+0ges)}
Ps =R*\(PLUP,UP;UPy).

Figure 8.5 depicts the finite-state system Sy bisimilar to Sg(X'). System Sqps
is obtained from the quotient of S (X) by the equivalence relation defined by
the partition { Py, P», P3, Py, Ps} as follows. The set on inputs U is redefined
to be X, and every transition is relabeled with the destination state as the
corresponding input. As discussed in Chapter 4, these changes result in a
finite-state system Sgps that is still bisimilar to Sg(X). The states xqps; of
Saps correspond to the sets P; for ¢ = 1,...,5. This correspondence defines
the bisimulation relation ;s Rq between Sgps and Sq(X). We note that since
So(X) is deterministic, g4 R¢ is also an alternating bisimulation relation.
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4

Ps

4l

Fig. 8.4. Finite partition defining the finite-state system Sqps bisimilar to Sq(X)
and depicted in Figure 8.5.

The composed system Sgps X Sheqr describes the concurrent* operation of
the camera pointing system and the heater system. For later use, we note that
the alternating bisimulation relation 55 Rq can be extended to an alternating
bisimulation relation gps heat RQ heat between Sgps X Shear and Sg(X) X Sheat
defined by ((wabsaxheat)a (I,:E;leat)) € abs heatRQ heat if (xabwl') S absRQ and
Lheat = m;zeat'

Specification model

The software module to be designed can be regarded as a controller S,
enforcing the previously described specification on Syps X Sheqt- Noting that
the infinite external behavior of Sqps X Sheqt is a subset of (Yaps X Yheat)”, we
can describe the specification as the subset of (Yaps X Yiear)“ defined by the
strings:

(home, Hon)(pointed, Hoff)(home, Hon)®, (8.21)
(home, Hon)(pointed, Hoff)(?, Hon)(home, Hon)", (8.22)
(home, Hon)(pointed, Hoff)(?, Hon)(?, Hon)(home, Hon)*, (8.23)
(home, Hon)(pointed, Hoff)(?,Hon)(?, Hon)(?, Hon)(home, Hon)“, (8.24)

4 Recall from Chapter 1 that Sups X Shear denotes composition with respect to the
trivial interconnection relation Xaps X Xpear X Uabs X Uneat-
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(home, Hon)(?,Hon)(pointed, Hoff)(home, Hon)*, (8.25)
(home, Hon)(?,Hon)(pointed, Hoff)(?, Hon)(home, Hon)®, (8.26)
( (?,Hon)(pointed, Hoff) (7, Hon)(?, Hon)(home, Hon)“, (8.27)
(home, Hon)(?,Hon)(?,Hon)(pointed, Hoff)(home, Hon)®, (8.28)
(home, Hon)(?,Hon)(?, Hon)(pointed, Hoff) (7, Hon)(home, Hon)“, (8.29)
( ( ) (8.30)

)
)
home, Hon)
)
)
home, Hon)(?, Hon)(?, Hon)(?, Hon)(pointed, Hoff)(home, Hon)“.

In the description of the specification, we used (home,Hon)“ to describe the
infinite repetition of the symbol (home,Hon) and we used (7,Hon) to denote
any element of Y,ps X Yheqr with the second component equal to Hon. Note
that all these strings start and end at the home position with the heater on;
return to the home position in no more than 5 time units; visit the output

Tabs 5

Labs 5
elsewhere

Tabs 5 Tabs 5

Tabs 3 Tabs 4

N —

homing pointing
Tabs 3 Tabs abs 2 Tabs 4

Labs 1 Labs 2

—
home pointed
Tabs 1 LTabs 2

Fig. 8.5. Finite-state model Sgps, bisimilar to Sg(X), for the camera dynamics.
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pointed with the heater off; and switch off the heater only once. Therefore,
they describe all the behaviors of Sups X Shear that satisfy the specification.

Finite-state controller

The controller S¢,,+ can now be synthesized by constructing an output de-
terministic finite-state system S,.. whose external behavior consists of the
subset of (Yaps X Yheat)* defined by strings (8.21) through (8.30), and by solv-
ing a simulation game for system Sqps X Sheqr and specification Sgpe.. Using
the methods described in Chapter 6 we obtain the controller S.,,¢, represented
in Figure 8.6 and the following alternating simulation relation from Scop: to
Sabs X Sheat:

contRaps heat = {(Tcont 1, (Tabs 5, Theat 1)) (Tcont 25 (Tabs 4, Theat 1)),
(ffconw, (wabsz, Theat 3)), (mcont47 (xabsz, Theat 1)),
(Teont 5, (Tabs 4, Theat 1))s (Teont 65 (Tabs 55 Theat 1)),
(Teont 7, (Tabs 3, Theat 1))s (Teont 8, (Tabs 1, Theat 1))
(Teont 9, (Tabs 2, Theat 2))s (Teont 10, (Tabs 2, Theat 3)) }-

Controller refinement

Controller S.,,: acts on the abstraction Sgps X Speqt. According to Proposi-
tion 8.7, Scont can be refined to a controller S’ , = Scont XF (Sabs X Sheat)
acting on the refined system Sq(X) X Speqt- In order to compose S,
with Sg(X) X Sheqr We need to construct the alternating simulation relation
cont’ RQ heat from S! ., to So(X) X Sheat-

Following Proposition 8.7, cont’ RQ heat consists of all the pairs:

((x/conﬂ (xabsaxheat))a (xvxheat)) S (Xéont X (Xabs X Xheat)) X (X X Xheat)

for which the memberships:

L. (x/conta (xabw xheat)) € contRabs heat;
2. ((IabSa mheat)a (I, x/heat)) € abs heatRQ heat

hold. The relation coni’ RQ heat and the system S’ i completely describe the
software module in charge of taking pictures. In Figure 8.7 we represent S’ .,
with transitions labeled by the continuous-time signals to be sent to the cam-
era pointing system Sg(X) and with the inputs to be sent to the heating
system Sheqt- The sets of inputs Uges and Uy are defined by (8.33) and (8.34),
respectively, and obtained from the extended relation of cony RQ heat.- We illus-
trate the construction of these sets with the transition from Z.ont 1 t0 Zeont 2 i

! ont- According to cont Raps heat, this transition is matched by the transition:

Labs 4,0N

—_—
abs heat (xabsélv xheatl)

(xabs 5; Lheat 1)
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e

ese

Fig. 8.6. Finite-state controller S, obtained as the solution of a simulation game
for system Sgups X Sheat and specification system Sspec.
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Zcont 1
Uheat = ON
u e Udes
Uheat = off
u e Udes
Lcont2
Uheat = Off Uheat = Off
U € Uges U € Uges
Tcont 3
Uheat — ON Uheat — ON
U € Uges u € R\(UO ) Udes)
6”1
u € Uy
Uheat = ON

D@

Lcont 7

u,

=on
u € Uy

h

eat

Uheat = ON
u € Up

Fig. 8.7. Controller S.,,; with transitions
discrete-time inputs sent to Sg(X) X Sheat-

labeled with the continuous-time and
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in Saps X Sheat and according to qps heat L2Q heat, it is also matched by all the

transitions # —— @' in Sq(X) for which « € Ps and 2/ = Az + Bu € P.
Using the definition of the set Py, the inclusion Az+ Bu € Py can be expressed
as the set of points = € P5 for which there exists v € R satisfying:

T A%2 4+ T ABu < e 4+ 0ges N ¢l A%z +cT ABu > —e 4+ 040, (8.31)
T Az + el Bu> e+ 0405 V el Ax + ¢l Bu < —¢ 4 04e (8.32)

Noting that ¢! B = 0, (8.32) simplifies to ¢] Az > e+04cs V el Az < —e+04es.
Since all the points in Ps already satisfy these inequalities we analyze (8.31).
Using ¢’ AB = 1 we obtain the explicit description:

3 3
u e Ude‘g(g, w) = [9 — 5&) + Oges — €, —0 — 5&) + Oges + 6] (8.33)

for the set of inputs labeling the transition # —— 2’ in Sq(X). Similar
computations lead to the set of inputs:

u € Up(0,w) = [0 — gw —g,—0— gw + 6] (8.34)
labeling transitions in Sq(X) matching the transition from Zconts t0 Zcont7
in S/, Using the sets Uyes and Uy we can describe all the inputs that need
to be sent to the camera pointing system, as depicted in Figure 8.7.
Controller S/ ,,, uses state measurements from Sg(X) X Speqt in two dif-
ferent ways: in order to determine which inputs are to be sent to Sg(X), since
the sets Uyes and Uy depend on the current infinite state; and in order to
determine which state of Speq is reached when the input off is applied at
the state Tpeqr1 Of Sheat, corresponding to state eonto in S.,,;. The system
represented in Figure 8.7 can also be seen as a hybrid controller since it re-
quires infinite-state and finite-state measurements to operate and it generates

continuous-time and discrete-time output signals to control Sg(X) X Sheqtr. <

8.4 Continuous-time multi-affine control systems

In this section we describe a different abstraction technique applicable to a
large class of control systems in continuous-time.

Before recalling the notion of affine function, we introduce some notation
that is only used in this section. Given a map f: A; x Ay x A3 — B, we
denote by fz; : As — B the map f(a1,-,a3) : A» — B obtained from f by
fixing the entries a; and as. Similarly, fz; : A1 — B and fg; : A3 — B denote
the maps obtained from f by fixing as and ag in the first case and a; and
as in the second case. Given a point a € A, the membership function for a is
denoted by x4 : A — {0, 1} and satisfies x,(x) =1 if z = a and yq(z) =0 if
T # a.
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Affine functions are characterized by the following property.

Definition 8.14 (Affine function). A map f : R — R is said to be affine
when for every x,y € R and for every a,f € R satisfying a + f = 1 the
following equality holds:

flax + By) = af(x) + Bf(y).

The number ax + By is said to be an affine combination of x and y when
a+ (= 1. The constraint o + [ = 1 can be expressed using a single variable
A € R to define the affine combination of z and y as (1 — Az 4+ Ay. A set
Z C R" is said to be convex when it contains all the affine combinations of
points z,y € Z with A > 0. Consider now two intervals E; =]ai,b1[C R and
E5 =Jas, ba[C R. A point 27 € E; can be written as the affine combination
(1 = A)ag + A\iby of the vertices a; and by of E; where \; is obtained by
solving 1 = (1 — A1)a; + A1b1 to obtain:

Ty —ai

A = .
T —a

(8.35)

Similarly, a point x5 € E5 can always be written as the affine combination
To = (]. — )\2)@2 + )\2[)2 with:
T2 — a2

Ay =

S (8.36)

This idea can be generalized to points x € E; x Ey C R?. In this case we can
still write 2 as an affine combination of the vertices:

_|a1 _|a1 o by . by
Uaa - as b vab - b2 7vba - as 9 Ubb - bQ

of the rectangle F; x Es:
€T = (1_)\1)(1_)\Q)Uaa+(1_)\1>()\2)’Uab+(/\1)<1_>\2)’Uba+<)\1)()\2)’Ubb- (837)

Although it is not difficult to see that the preceding coefficients do add to one,
it may not be immediately obvious that A; and Ay are still given by (8.35)
and (8.36), respectively. This can be verified by simply substituting (8.35)
and (8.36) in (8.37). The affine combination in (8.37) is not unique since a
point in F; X FEs can be written as an affine combination of three vertices
only. However, the particular affine combination in (8.37) enables us to con-
sider non-affine functions while still retaining some of the properties of affine
functions. Consider a function f : R* — R such that fz : R — R and
f& : R — R are affine maps. Then, f(x) for x € E; x E, can be obtained
as the affine combination of f(vaa), f(vab), f(vsa) and f(vpy). To see this,
introduce first the auxiliary variables:

2= (1= A2)Vaa + (A2)Vap w = (1= Xo)vpa + (A2)vpp.
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Using z and w we can write (8.37) as:
x=(1-X)z+ A)w
and:
fl@) = F((1 =)z + (M)w)
= fa (1= A1)z + (A)w)

= (I =M)fm2) + (M) fa(w)
= (1= A)f(2) + (M) f(w). (8.38)

Note now that:
f(2> = f((l - )\Q)Uaa + ()\Q)Uab)
- ff}((l - )\2)Uaa + ()\2)Uab)

= (1 = A2)f53(vaa) + (A2) fa5 (vab)
= (1 - )‘2)f(vaa> + ()\2>f(vab)- (839)

Similarly:
fw) = f((1 = A2)vea + (A2)vsp)
= (1 = X2) f(vba) + (X2) f(vpp)- (8.40)
Finally, we combine (8.38), (8.39) and (8.40) to obtain:

f(@) = (1= )1 = A2) f(vaa) + (1 = A1) (A2) f(vap) (8.41)
+(A1) (1 = A2) f(vea) + (A1) (A2) f (ves).-

We now generalize this simple idea beyond rectangles in R2.

Definition 8.15 (n-rectangle). A n-rectangle E in R™ is a set defined by:

n

FE = H]ai, bl[

i=1

where a;,b; € R satisfy a; < b; for i = 1,...,n. The set of vertices of an
n-rectangle is denoted by V(E) and defined by:

V(E) = {17 eER" | z; € {ai,bi}}.

Definition 8.16 (Multi-affine function). 4 map f : R" — R is said to
be multi-affine when for each x;, ¢ = 1,...,n, fz : R — R is affine. A map
f:R™ = R™ is multi-affine, when for each i =1,...,m the map f; : R® - R
18 multi-affine.
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The following result generalizes (8.41) to arbitrary dimensions.

Proposition 8.17. Let E be an n-rectangle in R™ and f : R™ — R™ a multi-
affine function. The following holds:

zeE = fl@)= Y Afl), D l=L

vEV(E) veV(E)

Multi-affine maps are completely determined by the values they assume on
the vertices of n-rectangles in R™.

Proposition 8.18. Let E be an n-rectangle in R™ and consider a func-
tion g : V(E) — R™. There exists one and only one multi-affine function
[ R™ = R™ such that f|ygy = g. Moreover, f is given by:

T — a; Xb,; (Vi) b — 2 Xa; (Vi)
Z H (b — ) (b- — a-) g(v). (8.42)

veV(E) i=1

The function f in (8.42) was obtained as a straightforward generalization
of equality (8.41) thus guaranteeing that f is multi-affine and that f|y gy = g.
Moreover, f is unique since if we assume the existence of another multi-affine
function f' : R® — R™ satisfying f’|\(g) = g we conclude that f — f’ is
still multi-affine and satisfies (f — f')|v(g) = g — g = 0. It then follows from
Proposition 8.17 that f — f’ is the function identically zero and thus f = f’.

Multi-affine control systems are characterized by restrictions on U and f.

Definition 8.19 (Multi-affine control system). A control system (R™, U, f)
is said to be multi-affine if f is of the form f(x,u) = g(x)+Bu with B € R"*™
and g : R™ — R" a multi-affine function.

Multi-affine control systems are also denoted by the more informative
quadruple X' = (R™,U, g, B). The definition of multi-affine control systems
requires B to be constant. When B is not constant but a multi-affine function
of x, the results in this section are still applicable by considering the extended

system:
m = [g (z) +OB(3”)“] + [I?J v (8.43)

where the state is now (z,u) € R” x R™, the input is v € R™, and I,,, is the
m x m identity matrix.

Whenever a control system is multi-affine, we can exploit its multi-affine
properties to obtain symbolic abstractions based on partitions of state space
induced by n-rectangles. The construction of such abstractions is based on a
careful analysis of the interplay between the functions g and B, defining the
dynamics, and the facets and vertices of n-rectangles. Recall that a facet of
an n-rectangle E is the intersection of E with an affine subspace of dimension
n — 1 defined by x; = a; or x; = b;. Given a vertex v € V(FE) we denote by
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F(v) the set of all facets containing v. Moreover, to each facet F' defined by
x; = a; we associate a normal vector np defined by np; = 0 for j # ¢ and
nr; = —1 for j = i. Similarly, to a facet defined by z; = b; we associate a
normal vector defined by np; = 0 for j # ¢ and np; = 1 for j =¢. When F' is
a facet defined by z; = a;, F° denotes the opposite facet defined by z; = b;.
Similarly, if F' denotes the facet x; = b;, F'° denotes the opposite facet defined
by x; = a;. For each n-rectangle we consider the following two problems:

Problem 8.20 (Rectangular invariant). Let ¥ = (R™,U,g,B) be a
multi-affine control system and let E be an n-rectangle. The rectangular in-
variant problem consists in determining if there exists a multi-affine feedback
control law &k : R™ — R such that any solution £ of the closed-loop dynamical
system (R™, g + Bk) satisfies:

€0)e E = £(t) e E VteRY.

Problem 8.21 (Control to facet). Let X' = (R",U, g, B) be a multi-affine
control system, let E be an n-rectangle, and let F' be a facet of E. The control
to facet problem consists in determining if there exists a multi-affine feedback
control law k : R™ — R™ such that for any solution & of the closed-loop
dynamical system (R", g+ Bk) for which £(0) € E there exists a time 7 € RT
satisfying:

1.&(t) € E for t € [0,7];
2.¢(1) € F;
3.£(t)¢ EUF for t €]r,7 +¢] and some ¢ € RT.

Once we know how to solve the preceding problems, the construction of
finite-state abstractions is conceptually simple. We use n-rectangles as states
and we place a transition from: a rectangle E to itself when Problem 8.20 has
a solution for E; a rectangle E to rectangle £/ when they share a facet F' and
Problem 8.21 has a solution for E and F.

The rectangular invariant problem admits the following solution.

Theorem 8.22. Let X be a multi-affine control system and let E be a
n-rectangle. The rectangular invariant problem admits a solution if the fol-
lowing sets are non-empty:

Ug(w)= () {ueR™|nk(g(v)+ Bu) <0} (8.44)
FeF(v)

for allv e V(E).

Proof. We first show how to construct the multi-affine feedback from the sets
Ug which are assumed to be nonempty. Let h : V(E) — R™ be a function sat-
isfying h(v) € Ug(v). This function can be constructed by picking an element
u, € Ug(v) for every v € V(F) and setting h(v) = w,. By Proposition 8.18
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there exists a unique multi-affine function & : R" — R™ satisfying k|yg) = h.
Let us consider now the closed loop system defined by the differential equation
€ = f(€) with f(z) = g(x) + Bk(z). The function f is multi-affine and since
k(v) € Ug(v) we have nkf(v) < 0 for every facet F of E. Consider now a
point = € F. By writing = as an affine combination of the vertices of F' we
conclude that nL f(v) < 0 for every vertex v of F implies nk f(z) < 0. It now
follows from continuity of the function nL f that n%L f(z) < 0 for € F implies
nk f(y) < 0 for every y in a neighborhood of  and thus in a neighborhood A of
F. Consequently, no trajectory £ of X' starting inside F can touch F' since this
would require that for some 7, £(7) € . However, %ngdt:T =nkf(&(r) <0
which implies that nL f is decreasing and cannot reach F'. Since this argument
holds for all the facets of E, trajectories of S starting inside F cannot leave
E. O

Theorem 8.22 provides us with very friendly conditions to test the exis-
tence of a solution to Problem 8.20. It suffices to check non-emptiness of the
sets Ug(v) which are described by affine inequalities. Moreover, when these
sets are non-empty, a multi-affine feedback can be constructed by using ex-
pression (8.42) with g(v) being any element of the set Ug(v).

The control to facet problem also admits a simple solution.

Theorem 8.23. Let X be a multi-affine control system, let E be an n-
rectangle and let F' be a facet of E. The control to facet problem admits a
solution if the following sets are non-empty:

Ug(v) = m {ueR™| n&(g(v) + Bu) < 0}
GeF(v)

for allv € V(E) such that F ¢ F(v), and:

Ug(v) = ﬂ {ueR™|n&(g(v) + Bu) <0 A ni(g(v) + Bu) > 0}
GEF(v),G£F

for all v € V(E) such that F' € F(v).

Proof. Asin the proof of Theorem 8.22 we construct the feedback k£ : R™ — R™
as the unique multi-affine map satisfying k|yzy = h for some function
h : V(E) — R™ with h(v) € Ug(v). Consider now any facet G # F. Since
n&(g(v)+Bk(v)) < 0 for every vertex v of F', it follows n¢ (g(z) + Bk(z)) < 0
for every x € GG. As shown in the proof of Theorem 8.22, trajectories starting
inside F cannot touch G. To conclude the proof we need to show that every
trajectory starting inside E leaves E through F in finite time. To do this, we
note that n%(g(v) + Bk(v)) > 0 for every v € V(E) implies, by writing z € E
as a linear combination of the vertices of E, that ni(g(x) + Bk(xz)) > 0 for
every z € E. Let now 6 = min, 5 n#(g(z)+ Bk(z)) which is well defined since
E is a compact set and nf.(g(z) + Bk(z)) is a continuous function of z € E.
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If we consider the evolution of nL¢ for a trajectory ¢ such that £(0) =z € E,
it follows that:

d
& = np(9(8) + BE(9)) = 6
for all ¢ such that £(t) € E. Therefore:

nEE(t) = npE(0) + ot

for all ¢ such that £(¢t) € E. This means that is takes no longer than
(nEy — nk£(0)) /8 units of time for € to reach a point y € F. Let us denote by
7 the exact time at which £(7) € F. It now follows from % (g(y)+ Bk(y)) > 4,
for any y € F, the existence of ¢ > 0 such that {(¢t) ¢ EU F for t €7, 7 + ¢].
O

Example 8.24. Consider the Lotka-Volterra predator-prey model:

G =-&+&&—v (8.45)

S =& —&ie (8.46)

where & (t) € R} describes the number of predators, &(t) € Ry describes the
number of preys, and v(t) € ]RS' describes the effect® of pesticides repressing
the predators at time ¢t € R. We assume that the initial population lies in the
rectangle |5, 6[x]5, 6[. Without applying any control, the number of preys will
diminish at the expense of increasing the number of predators. Assume now
that we want to force the number of predators to remain in the interval |5, 6]
while reducing the number to preys to a level below 2. This objective can be
formulated as an instance of the control to facet problem. The objective is to
synthesize a multi-affine control law ensuring that all the trajectories starting
in the rectangle E =|5,6[x]2, 6] exit through the facet [5,6] x {2}. For this
example we have four vertices:

V(E) = {(5’ 6)7 (67 6)’ (57 2)7 (672)}'
The set Ug(5,6) can be computed as:
Ugp(5,6) ={ueRI| =5+5-6—u>0A6-5-6<0}
= {u e Ry | u< 25}
and similar computations provide:
Up(6,6) = {u € R} | u > 30},
Up(5,2) = {u e R} | u < 5},
Ug(6,2) = {u e R{ | u > 6}.

® A more accurate model is 5.1 = —&1 + &€& — &v, describing the decrease of
predators as being proportional to the product of the quantity of pesticides with
the number of predators. This more general model can be converted into the
multi-affine format by considering the extended system described in (8.43).
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Since all the sets are non-empty, the problem is solvable. We choose the fol-
lowing points from each set:

15 € Up(5,6), 40 € Ug(6,6), 0€ Ug(5,2), 15€ Ug(6,2),

which define the desired multi-linear feedback &k : R x Ry — R{ uniquely.
Using expression (8.42) we obtain:
115 35 5

k(l‘l,l‘g) = *T + 10561 - ZIQ + 51‘1562. (847)

The resulting closed loop dynamical system is displayed in Figure 8.8 where
it can be appreciated that g(x) + Bk(z) always points inside E except at the
exit facet. <
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Fig. 8.8. Dynamical system resulting from applying the multi-affine feedback
law (8.47) to the control system defined by (8.45) and (8.46). The rectangle E
is dark-colored.
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The solutions to Problems 8.20 and 8.21 given by Theorems 8.22 and 8.23
enable us to construct finite-state models for multi-affine systems. Although
a collection of n-rectangles £ does not form a partition of R™, under certain
circumstances we can complete £ to partition although not uniquely. We say
that a partition P of R™ is a completion of a collection & of n-rectangles when:

1.VE€EIPEP intE=intP;
2. YPePIE€E intP=intkE.

Moreover, we denote by P(F) the element of P for which int P(E) = intFE.

Definition 8.25. Consider a multi-affine control system X, let P be a parti-
tion of R™ that is a completion of a collection of n-rectangles £, and let Q) be
the equivalence relation defined by P. The finite-state system associated with
Y and &, denoted by Se(X) = (X¢,Us, — ,Ye, He), consists of:

XS = g;
Us =¢&;
o I ig» ' if any of the following two conditions holds:

1. the equality x = 2’ is satisfied and Problem 8.20 is solvable for X with
n-rectangle x;
2. the n-rectangles x and x' share a facet F' and Problem 8.21 is solvable
for X with n-rectangle x and facet F';
Ye = R"/Q;
He(E) = P(E).

Definition 8.25, Theorem 8.22, and Theorem 8.23 have the following im-
mediate consequence.

Theorem 8.26. Consider a multi-affine control system X, let P be a partition
of R™ that is a completion of a collection of n-rectangles £, and let QQ be the
equivalence relation defined by P. The relation R C & x R™ defined by:

R={(E,x) e EXR" |x € E}
is a simulation relation from Sg(X) to Sg(X).

The simulation relation from Sg(X) to Sg(X) is also an alternating sim-
ulation relation since both systems are deterministic. Therefore, the abstract
system Sg(X) can be used to synthesize a controller that can be refined to a
controller acting on Sg(X) as discussed in Section 8.2.

The abstraction technique based on the solutions to Problem 8.20 and
Problem 8.21 is closely related to the sign based abstractions discussed in
Chapter 7. Consider the solution to the rectangular invariant problem given
in Theorem 8.22. Condition (8.44) can be understood as a sign condition of the
form sign(Ly(z)4+pup) = —1 for the function p(z) = nfx. Due to the special
geometry of the considered sets, n-rectangles, and due to the multi-affine
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nature of g, the analysis of the sign conditions only needs to be performed at
the vertices of the n-rectangles. This fact makes this technique very appealing
from a computational perspective. However, the construction of sign based
abstractions can be generalized to control systems thus allowing to deal with
more general differential equations and more general partitions.

8.5 Notes

Our treatment of controller refinement touched very superficially upon the
relation between (alternating) simulation relations and composition. A more
detailed treatment of these ideas can be found, e.g., in [Mil89].

Adapted sets first appeared in the paper [TP03] discussing the possibility
of model checking Linear Temporal Logic (LTL) formulas over controllable
linear systems. A generalization of these results, allowing for the synthesis of
controllers enforcing LTL specifications, is described in [TP06]. The results
reported in the preceding two references require controllability. The discus-
sion in Section 8.3 clearly separates the role of adapted sets from the role of
controllability in the existence and construction of symbolic bisimilar models.

The proof of Theorem 8.4 can be found in any linear systems theory book
such as [AMOI7].

The line of research on abstractions of multi-affine control systems and
n-rectangles first started with piecewise linear systems defined on simplices
and rectangles [HvS01]. The technique was then extended to multi-affine
systems on n-rectangles [BHOG]. The discussion in Section 8.4 treats rect-
angles as open sets while in [BHO6] rectangles are treated as closed sets.
The use of closed sets makes the conditions appearing in Theorem 8.23 not
only sufficient but also necessary. However, treating rectangles as open sets
allowed us to relate the abstraction to the original system through a sim-
ulation relation. Other results on this abstraction technique can be found
in [HvS04, HCvS06, RB06, RBO7].

The use of finite-state abstractions for control design has been advocated
in the literature several times. Earlier examples include [Wan68] while more
recent examples include: [SKA01, dAHMO1, KA03] in the context of hybrid
systems, [BMPO02] in the context of quantized control systems, [FDFO05] in
the context of maneuver automata, [Lun94] in the context of stochastic mod-
els, [AMP95] in the context of discrete and timed-systems, among many other
examples.
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Approximate system relationships

The similarity relationships introduced in Chapter 4 provided the framework
upon which most of the abstraction techniques in Part IIT relied. In this
chapter, we take an important conceptual step forward by abandoning the
exact nature of these relationships.

Notation

A metric on a set Z is a function d : Z x Z — R satisfying: d(z,2’) = 0
iff z = 25 d(z,2") +d(z/,2") > d(z,2"); d(z,2') = d(Z,2). A metric d
on the set Z induces a distance between points z € Z and sets W C Z by
d(z, W) = ming,ew d(z,w). This distance can be used to define the e-inflation
of a set W C Z, denoted by W¢, and defined by W& ={z € Z | d(z,W) < ¢}
for any e € R}. The set W¢ contains all the points in Z whose distance to
W is bounded by e. Note that W C W¢ since d(w, W) = 0 for any w € W.
Every relation Q C Z x W, admits Q! = {(w,2) € W x Z | (z,w) € Q} as
its inverse relation.

9.1 Approximate similarity relationships

The notion of simulation relation, formalized in Definition 4.7, requires related
states to be sent by the output maps to the same output. It may be argued that
such requirement is too strong since in concrete physical systems this exact
equality is seldom achieved. Noise in measurements, imprecisions in actuators,
and numerical computation errors are some of the factors preventing an exact
equality between the outputs. These arguments suggest that one could relax
the equality requirement by allowing related states to correspond to different
outputs provided that the mismatch is bounded by some desired precision
e € R{. To quantify the desired precision we need a metric on the set of
outputs.

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 145
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Definition 9.1 (Metric system). A system S is said to be a metric system
if the set of outputs Y is equipped with a metricd : Y x Y — R .

When referring to metric systems, equality between two sets of outputs
Y, and Y, will also imply equality between the corresponding metrics, i.e.,
Y, =Y, entails d, = d; where d, is the metric on Y, and d, is the metric on
Y3. For metric systems it is possible to generalize Definition 4.7 by replacing
the second requirement with an approximate version.

Definition 9.2 (Approximate Simulation Relation). Consider two met-
ric systems S, and Sy with Y, =Y}, and let € € Rar. A relation R C X, x X,
is an e-approximate simulation relation from S, to Sy if the following three
conditions are satisfied:

1. for every xq0 € Xao, there exists xpo € Xpo with (xa0,xp0) € R;
2. for every (zq,xp) € R we have d(Hy(2,), Hy(2p)) < &
3. for every (x4, ) € R we have that:

Ugq ;. . . . Up ;- i .
Ty ——> Ty N S. implies the existence of xy — " Ty in Sy satisfying

(zq,73) € R.

We say that S, is e-approzimately simulated by Sy or that Sy, e-approximately
simulates S, denoted by S, =<5 Sy, if there exists an e-approximate simulation
relation from S, to Sy.

When & = 0 the inequality d(H,(z,), Hp(2p)) < € implies H,(z,) = Hp(zp).
In this sense, we can regard approximate simulations as a generalization of
the exact simulations introduced in Chapter 4. Before proceeding further, we
give an example to illustrate this concept.

Ezample 9.3. Consider the dynamical system X described by the differential
equation:

d J—

dt>
that can be explicitly integrated to obtain &,(t) = e *z. The closed form ex-
pression for & is used to show that for any ¢ € Rar, the relation R CR x R
defined by (z,2’) € R, iff ||z — 2| < € is an e-approximate simulation rela-
tion from S(X) to S(X). Here, S(¥) is the system (R,Rj, —— ) defined
by & —— 2/ if there exists a solution &, : [0,7] — R of (9.1) satisfying
&:(1) = 2/. To see why R, is an e-approximate simulation relation, con-

—& £ eRteRS (9.1)

sider a pair (z,2') € R. and a transition # —— z” in S(X). The definition
of —— implies 2’/ = &,(7) = e "z, and we claim that (z”,2"") € R.
with 2" = £,/(7), or equivalently, 2’ —— 2’ in S(X). To determine if
(2", 2"") € R., we compute:

" =" || = |82 (1) =&a (T = le™Tz—e"Ta"|| < [le” || e—2[| < lz—2'|| <.

This simple argument is valid in far greater generality and it is at the heart
of all the results to be proved in Part IV. <
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As the previous example suggests, approximate simulation relations are
especially useful for infinite-state systems in which the output set is naturally
endowed with a metric. One typical usage of approximate simulation relations
is the simplification of verification problems. To understand how such simpli-
fication arises, we relate the reachable sets of systems related by approximate
simulation relations.

Proposition 9.4. For any two metric systems S, and S, with Y, =Y}, the
following implication holds:

Sa X% Sy = Reach(S,) C Reach®(Sp).

Proof. Denote by R the e-approximate simulation relation from S, to Sy,
and let y, € Reach(S,). By definition of reachable output, there exists an
initialized finite internal behavior of S,:

Uq0 Ug1 Uagk—1
La0 — > Tal — > oo T~ Tak

with H,(zqk) = ya. Repeating the argument in the proof of Proposition 4.11
we conclude the existence of an initialized internal behavior of Sy:

Ubo Ub1 Ubk—1
Tpo T Tp1 T’ 4})» Tpk

satisfying (244, 2p;) € R for i = 0,1,..., k. Hence, yp = Hp(zpr) € Reach(Sh)
and it follows from the second requirement in the definition of approximate
simulation relation that d(y,,ys) < €. Consequently, y, € Reach®(S,). O

Returning to verification problems, consider a system S, and a set of
unsafe outputs B. If a system S, e-approximately simulates system S,
Proposition 9.4 can be used to conclude that Reach®(S,) N B = @ implies
Reach(S,) N B = &. For reachability problems, showing Reach(S,) N Z # @
for a set Z satisfying Z° C B, implies Reach(Sy) N B # @. Clearly, these
implications are only useful if we are able to construct abstractions based on
e-approximate simulation relations that are simpler than the systems they
abstract. In Chapters 10 and 11 we discuss the existence and construction of
such abstractions. Before, however, we strengthen approximate simulation to
approximate bisimulation.

Definition 9.5 (Approximate bisimulation). Consider two metric sys-
tems S, and Sy with Y, = Y, and let ¢ € Rg. We say that system S, is
e-approximately bisimilar to system Sy, denoted by S, =% Sy, if there exists
a relation R satisfying:

1. R is an e-approximate simulation relation from S, to Sy;
2. R™! is an e-approzimate simulation relation from Sy to S,.
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Some care needs to be exerted when composing approximate (bi)simulation
relations. Although it is a simple exercise to show that the composition of ap-
proximate (bi)simulation relations results in an approximate (bi)simulation
relation, the precision is altered by composition. In detail, if R, is an
«Ep-approximate (bi)simulation relation from S, to S, and if ,R. is an
pec~approximate (bi)simulation relation from Sy, to S., the composite , R, o , Ry
is an (,&p + pec)-approximate (bi)simulation relation from S, to S..

9.2 Approximate alternating similarity relationships

When discussing problems of control, e-approximate similarity relationships
need to be replaced with e-approximate alternating similarity relationships.
This generalization from exact to approximate consists again in relaxing the
equality requirement on the outputs of related states.

Definition 9.6 (Approximate alternating simulation relation). Let
S, and Sy be metric systems with Y, = Y, and let ¢ € Rar. A relation
R C X, x X} is an e-approximate alternating simulation relation from S,
to Sy if the following three conditions are satisfied:

1. for every xq0 € Xao there exists xpg € Xpo with (za0,xp0) € R;

2. for every (zq,p) € R we have d(Hg(z,), Hy(xp)) < €;

3. for every (x4, ) € R and for every u, € Uy(x,) there exists uy € Up(xp)
such that for every xj € Post,, (zp) there exists x, € Post,, (x4) satisfying
(x),z}) € R.

We say that S, is e-approximately alternatingly simulated by Sy or that Sy
e-approzimately alternatingly simulates Sq, denoted by S, =% Sp, if there
exists an e-approzimate alternating simulation relation from S, to Sy.

Approximate alternating simulation relations are used to define approxi-
mate feedback composition in Chapter 11. To that purpose, we introduce now
the extended e-approximate alternating simulation relation associated with
an g-approximate alternating simulation relation.

Definition 9.7 (Extended approximate alternating simulation rela-
tion). Let R be an e-approximate alternating simulation relation from metric
system S, to metric system Sy. The extended e-approximate alternating sim-
ulation relation R® C X, x X, x U, x Uy associated with R is defined by all
the quadruples (x4, Ty, Ug, up) € Xo X Xp X Uy X Uy, for which the following
three conditions hold:

1. (x4, ) € R;

2. uq € Uy(a);

3. up € Up(zp) and for every x; € Posty, (xp) there exists x|, € Posty, (z4)
satisfying (xl,,x}) € R.
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Note that the third requirement in the previous definition is no more than the
third requirement in Definition 9.6.

Approximate alternating bisimulations can be obtained by introducing
the adjective approximate in the definition of alternating bisimulation or by
symmetrizing the definition of approximate alternating simulation.

Definition 9.8 (Approximate alternating bisimulation). Given two met-
ric systems S, and Sy with Y, = Y}, and given € € Ra', we say that S, is
e-approximately alternatingly bisimilar to Sy, denoted by S, =55 Sb, if there
exists a relation R satisfying:

1. R is an e-approximate alternating simulation relation from S, to Sp;
2. R™1 is an e-approzimate alternating simulation relation from Sy to S,.

Approximate alternating simulations and bisimulations are instrumental to
refine controllers synthesized for symbolic abstractions based on approximate
simulations and bisimulations. We return to this topic in Chapter 11.

9.3 Notes

Approximate equivalence was first discussed in the context of timed-automata
[GHJ97] and probabilistic systems [DGJP99]. In both cases, it was formalized
by resorting to metrics and metric systems. Although in a different context,
metric systems had been studied much earlier, see for example [vB98]. Most of
the work that followed the papers [GHJ97, DGJP99] focused on probabilistic
systems and the notion of approximate simulation for dynamical and control
systems only appeared recently. In [GP05, GP07], approximate bisimulation
was introduced by resorting to a metric on the set of outputs. A different
formalization of approximate simulation appeared in [Tab05, Tab06] through
the use of set-valued output maps. The discussion in this chapter is based
on [GP07, PGTO8].
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Approximate symbolic models for verification

The abstraction techniques presented in Chapter 7 and Chapter 8 were based
on the construction of quotient systems. In generalizing exact to approximate
similarity relationships, we abandon quotient based abstractions to focus on
a different abstraction technique introduced in this chapter for affine dynam-
ical systems. Similar results for nonlinear dynamical systems are presented as
special topics. The results in Chapter 11 further enlarge the class of approxi-
mate symbolic models for verification by considering the effect of adversarial
inputs.

Notation

For any matrix P € R™*", PT denotes the transposed matrix. Matrix P
is said to be symmetric if PT = P, and is said to be positive definite if for
every x € R", z # 0 implies 27 Pr > 0. We denote by SP(n) the set of
all symmetric and positive definite matrices in R™*"™. The minimum and the
maximum eigenvalues of a matrix P € R™ "™ are denoted by A, (P) and
A (P), respectively. For any = € R™, ||z| represents the Euclidean norm of

z defined by ||z| = (23 + 23+ ...+ 22)* where z; is the ith component of
the vector . This norm induces a norm in the space of matrices that can be

computed as ||Al| = )\]%V[(ATA) for any A € R™*™. The exponential of any
matrix A € R™*" is denoted by e and is the analytic function Y 37 &A™
The ball of radius r € RJ centered at x € R™ is denoted by B,.(z) and defined
as the set of all the points ' € R" satisfying || — /|| < r. If Z C R™ and
n € R*, [Z], denotes the subset [Z], C Z defined by:

2
2], = {zGZ | zi:ki%n for some k; € Z and i = 1,2,...,n}.
Note that we can cover Z by balls of radius 7 centered at the points in [Z],,.
This observation is used several times in this chapter. Given a subset W C Z

P. Tabuada, Verification and Control of Hybrid Systems: A Symbolic Approach, 151
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we denote by 2 : W — Z the natural inclusion of W in Z taking w € W to
1(w) = w € Z. The identity map on Z is denoted by 17 : Z — Z.

10.1 Stability of linear dynamical systems

The results in this chapter require some classical notions of stability that are
recalled in this section. In doing so, we freely use several concepts of dynamical
systems introduced in Section 7.1.1. The starting point is an affine dynamical
system described by a differential equation:

%g = AL+ h (10.1)

with £(t) € R, A € R™*" h € R™, and t € R. The adjective affine qualifies
the right hand side of (10.1) which is an affine function represented by the
matrix A and the vector h. For this reason, we represent an affine dynamical
system by the triple X = (R™, A, h) or by the pair X' = (R™, A) when h = 0.
In the later case we speak of a linear dynamical system. Recall that a solution
¢ of (10.1) is given by:

(1) = e +/ AT dt. (10.2)
0

The following discussion focuses on the linear case since affine systems
can be handled by techniques similar to those developed for linear dynamical
systems. An equilibrium point of a linear dynamical system is a point z, € R"
for which Az, = 0. The equality Az, = 0 implies that any solution &,
of (10.1) with ~ = 0 remains at x. for all future time. The reader can easily
check this observation by noting that &, = z. is indeed a solution of (10.1)
with h = 0 or by using (10.2). For linear dynamical systems, the origin is
always an equilibrium point and we focus on this equilibrium point.

Many of the dynamical and hybrid dynamical systems to be verified arise
as the result of applying a feedback control law to a physical system. In such
cases, the objective for the continuous feedback control law is to render the
equilibrium x. asymptotically stable.

Definition 10.1 (Asymptotically stable equilibrium point). The equi-
librium point x. = 0 of a linear dynamical system X = (R, A) is said to be
asymptotically stable if there exist k, A € RT such that for every x € R™ and
every t € R, the following inequality is satisfied:

gzl < re™|]|. (10.3)

When X is allowed to become zero, the equilibrium point x. = 0 is said to be
stable.
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Inequality (10.3) entails that the trajectory &, is bounded for all time by
k||z||. Moreover, &, (t) converges asymptotically to the equilibrium z, = 0, as
t — o0, since:

tlim [1€:()] < tlim re M|z =0 = tlim &:(t) = 0.

Although (10.3) also states that &, converges exponentially fast, we shall not
make use of this fact. For linear dynamical systems, asymptotic stability can
be checked by analyzing the eigenvalues of the matrix A.

Theorem 10.2. The equilibrium point x. = 0 of a linear dynamical system
Y = (R", A) is asymptotically stable iff all the eigenvalues of the matriz A
have negative real part.

For nonlinear dynamical systems we cannot use the preceding eigenvalue
test and have to resort to an alternative criterion based on Lyapunov func-
tions. This criterion is also useful for linear dynamical systems. In fact, all the
results in this chapter are based on Lyapunov functions.

Definition 10.3 (Lyapunov function). Let X = (R", A) be a linear dy-
namical system and consider a function V : R™ — R satisfying the following
three properties:

1.V is continuous on R™ and smooth on R™\{0};
2.V(x) >0 for all x € R™;
3. V(z) =0 implies x = 0.

The function V is a Lyapunov function for X if there exists A\ € R™ such that
for every x € R"\{0}, the following inequality holds:

ov
—_— < - . .
5 Az < =\V(x) (10.4)

When X is allowed to become zero, V is a weak Lyapunov function for X.

Inequality (10.4) is at the core of several results in this chapter. Note that if
¢ :R — R" is a trajectory of X, then V o ¢ : R — RJ is a smooth function of
time that obeys the following differential inequality:

d ov ¢ ov
_ _ S _ 20 < .
dtv ° § ox r=£ dt ox m:&AE - AVe 6

Integration, provides the bound:
Vog(t) <e MV(£(0))

showing that V' decays exponentially along the trajectories of X'. This obser-
vation can be used to show that Lyapunov functions completely characterize
asymptotic stability for linear dynamical systems.
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Theorem 10.4. The equilibrium point x, = 0 of a linear dynamical system
X is asymptotically stable iff X admits a Lyapunov function. Analogously, the
equilibrium point . = 0 of a linear dynamical system X is stable iff X admits
a weak Lyapunov function.

For linear dynamical systems, existence of a Lyapunov function also implies
the existence of a Lyapunov function of the form V(z) = V&7 Px for some
P € SP(n). Moreover, Lyapunov functions of this form satisfy several useful
inequalities.

Proposition 10.5. Let V :R" — R be a function of the form V (z) = VaT Pz
for some P € SP(n). There exist constants o, @,y € RT such that for all
z, 2, 2" € R", the following inequalities are satisfied:

afzll < V(z) <allz], (10.5)
Viz—2")— V(e —2a") <Alz" —2"|. (10.6)

Proof. Let V' = V? and recall! that since P = PT and P € R™" there
exists a matrix Q € R™ " satisfying Q~' = @ and rendering the matrix
D = Q' PQ diagonal. Let now z = Qz and note that:

V'(2) =V'(Qx) = 2TQTPQx = 2T Q ' PQz = 2" Dx.
Since D is diagonal and the eigenvalues of D and P are the same, we have:
An(P)lI2]* = A (P)22 < V'(2) < A (P)2"z = A (P2

Inequality (10.5) now follows by setting o = 1/ Ap (P) and @ = /Ay (P).

Fix 2 € R"™ and consider the function g : R® — R} defined by
g(z) = V(x — z). This function is differentiable for all z # 2 and continu-
ous for all z € R™. Consider now two points z,w € R™ and let L be line
joining these two points. If x ¢ L, then, by the mean value theorem, there
exists a point z* € L C R” that satisfies:

o(z) - glw) = 52

. (z —w).

The right hand side of the above equality is bounded by:

z_
z=x*

Moreover, ||0g/0z] is bounded by:

! See for example [AM97].

9
0z

Iz = wl].

(z —w) H—
z=x*

9%
0z

_H2<xz>TPH< [Pl =21 uu(P)

W =2 |~ VoaPlle =2~ AP
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We now consider the case when x € L. Since the points x, z, w belong to the
same line L it follows that 2 — w = A\(z — z) for some A € Ry . Therefore:

Vie—z2)—V(e-w)=V(e-—2)—V(\x—2))

The result now follows by taking v = max {)‘M(P) A (P)} = 2uP)

VAm(P)’ VAm(P)'
]

The bounds given in (10.5) allow us to estimate the norm of a vec-
tor z € R™ from the knowledge of V(z) and vice-versa. Inequality (10.6)
can be seen as a generalization of the triangular inequality. Recall that
o — '] < [z — 2" + []2" — 2”[| and thus [lz — 2’| — [ = 2"|] < |2 — 2”]].
Therefore, if V(x — a’) = ||z — 2/||, (10.6) is satisfied with v = 1.

10.2 Dynamical systems as systems

Dynamical systems can be modeled as systems in several different ways. In
Section 7.1 we presented one construction based on a dynamical system and
a finite equivalence relation defining the outputs. Here, we present a different
construction where the set of outputs remains infinite so as to retain the
Fuclidean metric on R™.

Definition 10.6. The system S, (%) = (X, U, — , Y, H;) associated with
a dynamical system X = (R", f) and with 7 € R" consists of:

XT — Rn;

Ur ={r};
o —:» x' if there exists a solution &, : [0,7] — R™ of X satisfying

&z (T) = 1'/;

Y, =R";

H,=1: X, —R".
System S, (X) only describes the states reached by trajectories of X of dura-
tion 7. We can thus regard S, (X) as a time-triggered sampled version of X
where as the system Sg(X), described in Section 7.1, can be regarded as an
output-triggered sampled version of X. The parameter 7 defines the desired
sampling rate and is a measure of time quantization. It is not difficult to see
that S;(X) is a metric system since Y = R" is equipped with the Euclidean
metric d(y,y") = [ly — /|-
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10.3 Symbolic models for affine dynamical systems

The abstractions considered in this chapter are obtained by quantizing the
state set of S;(X) and approximating its transitions.

Definition 10.7. The system S;,(X) = (X7, Ury, T Yon, Hypy) associ-

ated with a dynamical system X = (R", f) and with 7,n € R™ consists of:
Tn = [R"],;
Ury = {7}
o —T> a' if there exists a solution & : [0,7] — R™ of X satisfying
. (r ) — 2| <n;
Y, =R";
H.yy=1: X7 — R".

Note that Sr,(X) has countably many states and when the domain of f
is a bounded set, S-,(X) becomes finite-state. Bounded domains occur fre-
quently in applications where physical variables, such as temperatures and
pressures, cannot grow unbounded under normal operating circumstances.
Although [R"], has the desirable consequence of rendering X, countable,
it also forces the transition relation of S;,(X) to inaccurately describe the

transitions in S;(X) since z %ﬂ» z’ does not entail ' = £,(7), but only
[|2" — &:(7)]] < n. The extent to which the inaccuracies in — can be tol-

erated is described by the next result.

Theorem 10.8. Consider a linear dynamical system X admitting a Lyapunov
function V' of the form V(z) = VaT Pz with P € SP(n). For any desired
precision ¢ € RT, for any desired time quantization T € RY, and for any
space quantization n € RT satisfying:

n <min{y 'ae (1 - e*”) ,@*lae} , (10.7)
the relation R. C X, x X, defined by:
R. ={(zr,2ry) € X7 X Xopy | V(2 — 21yy) < e} (10.8)
is an e-approzimate bisimulation relation between S, (X) and Sy, (X).

Proof. The proof consists in showing that the relation R. satisfies all the
conditions in the definition of e-approximate bisimulation relation. We first
show that R. is an e-approximate simulation relation from S-(X) to S;,(X).

The first requirement in Definition 9.2 asks that for every z,9 € X, = X,
there exists z;n0 € Xrpo = Xry satisfying (2,0, 2rm0) € R. or equivalently
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V(zro — Zrno) < ae. If . € X, then, by definition of X;,, there exists
ZTrno € Xrpo satistying ||2-0 — 2-m0]| < 1. Consequently:

V(mTO - x‘rnO) S a”l‘-,—o - -777-170” S 577 S ag (109)

where the first inequality follows from (10.5) and the second follows from (10.7).
The second requirement holds by construction since (z.,z-,) € R., (10.5),
and (10.8) imply:

1
d(Hr(z7), Hrp(2ry)) = (|27 — 2oyl < EV(xT — Try) < e

Regarding the third requirement, let (2, 2,) € R. and consider the tran-

sition z, —:» a! in S;(X). Since the origin is an asymptotically stable equi-

librium point, X is forward complete and the transition z,,, —:» 9:’7’7] is well

defined. By definition of S, (X), for any z7, € X, satisfying:
I, — ol < . (10.10)
Ty T:}» 7., is a transition in S, (X). Note that a point 27, satisfying (10.10)

always exists since R" C U.ex_, B, (2). We now need to show that («/,z7,)

belongs to R, i.e., V(z} — 27,) < ae. This follows from the sequence of
inequalities:

Vi, —al,) < V) —ally) + Al — | (10.11)

< V(& (1) = &ury (7)) + 91 (10.12)

< e V(& (0) = &, (0) + 1) (10.13)

<e Mae+n (10.14)

< ae (10.15)

where we used (10.6), (10.10), (10.8), and (10.7) in the first, second, fourth,
and fifth inequalities, respectively. The third inequality is a consequence of:

V(&(T) — & (7)) < e MV (£4(0) — &€(0)), (10.16)

proved in the slightly more general context of Corollary 10.10.
The proof that RZ! is an e-approximate simulation relation from S, (%)
to S;(X) is similar and, for that reason, omitted. O

The main assumption in Theorem 10.8 is asymptotic stability of the origin.
This assumption is satisfied by a large class of verification problems where the
dynamical system being verified results from applying a feedback control law,
to a physical system, with the objective of achieving asymptotic stability. The
inequality (10.7) describes the tradeoff between the desired precision e, the
desired time quantization 7, and the required space quantization 7.
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The construction of S-,(X) is not based on an equivalence relation and
its corresponding quotient, but rather on a judicious approximation of in-

finitely many transitions in S,(X). In particular, a transition x T;» 2" in

Sry(X) represents the infinitely many transitions z’ —:» 2" in S, (X) with

V(x — 2') < ae. This approximation is possible due to the stability proper-
ties of the class of differential equations being considered and the flexibility
afforded by the approximate nature of approximate bisimulation relations.

Ezxample 10.9. We recall here the example used to illustrate the exact abstrac-
tion techniques discussed in Chapter 7. It consists of the linear dynamical
system defined by:

G =-T6+6
&1 = 86 — 1062,

the set of initial states:
L={(x1,20) €ER?* |5< 2 <6 A —1<uzy <1},
and the set of unsafe states:
B = {(x1,20) ER?* | 29 < —4 V 29 > 4}.

The objective is to determine if the trajectories of X' starting in L avoid the
set B. In order to apply Theorem 10.8 we identify V(z) = /2% + 23 as a
suitable Lyapunov function. We have:

where I5 is the 2 x 2 identity matrix. For this choice of Lyapunov function we
can directly verify that v = 1:

V(e —a') = V(z—2") <@llz = 2| - alle — 2"
= [lz =2 = flz — 2"

< Jla’ - 2"

Choosing € = 0.5 and 7 = 0.05, inequality (10.7) requires n < min{0.08027,1}.

We choose n = i ~ 0.0707 thus satisfying (10.7). Using these parameters

and restricting E to the bounded set:
{(z1,22) €R? | —05< 2, <65 A —1.5 < a9 < 4.5},

we compute, through numerical simulation, the finite-state bisimilar system
Srp(X). In Figure (10.1) the reader can appreciate: dots representing the
states X, of S, (X); larger and dark-colored dots representing X ., N B; and
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Fig. 10.1. Graphical representation of the states reachable from L. The dots repre-

sent the states of S;,(Y), the larger and dark-colored dots represent X, N B while
the larger and light-colored dots represent Reach (S-(X)).

44,

11

e

ERANNN
. 1

Fig. 10.2. Graphical representation of the transitions of S;,(X) used to compute
the states reachable from L displayed in Figure 10.1.
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-0.5

Fig. 10.3. Graphical representation of the transition of S;, joining (5,0) to
(3.6,1.3). The light-colored disks represent balls of radius 0.5 centered at (5,0) and
at (3.6, 1.3). Also represented are several trajectories of X.

larger and light-colored dots representing Reach (S;,(X)). The actual tran-
sitions of S-,(X) used to compute Reach (S;, (X)) are represented in Fig-
ure 10.2. By analyzing Figure 10.1 and Figure 10.2 we see that Reach (S, (X))
does not intersect B%® from which we conclude that the specification is sat-
isfied.

To illustrate the approximate nature of S, (Y), we show in Figure 10.3
the transition (5,0) - (3.6,1.3). The state (5,0) € X, is related to all the

states x € X, satisfying V(x — (5,0)) < ae = 0.5. Since V(x) = /27 + 22,
all the points in the ball of radius 0.5 centered at (5,0) are e-approximately
related to (5,0). Consequently, all such points should be taken by transitions
of S;(X) to points contained in the ball of radius 0.5 centered at (3.6, 1.3).
This is shown in Figure 10.3 where several trajectories of X' with duration 7
and starting on the boundary of By 5(5,0) are depicted. <

The previous example raises the natural question of how to handle the
numerical errors arising in the computation of 5., (X). These can be incorpo-
rated in the construction of S;,(X) while ensuring that Theorem 10.8 remains
valid. Assume the existence of a parameter p describing the error between the
true trajectory ¢ and the trajectory & obtained through numerical methods,
when evaluated at time 7, i.e., ||(7) — &(7)]] < p. Then, we can replace X,
with [R"],_, and redefine - by declaring the existence of a transition

x Tt;’ 2’ when &, satisfies ||§w(7') —2'|| < n—p. This modification guarantees:
I1€a() = 2"l < [[62(7) = & (7) + &a(7) — 2|

< [1&a(r) = &Il + 1€a(r) — 2]
<ptn—p=n
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which is the original definition of —— in the absence of numerical errors.
™

A different concern that may arise when using S, (X) for verification is the
inter-sample behavior: can a specification be violated for ¢ €]0, 7[ even though
it is satisfied at t = 0 and ¢t = 77 The techniques employed in Section 7.6 for
the computation of reachable sets provide an answer to this concern. Recall
that a transition x,, T:}» 7, in S7,, implies the existence of a trajectory &,
of X satisfying ||z}, — &, (7)]| < 7. We can thus enclose z., in a zonotope,
enclose B, (z/,) in a different zonotope, and use Proposition 7.31 to obtain
another zonotope containing all the states &, , (¢) for ¢ € [0,7]. In practice,
however, the parameter 7 is chosen to be sufficiently small so that the speci-
fication is directly verified against S, (X).

Theorem 10.8 admits a simple generalization to affine dynamical systems.

Corollary 10.10. Consider an affine dynamical system X = (R™, A, h) and
assume that the linear dynamical system (R™, A) admits a Lyapunov function

V' of the form V(z) = VaTPx with P € SP(n). For any desired precision
e € R, for any desired time quantization T € R™, and for any space quanti-
zation n € RT satisfying:

7 < min {’y_lgs (1 — e_’\T) ,a_lgs} , (10.17)
the relation R. C X; x X, defined by:
R. ={(zr,2ry) € X7 X Xy | V(2r — 2ryy) < e} (10.18)
is an e-approzimate bisimulation relation between S.(X) and S, (X).

Proof. The proof is the same as the proof of Theorem 10.8 except for a sim-
ple modification needed to show that (10.16) holds for all affine dynamical
systems. For completeness we now present this argument. Let 2/, 2" € R".
Considering V (&, (t) — & (t)) as a function of time we have:

d oV d
ARSI vy NN riC
ov
= — A / — A " —
ox x:fz/—ﬁz//( S Lo = h)
ov
n % JZ:Ewlfftc//A(gx/ B 693”)
S —)\V(é.x/ — 52?”)'

By integration we obtain:

V(fz’(t) - fz” (t)) < e_/\tv(g:r’ (O) - gm” (0))

which is the desired inequality. O
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Theorem 10.8 and Corollary 10.10 rely on the existence of a Lyapunov
function. From Theorem 10.4 we know that existence of a Lyapunov function
is equivalent to asymptotic stability of the origin. Therefore, we can first
check for existence of a Lyapunov function by determining if the origin is an
asymptotically stable equilibrium point. According to Theorem 10.2 this can
be done by determining if the eigenvalues of the matrix A have negative real
part. When this is the case, we can resort to one of several well established
methods in control theory to compute the matrix P defining the required
Lyapunov function.

Lyapunov functions are more than a convenient tool in the construction of
symbolic abstractions. Under the assumptions of Theorem 10.8, the relation
defined by the pairs (z,,2.) € X, x X, satisfying V(z, — 2.) < ae is in
fact an e-approximate bisimulation relation between S;(X) and S;(X) for
any 7 € RT. This is consistent with what happens in the exact case where
Theorem 4.18 tells us that existence of a bisimulation relation R between a
system S and itself leads to a bisimulation relation between S and the symbolic
abstraction S,r. Although the abstractions considered in this chapter are
not quotient based, they require identical assumptions on the system S to
be abstracted: existence of an approximate bisimulation relation between .S
and S. Note also that (10.18) defines not one, but a family of approximate
bisimulation relations parameterized by €. The converse is also true under one
additional assumption.

Proposition 10.11. Consider an affine dynamical system X = (R™ A, h)
and let V' be a weak Lyapunov function for the linear dynamical system (R™, A)
of the form V (z) = VaT Pz with P € SP(n). For anye € R™ and any T € RT,
the relation defined by:

R, = {(xTvxir) € X, x X, | V(e — :Ufr) < ae}

is an e-approzimate bisimulation relation between S, (X) and S, (X). Con-
versely, assume the existence of « € RY such that for any ¢ € R* and any
7 € RT, R. is an e-approximate bisimulation relation between S,(X) and
S-(X) satisfying:

|z, — 2| < ae = (2,,2.) € R.. (10.19)

Then, there exists a weak Lyapunov function V' for the linear dynamical system
(R™, A).

Proof. We first note that since R-' = R., it suffices to show that R. is an
g-approximate simulation relation from S;(X) to S;(X) to conclude that R.
is also an e-approximate bisimulation relation between Sy (X) and S, (X). The
first requirement in Definition 9.2 is immediate since X,y = X, and for any
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zr € X7, (xr,2;) € R.. The second requirement follows at once from (10.5)
and:

A(H, (w,), He(2)) = |2 — @] €~V (wr —a)) < e.
o

Regarding the third requirement, let (z.,2.) € R. and x, —:» ! in S (X).

It suffices to show that (z”,z”) € R, for x/. —:» x!’. This follows from:

T

V() —a) = V(& (1) &y (7)) < €MV (&, (0)~ £, (0) < V(2r—a7) < ae

T

where we used (10.16).

Assume now the existence of @ € RT such that for any ¢ € R™ and any
7 € RY, R. is an e-approximate bisimulation relation between S,(X) and
S-(X) satisfying (10.19). Consider any point € R™ and let € be |z|/«,
i.e., € = ||z||/a. Since ||z|| = ||z — 0]] < ae, we conclude from (10.19) that
(z,0) € R.. As R. is a simulation relation from S;(X) to S,(X), for any

oy T . oy T
7 € RT and any transition © — 2, there exists a transition 0 — 2’ such
T

that (2/,2”) € Re. In other words, for any ¢t € RT we have (£,(),& (1)) € Re.
If we now denote by ¢ the solution of the linear dynamical system (R™, A), it
is not difficult to see, given (10.2), that ||, (t) —&o ()| = ||€x(t) — Co(t)]|- More-
over, as (o(t) = 0 for all t € RT, and invoking the definition of approximate
bisimulation relation, we obtain:

1€ = 162 (®) = Co@®)l = [1€:(8) = &) < e = éllxlle_”

According to Definition 10.1, with kK = 1/a and A = 0, 2, = 0 is a stable
equilibrium point for (R™, A) and it follows from Theorem 10.4 the existence
of a weak Lyapunov function for (R”, A). O

Although stability of the origin is sufficient to guarantee the existence of
an approximate bisimulation between S;(X) and S,(X), Theorem 10.8 does
require the stronger assumption of asymptotic stability. It is the dissipative
nature of X, measured by A, that compensates the approximation errors,
measured by 7, introduced in the construction of the transitions of S;,(X).
This is quantified by inequality (10.7) showing that a smaller A implies a
smaller 7.

10.4 Advanced topics

In this section we show that Theorem 10.8 also holds for nonlinear differential
equations. The results in this section are based on advanced control theoretic
concepts.

We make extensive use of comparison functions of class K., and KL to
simplify the arguments. A continuous function = : R(}F — Rar is said to belong



164 10 Approximate symbolic models for verification

to class Ko if it is strictly increasing, v(0) = 0, and v(r) — oo as r — oc.
A continuous function 3 : R x Rf — R{ is said to belong to class KL if for
each fixed s, the map [§(r, s) belongs to class K with respect to r and, for
each fixed r, the map (3(r, s) is decreasing with respect to s and 3(r,s) — 0
as s — o0.

In a nonlinear context, we need to replace the asymptotic stability assump-
tion with the stronger assumption of incremental stability. We first recall the
notion of globally asymptotically stable equilibrium point in the framework
of comparison functions.

Definition 10.12 (Globally asymptotically stable equilibrium point).

The equilibrium point x. € R™ of a dynamical system X = (R™, f) is globally
asymptotically stable (GAS) if there exists a KL function 8 such that for any
te RS‘ and any x € R™ the following inequality is satisfied:

12 () — el < Bl — zel| 1)

Definition 10.1 can now be seen as the special case where z. = 0 and
B(r,s) = ke **||r||. The notion of global asymptotic stability compares tra-
jectories of X with the special trajectory &, (t) = x.. If we compare arbitrary
trajectories of X we are lead to incremental global asymptotic stability.

Definition 10.13 (Incremental global asymptotic stability). A dy-
namical system X = (R™, f) is incrementally globally asymptotically stable
(0-GAS) if it is forward complete and there exists a KL function 8 such that
for any t € RY and any x,2' € R™ the following inequality is satisfied:

1€2(t) = & (DIl < B(llx — 2| £). (10.20)
In the linear case, 5-GAS degenerates into GAS since ||&,(t) — & (2)]| =
leta —eta’|| < [et|lla — o'|| < we M| — 2’| = B(llz — 2’|, 1), as re-

quired by (10.20). For nonlinear dynamical systems with an equilibrium point
Ze, 6-GAS implies GAS. This can be seen by replacing o’ and &, (t) with
ze in (10.20). However, the converse is not true: the existence of a globally
asymptotically stable equilibrium point does not imply 6-GAS. Nevertheless,
0-GAS can still be characterized by a dissipation inequality.

Definition 10.14 (0—GAS Lyapunov function). Let X = (R", f) be a
dynamical system and consider a smooth function V :R™ x R"™ — R{. The
function V is a 6—~GAS Lyapunov function for X, if there exist Ko, functions
a, @, and X € RT such that the following inequalities hold for all x,x’ € R™:

oz —2'[) < V(z,2") <a(lla —2'|])
ov ov

Sof(@) + S ) £ -V ()
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The usual definition of 6-GAS Lyapunov function requires %—‘; (x)+ g‘f (")

to be bounded by —p(||z—2'||) for some p € K. By modifying V, if necessary,
it can be shown that both definitions are in fact equivalent. The following
result provides a Lyapunov-like characterization of )—GAS dynamical systems.

Theorem 10.15. A dynamical system X is 0-GAS if and only if it admits a
0—GAS Lyapunov function.

In practice, the 6—GAS assumption is tested by searching for a —GAS
Lyapunov function V. Once V is found, 6-GAS is proved and V' can be used
to construct an approximately bisimilar symbolic model, as described in the
next result.

Theorem 10.16. Let X = (R™, f) be a §-GAS dynamical system admitting a
0-GAS Lyapunov function satisfying:

V(x,a') = V(z,2") < (|2 - 2"|)) (10.21)

for some class Ko, function v and for every z,x’',z"” € R™. For any desired
precision € € RT, for any desired time quantization 7 € R™, and for any space
quantization n € R™ satisfying:

n<min {77! (1 - )a(e)),a " oale)} (10.22)
the relation R. C X, x X, defined by:
R. ={(zr,2ry) € X7 X Xrpy | V(2r,27y) < afe)} (10.23)

is an e-approximate bisimulation relation between S;(X) and Sr,(X).

Proof. We only provide a sketch since the proof proceeds along the same lines
of the proof of Theorem 10.8. The first two requirements in Definition 9.2
follow by construction of R. and the third requirement requires a simple
modification of the sequence of inequalities (10.11) through (10.15):

V(ah,ar,) < V(zy,x,) + (27, — 27,
<V (&, (7)., (7)) +v(n)

< eV (&, (0), &, (0)) + ()

e Ma(e) +7(n)

afe)

where the first inequality is now a consequence of (10.21). O

N

IAINA

The reader can easily verify that Theorem 10.8 can be recovered as a
special case of the preceding result by taking @(r) = @r, a(r) = ar, and
V() =

Inequality (10.21) is no longer guaranteed to hold, as was the case for
linear dynamical systems, and is thus an additional assumption. Neverthe-
less, (10.21) is satisfied provided that V is continuously differentiable and we
work on a convex compact set.
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10.5 Notes

The study of abstractions based on approximate similarity is very recent.
This chapter is based on [PGT08, GPT09] where it is shown that, under suit-
able stability assumptions, nonlinear control systems and nonlinear switched
systems admit finite-state approximate bisimilar models. While the results
in [PGT08] do not require Lyapunov functions, they impose a lower bound
on the sampling time 7 used to construct S;(X) and S.,(X). The approach
followed in this chapter originally appeared in [GPT09] and does not impose
any constraint on 7. This means that for any desired value of 7 € R, and
for any desired precision of ¢ € R, there always exists a space quantiza-
tion n € R satisfying (10.7) for linear dynamical systems, (10.17) for affine
dynamical systems, or (10.22) for nonlinear dynamical systems.

The converse result described by Proposition 10.11 appeared in [Tab08a]
where the implication (10.19) was taken as an integral part of the definition of
approximate simulation. This result shows that Lyapunov functions, a typical
weapon in the control theorist arsenal, are essential ingredients in the study
of the recently introduced notion of approximate bisimulation for dynami-
cal and control systems. Lyapunov functions also appear, under the name
of bisimulation functions, in the study of metrics for dynamical and control
systems [GP07], following previous work on probabilistic systems [DGJP99],
finite-state systems [dAFS04], and timed automata [HMPO05].

Earlier attempts to use incremental stability to simplify verification prob-
lems appeared in [GGM06, GP06, FGP06, Gir07] and were preceded by
work on approximate verification that did not rely on incremental stabil-
ity [PVB95, CKO01].

The treatment of 5-GAS follows [Ang02] where the proof of Theorem 10.15
can be found. The proofs of Theorem 10.2 and Theorem 10.4 can be found on
any book on linear system theory such as [AM97].

Although Theorem 10.8 can potentially be used to construct abstractions
of hybrid dynamical systems, no systematic construction procedure appeared
in the literature so far. The difficulty lies in identifying easily checkable con-
ditions determining when the entrance of a trajectory in a guard set implies
that all the surrounding trajectories also enter the same guard set.
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Approximate symbolic models for control

This chapter continues the generalization from exact to approximate similar-
ity, now in the context of symbolic models for control. We discuss approximate
feedback composition and refinement, and show how the techniques developed
in Chapter 10 can be suitably extended to control systems and switched affine
systems. Nonlinear extensions of these results are presented as special topics.

Notation

The following notation is used in this chapter. For any matrix P € R»*", PT
denotes the transposed matrix. Matrix P is said to be symmetric if P = P,
and is said to be positive definite if for every x € R", 2 # 0 implies 7 Pz > 0.
We denote by SP(n) the set of all symmetric and positive definite matrices in
R™*™. The minimum and the maximum eigenvalues of a matrix P € R™*" are
denoted by A, (P) and Apf(P), respectively. For any « € R™, ||x|| represents

the Euclidean norm of = defined by ||z|| = (2 4+ 23 + ... + 22)* where z; is
the ith component of the vector x. This norm induces a norm in the space

of matrices that can be computed as [|A|| = )\J%M(ATA) for any A € R™™.
The exponential of any matrix A € R"*™ is denoted by e and is the analytic
function Y°;° & A’. The ball of radius € R centered at z € R" is denoted
by B, (x) and defined as the set of all the points 2’ € R™ satisfying ||z—z'|| < r.
If Z CR™ and n € RT, [Z],, denotes the subset [Z],, C Z defined by:

Z), = {ZEZ | zi:ki%n for some k; € Z and i = 1,2,...,n}.
Note that we can cover Z by balls of radius 7 centered at the points in [Z],,.
This observation is used several times in this chapter.

Given a subset W C Z we denote by ¢ : W — Z the natural inclusion of
W in Z taking w € W to «(w) = w € Z. The identity map on Z is denoted by
1z : 7 — Zwhilenwyx : X, X X3 x U, x Uy, — X, X X denotes the projection
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sending (24, Tp, Ua, up) € Xq X Xp X Uy X Up t0 (24, xp) € Xo X Xp. A relation
R C Z x W is surjective when for every w € W there is a z € Z satisfying
(z,w) € R.

A metric on aset Z is a function d : Z x Z — R{ satisfying: d(z, 2’) = 0 iff
z=2d(z,2)+d(Z,2") > d(z,2"); d(z,2") = d(7, z). A metric d is said to
be norm-induced if d(z, y) = ||z —y|| for some norm ||-|| and for every z,y € Z.
A metricd: Z x Z — Rar on the set Z induces a pseudo-metric on 27, the set
of all subsets of Z. Such pseudo-metric, called the Hausdorff pseudo-metric

. — —
and denoted by dy, is defined by dj, (K, W) = max {dh(K7 W), dn (W, K)},

where cT;;(K, W) = supyex infyew d(k, w) is the directed Hausdorff pseudo-
metric and K, W C Z. We recall that the Hausdorff pseudo-metric dy, satisfies
all the requirements of a metric except that W = W’ implies d (W, W') =0
but dy, (W, W’) = 0 does not imply W = W".

A function f :]a,b[— R™, a,b € R, is said to be piecewise continuous if
there exists an ordered sequence of real numbers a =i < iy < ...<ip =0
such that for every j € {1,2,... k — 1}, the restriction of f to the interval
lij,1j41[ is continuous. A piecewise continuous function f :]a,b[— R™ is es-
sentially bounded if there exists a compact set K C R™ such that f(t) € K for
almost all ¢ €]a,b]. When f :]Ja,b[— R™ is an essentially bounded piecewise
continuous function, the supremum norm of f, denoted by || f]|, is the supre-
mum of the set {r € Ry | 3t €la,b] r=||f(t)|| A f(t) € K}. The domain of
a function f: Z — W is denoted by dom f.

11.1 Stability of linear control systems

We review a few stability results needed for the study of approximate simu-
lations and bisimulations. The reader is expected to have read Section 8.1.2
where several concepts related to control systems were introduced. Here, we
consider affine control systems described by the affine differential equation:

d
76 = AE+Cx+Di+h (11.1)

with £(t) € R™, x(t) € R™, 6(t) € RY, x € C, § € D, A € R™*" C € RV,
DeR"™ heR" andt € Rar . We distinguish between two different kinds
of inputs: control inputs y, and disturbance inputs . We are thus taking
U=CxDand v = x,9) according to the notion of continuous-time control
system introduced in Section 8.1.2. Independently of the nature of the inputs,
a solution to (11.1) can always be written in the form:

oxs(T) = Va4 /0 " A= (Cx(t) + D§(t) + h) dt. (11.2)

Affine control systems are denoted by the septuple X' = (R",C, D, A,C, D, h)
or by the sextuple X = (R",C,D, A,C, D) when h = 0. In the later case we
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speak of a linear control system. Although we are interested in the slightly
more general class of affine control systems, it is sufficient to consider the
stability properties of linear control systems. In some of the results we will
assume the absence of disturbances, i.e., D = 0. In such cases we denote X
by the quadruple (R",C, A, C).

Definition 11.1 (Input-to-state stability). A linear control system
(R™,C,D, A,C, D) is said to be input-to-state stable (ISS) when there exist
constants k, \, pe, pa € RT such that for any x € R™, any x € C, any 6 € D,
and any t € RT, the following inequality is satisfied:

€axs (@)1 < we™ [lll + pellx|l + palld]l- (11.3)

Inequality (11.3) extends inequality (10.3) from linear dynamical systems
to linear control systems. The next step is to extended also the concept of
Lyapunov function.

Definition 11.2 (ISS Lyapunov function). Let (R",C,D,A,C,D) be a
linear control system and consider a function V : R™ — R satisfying the
following three properties:

1.V is continuous on R™ and smooth on R™\{0};
2.V(x) >0 for all x € R"™;
3. V(x) =0 implies x = 0.

The function V is an ISS-Lyapunov function for X if there exist constants
A, 0, 04 € RT such that for all x € R"\{0}, c € R™, and d € R!, the following
inequality holds:

oV
55 (Az + Ce+ Dd) < =2V (2) + ocl|el] + oal|d]. (11.4)

Inequality (11.4) entails the differential inequality:

d
Z Vol < =AVol+a|x|+odldl

that can be integrated to provide the estimate:

Vot < e Vi) + 2R — e+ 2l - e

< e MVE) + Il + 611 (11.5)

Inequality (11.5) can be combined with (10.5) to fully characterize ISS in
terms of ISS-Lyapunov functions as stated in the next result.

Theorem 11.3. A linear control system X is input-to-state stable iff X ad-
mits an ISS-Lyapunov function.
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For linear systems, the above theorem can be strengthened by assert-
ing that ISS implies the existence of an ISS-Lyapunov function of the form
V(z) = VaT Pz with P € SP(n). Moreover, it can be shown that a linear
control system (R™,C,D,A,C, D) is ISS iff the origin is an asymptotically
stable equilibrium point for the linear dynamical system (R™, A). The ISS
assumption is thus very simple to check since Theorem 10.2 asserts that it
suffices to determine if all the eigenvalues of the matrix A have negative real
part.

Although input-to-state stability is the assumption upon which all the
results in this chapter rely, there is a straightforward extension to a wider
class of control systems. When a linear control system X' is not ISS, it may be
rendered ISS by suitably designing a linear feedback control law xy = K&+ x/
transforming X' into the linear control system defined by:

d
%g =(A+CK){+CxX' + Dé

with new control input y’. ISS is achieved whenever K makes the real part of
the eigenvalues of A + C'K negative. The results in this chapter remain valid
for this larger class of systems even though, for simplicity, we will directly
assume input-to-state stability.

11.2 Control and switched systems as systems

11.2.1 Control Systems

In Chapter 10 we introduced the system S, (X) describing the time-triggered
sampled version of a given dynamical system Y. A simple generalization is
available for control systems.

Definition 11.4. The system S; = (X, U, — ) associated with a control
system X = (R™,C x D, f) and with T € R™ consists of:

X, =R
U, ={x€C|domyx=[0,7]};

e I —f» x’ if there exist x € U, 6 € D, and a trajectory &gys : [0,7] — R”

of X satisfying &xys(T) = 2';
YT = Rn;
H. =1:X; — R".

The output set Y, = R™ of S;(X) is naturally equipped with the norm-
induced metric d(y,y’) = ||y — ¢'[|. In addition to control systems, we also
consider switched systems.



11.2 Control and switched systems as systems 171
11.2.2 Switched systems

Switched systems are a class of hybrid dynamical systems frequently aris-
ing in embedded control applications. We restrict the discussion to the case
where the continuous-time dynamics in each finite state is given by an affine
dynamical system.

Definition 11.5 (Switched affine system). A hybrid dynamical system:
Y= (Sav {Inwa}xaexa’ {Guta}tae " 7{Reta}ta6 " 7{f$a}$aEXa)

is said to be a switched affine system if the following conditions are satisfied:

1.U, = X,;

2. — = {(za,ta,xl) € Xo X Xo X Xy | ug =l };
3. In,, =R" for every x, € X4;

4- GU(z, w2y = R for every (xq,uq, ;) € —;

5. Re(a, uq,a) (w6) = @3 for every (zq,uq, ) € — and zp € Ing, ;

6. fv,(xy) = Az, xp + hy, for some matric Ay, € R™ ™, some vector
he, € R", and all x, € X4, xp € Ing, .

In a switched affine system it is possible, at any time and independently
of the infinite state, to switch from any finite state to any other finite state
without changing the infinte part of the state. This possibility is described by
the several requirements in Definition 11.5. The first two requirements ask that
for every two finite states z,, 2/, € X, there exists one and only one transition

between them: z, %» a! . The third and sixth requirements ask that in each

finite state x, € X, the switched system behaves like the affine dynamical
system (R™, A, h,,). The fourth requirement allows for discrete transitions
to take place at any time and for any value of the infinite part of the state.
Finally, the fifth condition declares that discrete transitions do not alter the
infinite part of the state. These restrictions also imply that a switched affine
system is completely defined by the finite set of states X,, and the collection
of affine dynamical systems {(R", A, ,hs, )}z, ex, . For this reason, we also
denote a switched affine system by the triple X' = (X,,R™, {As,, ha, o, ex.)-

Ezxample 11.6. Switched affine systems provide a useful framework for switch-
ing control. Suppose that several affine controllers:

c=Kiz+hi,c=Kox+hg,...,c=Kpx + hy,
have been designed to control the linear system:

= At + Oy, E(t) €R™, x(t) ER™t € R,
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If these controllers can be used independently of the infinite state x € R"™, we
have a switched affine system X' described by:

({17 27 s 7p}7Rn7 {A + OKi7 Chi}i6{1,2,...,p})-

A software module deciding which controller is executed and when, can now
be seen as a supervisory controller acting on the switched affine system X. <

When switched affine systems are viewed as models for switching control,
the supervisory controller is typically implemented as a periodic task, with
period 7, running on a microprocessor. This implies that discrete transitions
only happen at instants that are integer multiples of 7. An appropriate model
for this kind of system is S, (X)), capturing only transitions of duration 7.

Definition 11.7. The system S;(X) = (X, U, — , Y. H.) associated
with a switched affine system ¥ = (X4, R™, {Ay,, ho, o,ex,) and with T € RT
consists of:

XT — Rn’.

Ur = Xo;
e = %» a’ if there exists a solution &, : [0, 7] — R™ of the affine dynamical

system (R™, Ay, , hy,) satisfying &, (1) = o/;
Y'r _ Rn;
H, =1: X, — R".

Note that S;(X) is both infinite-state as well as metric with a norm-
induced metric.

11.3 Approximate feedback composition and controller
refinement

The controller refinement process carries over, mutatis mutandis, from the
exact to the approximate case. We recall that in Chapter 1 we simplified
the representation of the composition S, X7 S, whenever the interconnection
relation 7 satisfied the condition:

(Ta, 1) € mx(Z) = Ho(za) = Hp(as).
In the current approximate context, we consider the generalized condition:
(xa,mp) € mx(T) = d(Hu(zy), Hp(zp)) < &

and make the additional assumption that d is norm-induced. Note that this
assumption entails that Y, = Y, are normed vector spaces with the same
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norm. Under these assumptions, we denote the composition by:

Sa X% Sb = (XabaXabOa Ualn ?’ 5 ab;Hab)

and simplify its representation to:
Xap = 1x(I);
Xabo = Xap N (Xao X Xpo);
Uab = Ua X Ub;

o (zamp) M2

(«,,xp) if the following three conditions hold:
1. z, u—i» xl in Sg;
u .
2. ap —Z» xp, in Sp;
3. (Ta, Tpy Uqg, up) € T;
Yoo =Y, =Y
Hap(%a,x0) = 5 (Ha(za) + Hy(xs)).
The apparently arbitrary choice of output map is justified by the following
three important properties of approximate composition:
1. S X% Sy, is commutative, i.e., Sq X5 Sy =5 Sy x5 Se;
2. S, x2Sy, generalizes exact composition, i.e., Sq X% Sy = Sy X7 Sp;
3. 8a x5 Sy satisfies the following version of Proposition 6.3.

Proposition 11.8. Let S, and Sy be metric systems with Y, = Y, normed
vector spaces with the same norm-induced metric, and let T be an intercon-
nection relation satisfying:

(x4, mp) € mx(T) = d(Hu(xy), Hy(zp)) < e

Then, the following holds:

1
° Sa X% Sb jés Sa;

1
o S, x5S, =% S
Proof. The proof of this result is the same as the proof of its exact counterpart,
Proposition 6.3, except for the computation of the precision. We thus focus on

1 1

this part and consider only S, x% Sy jgg S, since the case S, x5 S jgs Sy

can be similarly proved. The desired %e—approximate simulation relation from
Sq x5 Sy to S, is given by:

Ry ={((wa,7p),2),) € Xap X X, | e = 2}
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For any ((z4,2p),zs) € R, it is simple to see that:

d(Hab(xaaxb)aHa(xa)) = HlHa(ma) + le(SCb) - Ha(xa)

= H a(Ta) + Hb(xb)

= S(Ha(w), H)) < 3¢

since (zq,2p) € mx(Z). O

With the notion of approximate composition at our disposal we venture
into approximate feedback composition.

Definition 11.9 (Approximate feedback composition). A system S.
is said to be e-approximately feedback composable with a system Sg, if there
exists an e-approzimate alternating simulation relation R from S, to S,. When
S, is e-approzimate feedback composable with S, the feedback composition of
Se and Sq, with interconnection relation F = R°, is given by S. X% S,.

Proposition 8.7 also admits an approximate version.

Proposition 11.10. Let S,, Sy, and S, be systems with the same output
set, assume that S, is .eq-approvimately feedback composable with S, and
let cR, be the corresponding .€,-approximate alternating simulation relation.
If there exists a 4ep-approximate alternating simulation relation Ry from S,
to Sy then S, xi;‘% S is feedback composable with Sy, and the corresponding

(c€a + aEb)-approzimate alternating simulation relation is given by:
caRb = {(($C,$a)7$b) S (Xc X Xa) X Xb | (xcaxa) S cRa A (Il?a,itb) S aRb}~

The proof of this result consists in inserting the word approximate in
several locations along the proof of Proposition 8.7 and is therefore omitted.
Proposition 11.10 suggests how to refine a controller S,,,; synthesized to solve
a simulation game for an approximate finite-state abstraction S,ps of S and a
specification Sgpec. If the simulation game is solved exactly, i.e., with ¢ = 0,
we have:

Scont XF Sabs jos Sspec-

Assuming the abstraction Sg;s to be related to the original system S by
an e-approximate alternating simulation relation, we can invoke Proposi-
tion 11.10 to conclude that Seon: X7 Saps is e-approximately feedback com-
posable with S. Therefore, using S’_,.; = Scont XF Saps as a controller for S
we obtain:

Séont xg+5 S _<2E Sl

0
cont — Scont XF Sabs js Sspec

which shows the specification approximately simulating the controlled system

Slont X§ S with precision Le.
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11.4 Symbolic models for affine control systems

The abstractions constructed in Chapter 10 for dynamical systems relied on
quantizing the set of states and approximating the transitions of S,(X). A
natural generalization to control systems leads to the following construction.
Definition 11.11. The system S-, = (X7y, Ury, - Yo, Heyy) associated
with a control system X = (R",C x D, f) and with 7, € RT consists of:

Xy = [R"y;
Tn:{XEC | dom x = [0, 7]};
o 1z —» 2/ if there exist y € Ury, 6 € D, and a trajectory &,y ¢ [0, 7] — R™

of 3 satisfying 1€axs (T) = 2'[| < m;
Y., =R";
H.)=1: X7 — R™

The system S, (X)) can be regarded as a time and space quantization of a
control system X. It is constructed by approximating the transitions of S, (X)
so as to enforce departure from and arrival at states in X, = [R"],. This
construction is not guaranteed to result in a system approximately simulated
by S-(X) since the mismatch between outputs of S,,(X) and S, (X) can grow
without bounds along any two external behaviors. In Chapter 10 we relied on
asymptotic stability to overcome this difficulty in the context of dynamical
systems. A similar strategy can be employed for control systems in order to
establish the existence of an approximate alternating simulation relation from
Srn(X) to S (X). Moreover, such relation would desirably be surjective since
this allows us to relate any state of S, (%) to a state of S;,(X) for which a
controller can be designed.

Theorem 11.12. Let ¥ = (R",C,D,A,C,D,h) be an affine control system
and assume that the linear dynamical system, (R™, A) admits a Lyapunov
function V' of the form V(z) = VaT Pz with P € SP(n). For any desired
precision ¢ € RT, for any desired time quantization T € R, and for any
space quantization n € R™ satisfying:

7 < min {'yflge (1 - ef)‘T) ,aflge} , (11.6)
the relation R, C X,y x X defined by:
R. ={(r,2;) € Xop x X7 | V(zr — 27y) < e} (11.7)

is a surjective e-approzimate alternating simulation relation from S;,(X) to
S-(X).
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Proof. The proof consists in showing that R, satisfies all the requirements in
the definition of approximate alternating simulation relation.

We first note that R. is surjective since R" C U,c[rn), By(x) implies that
for every x; € X; = R" there exists ., € X, satisfying ||z, — x| < 7. It
follows from the sequence of inequalities (10.9) that (2, z,) € R..

The first requirement in Definition 9.6 follows immediately from the def-
inition of X;¢ and X0, and from the observation that z,,0 € Xr0 C Xro
implies (750, 2+0) € Re for 270 = 0.

The second requirement is a consequence of the definition of R.. If
(Xry, @+) € Re, then V(z,y—x,) < ae which leads, by (10.5), to ||z, — .| < e.

We now consider the third requirement which requires us to show that
(Try, x+) € R. implies:

Vury € Ury(2ry) Fur € Ur(2,) Val € Post,, (z.) 3z, € Posty,, ()

with (27, ,2/) € R.. Fix an input u,, € U,(z;,) and note that it follows

TN YT

from the definition of U, that u., € U;(z,). We then choose u, to be u,,
i.e., Ur = Ury. Let now 2! € Post, (x,). This means that 2/ =&, ., 5(7) for
some essentially bounded piecewise continuous curve § € D. Consider a state

u77776

x’, € Post,, (v,) satisfying 2, — xl, in Sr,(Y) and recall that, by
definition of S, (X), we have:

€0, yurys (T) = Zop | < 1. (11.8)

We claim that (27,,27) € R.. To prove the claim, consider the sequence of
inequalities:

(@ = Earpurns (7)) + VNrryurns (1) — 2 |

(a‘% + / AT (Cuy (1) + DI(E) + ) dt
0

My [T AT Curyl0) + D30 + 1)) 4
0

(eATacT — eATxﬂ,) +n
(€2,00(T) — &2 00(T)) + 11
eV (&,00(0) = &a.,00(0)) + 71
TV (27— 1) +m

e Mae +n

IA N
< <

IN

IN A CIA

ae

where the first, second, fifth, seventh, and eight inequalities are a consequence
of (10.6), (11.8), (10.16), (11.7), and (11.6), respectively. O

Although we established the existence of a surjective e-approximate al-
ternating simulation relation from S;,(X) to S;(X), one problem remains
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unsolved: how do we compute S, (X)? We address this problem in two steps.
First, we treat the case where disturbance inputs are absent: D = 0. By
choosing a finite set C of control inputs curves, it becomes possible to com-
pute S;,(X) using numerical methods. The errors introduced by numerical
simulation can be explicitly accounted for, as discussed in Chapter 10. In
practice, the choice of the set C is based on domain knowledge about the sys-
tem and problem being solved. When a solution to a control synthesis problem
fails to exist for the abstraction, one can choose a larger set C and compute a
new and more faithful abstraction of the system to be controlled. Ideally, one
would like to avoid this iterative process and construct directly a symbolic
model that can be used to prove or disprove the existence of a controller. This
is possible for the important case where the inputs are kept constant during
the intervals [0, 7], commonly referred to as digital control or sampled-data
control. The appropriate system model for this situation is the abstraction
Srnw ().

Definition 11.13. The system Srpw = (Xrnw, Urnw, T Yo, Hepe) as-
sociated with a control system X = (R™,C x D, f) and with T,n,w € RT
consists of:

Xrnw = [R"]y;

Urnpo ={x € C [ x(t) = x(¥') € [R™], Vt,¢" € [0,7] = dom x};
o 1z —+ 2/ if there exist x € Urnw, 0 € D, and a trajectory &z : [0, 7] — R™

TNnWw
of X satisfying ||€zys(T) — 2’| < n;
anw = Rn;

Hopo =11 Xopo — R™.

The assumption of piecewise constant inputs is satisfied by most embed-
ded control systems implemented in digital platforms. The frequency of the
updates is dictated by the dynamics of the physical system being controlled
and by the frequency of the embedded microprocessor executing the control
software. Under this assumption we can strengthen Theorem 11.12 from sim-
ulation to bisimulation.

Theorem 11.14. Let X = (R",C, A,C,h) be an affine control system where
C is the set of all constant curves, and assume that the linear control system
(R™,C, A, C) admits an ISS-Lyapunov function V of the form V(z) = V2T Pz
with P € SP(n). For any desired precision € € RY, for any desired time
quantization T € RT, for any desired input quantization w € RT, and for any
space quantization n € RT satisfying:

7 < min {’y_lgg (1 - e_’\T) - 'y_l)\_lacw,&_lga} , (11.9)
the relation R C Xy x X defined by:
R. ={(zr,2;) € Xy x X7 | V(2r —24yy) < e} (11.10)

is an e-approzimate bisimulation relation between S.(X) and S;,(X).
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Inequality (11.9) describes the tradeoff between precision, time quantiza-
tion, space quantization, and input quantization. It specializes to (10.7), when
inputs are absent, thus making Theorem 10.8 a special case of Theorem 11.14.

Proof. We only present the main steps since the proof mirrors the proof of
Theorem 11.12. The first important step is to show that the third requirement

in Definition 9.2 holds. For this, we consider a pair (2, Z;y.) € R., we assume
that z, L;» 7., and we seek to show that (27,27, ,) € R. where 2’ satisfies

Urnew

, . . )
T W - for an input wrype € Urpw (Z7nw) close to u, in the sense:

[

Note that such input always exists since R™ C Uy, erm, Bu(u). The member-
ship (27, 27,,,) € Re follows from the following sequence of inequalities where
we use 2" = x; — Trpw, U = Ur — Urpy, and the inequality (11.5):

V(z) - xlrnw) < V(@7 = &armotirnn (7)) + W&or it (T) — xf,_,]wH(ll.ll)

<V <6ATxT +/ AT (Cu, 4 h)dt (11.12)
0

—eATa:mw — / eA(Tft)(C’uTW + h)dt) +n (11.13)
0

<V <eATx” + /T eA(T_t)Cu”dt> + 1 (11.14)
<V o &gmun(T) van (11.15)
< €MV 0 & (0) + Ellu” | +m (11.16)
< €V (@r = @) + |+ (11.17)
< e Mae+ %w—i—’yn (11.18)
< ae. (11.19)

TNw /

The reverse direction is similarly shown. If (2, ) € Re and 274 7”'7_W> T

Urnw

') € Re where 2 is given by z, —— z/.
T

then we claim that (27,27,

The claim follows directly from inequalities (11.11) through (11.19) by us-
ing u; = Urpe. O

Example 11.15. To illustrate Theorem 11.12 we consider the linear control

system defined by:
—-11 0
=[] el
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Since the origin is not an asymptotically stable equilibrium point for (R™, A),
we first design the feedback control law:

u= Kz ="7x1 — 629 +

rendering the origin an asymptotically stable equilibrium point for the linear
dynamical system (R™, A+ C'K) where:

-1 1
wvex-[1]

Using the function V(x) = vaT Pz with:

1 L
— 6
P[4 7]

as a Lyapunov function we obtain:

-

17 _16—42 15 17

e >\ = — o= —.
W 17 0 YT YT 16

For a sampling time 7 = 0.25 and a precision € = 0.1 we conclude from (11.6)

that 7 needs to be smaller than 0.017. We choose n = % ~ 0.014, restrict
X to the set [—1,1] x [—1,1], and define C as the finite set consisting of con-
stant input curves assuming values on {—0.5,—0.25,0,0.25,0.5}. Although
Sry(X) is only guaranteed to be approximately simulated by S;(X), several
control problems that are difficult to solve directly on S;(X) become fairly
straightforward computations on S, (X). Consider the safety game for system
Sr(X) and specification set [—0.35, —0.15] x [—0.15,0.15]. Tt is quite difficult
to solve this problem on S;(X), but it is immediate to solve it on S, (%)
due to its finite-state nature. According to the discussion in Section 11.3, if
we synthesize a controller Sg,,; solving the safety game for system S, (%)
and specification set W, the controller Scon: X7 Sr(X) solves the safety
game for system S, (X) and specification set Wze. Therefore, we define W as
W =[[-0.3,-0.1] x [-0.1,0.1]], and use the operator Fy defined in Chap-
ter 6 to solve the safety game. The solution of this game is shown in Figure 11.1
where transitions with the same source and destination are not displayed to
keep the figure legible.

Ezxample 11.16. The synthesis of trajectories satisfying desired specifications
can also be easily done on S,,(X). Assume that we are interested in designing
a periodic trajectory passing through (0.2,0) and (—0.2,0). Since S;,(X) is
finite-state, this problem reduces to a simple search on a graph. A possible
solution is shown in Figure 11.2 where, in addition to the transitions of S, (X),
we also show several trajectories of the closed-loop system. More elaborate
control problems can be solved on S, (%) with similar ease by resorting to
the synthesis algorithms in Chapter 6. <
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Fig. 11.1. Solution to the safety game for system S-,(X) and specification set
W =[[-0.3,-0.1] x [-0.1,0.1]],. The left figure shows the states in W from which
it is possible to control the system to remain within W. The right figure shows the
corresponding transitions for which the source and destination are not the same

state.
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Fig. 11.2. Periodic trajectory passing through the points (—0.2,0) and (0.2,0). The
left figure shows the transitions of S-,(X). The right figure shows several trajectories
of the controlled system for different initial conditions.
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When disturbance inputs are present, it is still possible to construct a
finite-state system which is e-approximate anternatingly bisimilar to S, (%)
by a careful analysis of reachable sets. From equality (11.2) we know that
all the possible contributions of the control and disturbance inputs to & are
captured by the reachable sets:

Rrc = {x eX, x= / AT Ox(t)dt, x € C} )
0

R.p = {x €X,:x= / AT DS(t)dt, 6 € D} :
0

Through these sets we can indirectly quantize the inputs leading to the system
Sron(2).
Definition 11.17. The system Srpy = (Xenn, Urnn, o Yo, Henyy) asso-
ciated with an affine control system X = (R",C,D, A,C, D), with ,n € RT,
and with a set D, C [R™],, satisfying dy(Dy, R-p) <1, consists of:

Xonn = [R"];

Uryy is any subset of [R™], satisfying dpn(Uryy, Rrc) < n;

e Ty X if there exist x € Uryy, 6 € Dy, and a trajectory

om0
Eerpno0 2 [0, 7] — R™ of X satisfying:
€2 pm00(T) + X + 06—l |l < n; (11.20)
Yoy = R";

Hopy =11 Xopy — R™.

The construction of Sr,,(X) requires the knowledge of the reachable sets
R-c and R,p. However, the computation of these sets does not need to be
exact. Using the method described in Section 7.6, we can compute approxi-
mations R,.¢ and R,p to the sets R.¢ and R,p with approximating errors
ec and ep, i.e.:

~ ~

dh(R‘rCaRTC) < €c dh(RTD;RTD) < €D.

Hence, we can redefine X,,, as [R"],_¢.—e, and declare the existence of a

/

o u ~ o~
transition s, p— xl ., when (€. o00(T) +X +0—al,,|

| <n—ec—ep for

some Y € ﬁfc and 8 € 7%7@. With this new state set and transition relation
we have:

[€2,,m00(T) + X +6 =, | = [[€0,,00(T) + X +0 =2, +Xx =X+ 0=
< ”517777,00(7-) + 5(\ +0 - x;nn”
+lx = Xl + 116 =6l
<n—ec—eptetep <

thus maintaining the validity of the next result intact.
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Theorem 11.18. Let ¥ = (R™",C, D, A,C,D,h) be an affine control system
and assume that the linear control system (R™,C, D, A,C, D) admits an 1SS-
Lyapunov function V' of the form V(x) = VaT Px with P € SP(n). For any
desired precision ¢ € RT, for any desired time quantization T, and for any
space quantization n € RT satisfying:

1
7 < min {gfylge(l - e”),algs} , (11.21)

the relation R, C X, x Xy, defined by:
R. = {(zr,2ryn) € Xr X Xopy | V(27 — 1) < g} (11.22)

is an e-approzimate alternating bisimulation relation between S;(X) and
Srpn(X).

Proof. We first show that R. is an e-approximate alternating simulation from
S+(X) to Srpy(X). The first two requirments in Definition 9.6 are proved as
in Theorem 11.12.

Regarding the third requirement, let (z,,2,,,) € R, and recall that we
need to show that:

Vi, € Ur(27) Iuryy € Urgy(Tryy) Vi, € Posty, ., (¥ry,) 327 € Posty, ()

satisfying (27, a?’mn) € R.. Choose any u, € U,(x,) and let u,,, be any input
in Urpy(279y) satisfying:

Note that such input exists by definition of U,,. Let now x'ﬂm be any state
in Post,,,,, (Z7y,). This means that:

<. (11.23)

/ AT Cu (1) dt — gy
0

HgITm;OO(T) + Urnn + 6"'7777 - x;nn” S n (1124)

for some 6,y € D). By definition of D), there exists 0, € D such that:

We then choose . to be the element of Post,,_(z,) given by 2/ =&, _y.s.(T)

and we claim that (z7,27,,) € Re. The claim is a direct consequence of the

/ eATTIDE ()t — Sy || < . (11.25)

0
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following chain of inequalities where we used (10.6), (11.5), (11.23), (11.25),
(11.22), (11.24), (11.21), and 2" = z; — Tpy:

T

§V(e

+v

V&, ) <V (o = Ay~ [ A0 Cxrlt) 4 D0+ 1)t

0

! e xry, — / e (Cx - (t) + D6 (t) + h) dtH
0

T™m

AT AT
-

eAT Ty + / AT (Cxr (t) + D (t) + h) dt — 2,
0

Tnn

<V (&er00(T))

+v

+v

+

eArxTnn+/0 eA(T_t)hdt-l-umn + S _x/ﬂm

/ ATTDCON, () dt — Uy,
0

/ eATTIDE, () dt — Gy
0

< eiATV (5@’”00 (O)) + Y ||§:c7-m700 + Urnn + 57—1717 - xlﬂmu
+yn+n
< e Mae + 3y < ae.

The proof that
Srnn(X) to S-(X) is

R-' is an e-approximate alternating simulation from
similar and thus omitted. 0O

The previous result can also be used in the context of verification when
C = 0. In this case, we regard the affine control system (11.1) as a closed-loop
system affected by an adversarial input § and the verification objective is to

prove that a certain

property holds, independently of §.

11.5 Symbolic models for switched affine systems

The abstraction techniques developed for dynamical and control systems re-

markably generalize

to switched affine systems. At this point, the reader

should be able to foresee how such generalization unfolds. The first step con-
sists in quantizing the states and approximating the transitions of a switched

affine system.
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Definition 11.19. The system S;,(X) = (X7, Ury, - Yo, Heyy) associ-

ated with a switched affine system X = (X4, R",{A;,, he, }o.cx,) and with
7,m € RY consists of:

XT?? - [Rn]n;
U‘rn = Xa;
o I —>u; a2’ if there exists a solution &, : [0,7] — R™ of the affine dynamical
system (R™, Ay, hu,) satisfying €, (7) — 2/ < n;
an =R";
H.yy=1: X7 — R".

A close analysis of the proof of Theorem 11.14 reveals that its conclu-
sion does not depend on the particular form of the differential equation
£ = A¢ + Cx + h but only on the inequality 2% (Az+Cc) < —AV(z) +oc|c|.
For many affine switched systems it is p0551ble to find a single Lyapunov
function V satisfying the inequalities:

ov

8—Aza$ < )\V( ) Vma S Xa.
When this is the case we say that V' is a common Lyapunov function for X.
The arguments in the proof of Theorem 11.14 apply directly to this case and
provide the following corollary.

Corollary 11.20. Let X = (X4, R",{A4,,, hs, }a.ex,) be a switched affine
system admitting a common Lyapunov function V of the form V(x) = VaT Px
with P € SP(n). For any desired precision € € RY, for any desired time
quantization T € RT, and for any space quantization n € R satisfying:

7 < min {’y*lge (1 — e*”) ,aflge} , (11.26)
the relation R. C X, x X, defined by:
R. ={(zr,2) € X; x X0y | V(zr —24yy) < e} (11.27)
is an e-approximate bisimulation relation between S;(X) and Sr,(X).

This result can be used in two different ways. When the inputs X, are
regarded as adversarial, S,,(X) can be used to verify properties that hold
independently of the disturbance input. When X, is regarded as a set of
control inputs, then S;,(X) can be used for control design.

Corollary 11.20 can also be extended to the case when there exists a Lya-
punov function V,, for every linear dynamical system (R", A, ). It is well
known that existence of such Lyapunov functions does not imply the exis-
tence of a common Lyapunov function for Y. In this case, a more elaborate
construction is required, building upon the concept of dwell time used to study
the stability properties of switched systems.
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Example 11.21. We revisit the boost DC-DC converter of Chapter 1, repre-
sented in Figure 1.7. This is a switched affine system with two modes of
operation corresponding to the two positions of the switch. The dynamics in
mode 1 is described by (1.16) and (1.17) while the dynamics in mode 2 is
described by (1.18) and (1.19). The values of the components, given in the
per unit system, are:

C =70,L =3,Rc =0.005, Ry, = 0.05,v, = 1, Ry = 1.

Before proceeding with our analysis, we make the linear change of coordinates

defined by :
21 10 X1
z9 o 05 X9

to better condition the problem numerically.

The purpose of the boost DC-DC converter is to regulate the voltage across
the load resistor Ry. This objective can be reformulated as the regulation of
the current flowing through the inductor, which is one of the infinite state
variables. In order to synthesize a controller, we regard this problem as an
instance of a safety game where the specification set W contains the desired
values for the current. Although safety games are difficult to solve on S, (X),
we can use Corollary 11.20 to construct the finite-state abstraction S, (%) and
solve the safety game on S, (X). One possible common Lyapunov function is

V(z) = V2T Pz with:

p_ [1.02240.0084
~ 10.0084 1.0031

and satisfying:

ov ov
0z 0z

Therefore, A = min{0.0138,0.00139} = 0.0138. A bound for v can be com-
puted using the expression in the proof of Proposition 10.5: v = 1.0256. We
select a sampling time 7 = 0.2 and a precision of ¢ = 3. Although this pre-
cision is not useful for practical purposes, it will keep the symbolic model
Srn(X) small so that it can be easily visualized. From inequality (11.26) we

obtain the bound 7 < 0.00807 and set n = ﬁ ~ 0.0071. With these parame-
ters we construct Sr,(X) and consider the safety game with specification set
W = [1.2,1.6] x [5.6,5.8] that is easily solved by iterating the operator Fy,
studied in Chapter 6. In Figure 11.3, the reader can find the points in W
where mode 1 should be used and the points in W where mode 2 should be
used. The fixed-point of Fy is displayed in Figure 11.4 and the closed-loop

system S. X £ S7,(X) is represented in the book’s cover. <

A1z < —0.0139V Asz < —0.0138V.
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Fig. 11.3. Solution of the safety game for system S;,(X) and specification set
W =[1.2,1.6] x [5.6,5.8]. The points in W where mode 1 should be used are shown
in the left figure and the points in W where mode 2 should be used are shown in
the right figure.
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5.65¢

5.601

20 12 13 14 15 16
Fig. 11.4. Solution of the safety game for system S;,(X) and specification set

W =[1.2,1.6] x [5.6,5.8]. The fixed-point of the operator Fy is represented as the
superposition of the images in Figure 11.3.

11.6 Advanced topics

In this section we show how Theorem 11.12 and Theorem 11.14 can be gen-
eralized to nonlinear control systems. The exposition will be swift and relies
on advanced control theoretical concepts.

We make extensive use of comparison functions of class C and KL to sim-
plify the arguments. A continuous function v : Rj — R, is said to belong to
class KC if it is strictly increasing and v(0) = 0;  is said to belong to class Koo
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if v € K and v(r) — oo as r — co. A continuous function 8 : Ry x R — R
is said to belong to class ICL if for each fixed s, the map 5(r, s) belongs to
class Koo with respect to r and, for each fixed 7, the map 3(r, s) is decreasing
with respect to s and 3(r,s) — 0 as s — oc.

In a nonlinear context we need to replace the asymptotic stability assump-
tion with the stronger assumption of incremental stability.

Definition 11.22 (Incremental global asymptotic stability). A con-
trol system X = (R™ U, f) is incrementally globally asymptotically stable
(0-GAS) if it is forward complete and there exists a KL function B such that
for any t € R0+, any x,x’ € R™, and any v € U, the following inequality is
satisfied:

||§.L’U(t) - gz"u(t)H < B(Hx - xl” at)' (1128)

We also need the stronger notion of incremental input-to-state stability.

Definition 11.23 (Incremental global input-to-state stability). A con-
trol system X = (R™ U, f) is incrementally globally input-to-state stable
(6-1SS) if it is forward complete and there exist a KL function 8 and a K
function p such that for any t € Ry, any z,2' € R", and any v,v' € U, the
following inequality is satisfied:

1€00(t) = Laror ()| < B(ll = 2"[[ 1) + p([v = V")) (11.29)

It is clear that 6-ISS implies 6—GAS since (11.28) can be obtained
from (11.29) by setting v = v’. Both ~GAS and ¢6-ISS can be character-
ized by dissipation inequalities.

Definition 11.24 (0—GAS Lyapunov function). A smooth function
V:R" xR" - R is called a —GAS Lyapunov function for a control sys-
tem X = (R™, U, f), if there exist X\ € RT and Ko functions o and @ such
that for any x,2’ € R™ and any u € R™ we have:

o[l —2')) £ V(z,2') <a(llz —2|])

oV ov ., )

Function V' is called a 6—1SS Lyapunov function for X, if there exist K
functions «, @, and o such that for any x,z’ € R™ and any u,u’ € R™ we
have:

allz = 2')) < V(z,2') <a(|lz - 2[])
ov

T W) £ AV (') + ol — ),

o o)+

The following result completely characterizes 0—GAS and 6—ISS in terms of
existence of Lyapunov functions.
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Theorem 11.25. For any control system X = (R™ U, f) the following holds:

1. if the elements of U assume values on compact set K C R™, then X is
0—GAS if and only if it admits a 6—GAS Lyapunov function;

2. if the elements of U assume values on closed and convexr set K C R™
containing the origin, and if f(0,0) =0, then X is §—-ISS if it admils a
0—-ISS Lyapunov function. Moreover if the elements of U assume values on
compact set K C R™ | existence of a 0—1SS Lyapunov function is equivalent
to 6-15S.

Theorems 11.12 and 11.14 can now be generalized to the nonlinear context.

Theorem 11.26. Let X = (R™, U, f) be a control system admitting a 6-GAS
Lyapunov function V' satisfying:

V(z,a') = V(x,2") < (" - 2"])

for some class Ko function v and for every x,a’', 2" € R™. For any desired
precision € € RT, for any desired time quantization 7 € R™, and for any space
quantization n € RT satisfying:

n < min {7y ((1- e*ale)),a toale)}, (11.30)
the relation R. C X,y x X defined by:
R. ={(zrn,2;) € Xppy x X7 | V(2r,279) < ale)} (11.31)

is a surjective e-approzimate simulation relation from Sy, (X) to S;(X). More-
over, if V is a §-1SS Lyapunov function and U contains only constant curves,
then for any desired precision € € RT, for any desired time quantization
7 € RT, for any desired input quantization w € RT, and for any space quan-
tization n € R satisfying:

n <min {7y (a(e)(1 — e ) — A low), @ toa(e)}, (11.32)

the relation (11.31) is an e-approzimate bisimulation relation between Sy, (X)

and S;(X).

Proof. The proof parallels the proof of Theorems 11.12 and 11.14. The only
modification is the replacement of the sequence of inequalities used to prove
the third condition in Definitions 9.5 and 9.6. We only provide the details for
the inequalities (11.11) through (11.19) since the same argument applies to
the remaining ones.

V(‘rfm xfrnw) = V(J};, SIT‘UUJU‘T’”L‘J (T)) + ,Y(ngrnwuﬂ'nw (T) - ‘rirnw ||)
< V(&rur (1) &arpuirne (7)) + (1)

< eV (@r, @) + 50+ ()
g

< 7)\7'
Se ale) + 5

w+(n) < ale).
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11.7 Notes

The results in this chapter are quite recent and based on [PGT08, GPT09,
PTO09]. Earlier work relating stability properties of control systems to the
existence of approximate simulation relations appeared in [Tab06, Tab08a].
In [GPT09], the reader can find a nonlinear version of Corollary 11.20 that
does not require a common Lyapunov function. Instead, it relies on the con-
cept of dwell time from the switched systems literature. The generalization of
Theorem 11.18 to nonlinear systems is reported in [PT09].

The boost DC-DC example is taken from [GPMO04] and was also used
in [GPTO09]. In this reference, the interested readers can find a more detailed
treatment of Example 11.21.

The discussion of 4-ISS properties in Section 11.6 follows [Ang02] where
the proof of Theorem 11.25 can be found.

Although we only used the notions of approximate simulation and bisimu-
lation to construct finite-state abstractions, they can also be used to construct
infinite-state abstractions to simplify controller design problems [GP09].

Controller synthesis based on finite-state approximate models had already
been discussed in [RO98, MROO02] although the notion of approximation used
in these references corresponds that what we defined as a simulation relation.

As mentioned in Section 10.5, the abstraction techniques discussed in
Part IV have not yet been extended to hybrid systems. The main difficulty
consists in inferring, from the entrance of a single trajectory in a guard set,
the entrance of the surrounding trajectories in the same guard set . The ex-
ception of switched systems, discussed in Section 11.5, is easy to explain since
for this class of hybrid systems the guards coincide with the invariant sets.
A very recent and promising research direction that may lead to the desired
extension is a direct study of the stability properties of hybrid systems and
its corresponding Lyapunov functions [CTGO07, CGTO08|.
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We review Tarski’s fixed-point theorem, see [Tar55], and some of its corollaries.

Notation

In this appendix we denote the image of a set K C Z under a function
f:Z—=Why f(K)={weW |w= f(k) for some k € K}.

A.1 Lattice theory

We start with a relation R C X x X on a set X. Relation R is said to be:
reflexive when (z,x) € R for every x € X; anti-symmetric when (z,2’) € R
and (2, ) € Rimply = = 2’; and transitive when (z,2’) € R and (2/,2”) € R
imply (z,2”) € R. When f : Z — Z, we denote by f* the i-fold composition
of f with itself.

Given a relation R C X x X, we denote a pair (z,2’) € R by zRx’.

Definition A.1 (Pre-order, partial order, and total order). A pre-
order on a set X, denoted by T, is a relation on X that is reflezive and
transitive. A pre-order T is said to be a partial order when C is also anti-
symmetric. A partial order is said to be total when for every x,x’ € X either
x C ' or 2’ C x holds. The pair (X,C), where C is a partial order on X, is
called a partially ordered set.

Consider now a subset X’ C X and an element z € X. The element z is
said to be the supremum of X', denoted by sup X', when the following two
conditions hold:

1. Vo’ € X’ 2/ C z (x is an upper bound);
2.V € X (Vo' e X! 2/ C2") = x C 2" (x is the smallest upper
bound).



192 Appendix

Dualizing the above definition we obtain the notion of infimum. The ele-
ment z € X is the infimum of X’ C X, denoted by inf X’ if the following two
conditions hold:

1. Vo' € X’ o C 2/ (x is a lower bound);
2.Ve" € X (Vo' e X! 2" Ca') = 2" C z (z is the greatest lower
bound).

Definition A.2 (Lattice and complete lattice). A partially ordered set
(X, ) is said to be a lattice if for any finite set X' C X the supremum of X'
and the infimum of X' exist and belong to X. Whenever sup X' and inf X'
exist and belong to X for any set X' C X we say that (X,C) is a complete
lattice.

The reader should check that (27, C) is a complete lattice for any set Z,
for the set of all subsets of Z, denoted by 2%, and for the usual set inclusion
relation C. In this lattice, sup{A, B} = AU B and inf{A, B} = AN B for any
A, B e 2%,

A totally ordered subset X’ C X is said to be a chain. A chain {z;};en,
where x; € X', is increasing when z; C x; 41 and decreasing when x; 11 C x;
for all 7 € N.

Definition A.3. Let (X,C) be a complete lattice and consider a function
[+ X — X. Punction f is said to be:

monotone if x C o' = f(z) C f(a') for every z,2' € X;
sup-continuous if f(sup{x;}icn) = sup{f(z;)}ien for every increasing
chain {x;}ieny with x; € X;

e inf-continuous if f(inf{x;},en) = inf{f(x;) }ien for every decreasing chain
{z;}ien with x; € X.

A.2 fixed-points

A fixed-point of a function f : X — X is an element x € X satisfying
f(z) = x. Tarski’s fixed-point theorem provides sufficient conditions for the
supremum and the infimum of the set of fixed-points of a function to be fixed-
points.

Theorem A .4. Let (X,C) be a complete lattice, let f : X — X be a function,
and denote by Y = {x € X | f(z) = x} the set of all fized-points of f. If f is
monotone then the following holds true:

e supY €Y andsupY ={z € X |zC f(x)};
e fYeY andinfY ={z e X | f(z) Ca}.

Although Tarski’s theorem asserts that a monotone function always has
an infimal and a supremal fixed-point, it does not state how such fixed-points
can be computed. The next result addresses this question.
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Theorem A.5. Let (X, C) be a complete lattice, let f : X — X be a function,
and denote by Y = {xz € X | f(z) = x} the set of all fizred-points of f. If f is
sup-continuous, then:

inf Y = sup {inf X, f(inf X), f?(inf X),...}. (12.1)
Dually, If [ is inf-continuous, then:
squ:inf{supX,f(supX),fQ(supX),...}. (12.2)

When the set X is finite any increasing or decreasing chain {z;};ey is
necessarily finite in the sense that there exists a £ € N such that z;, = x; for
j > k. This implies that the supremum of an increasing chain is:

sup{e; }i=1,2,...k = Tp = lim ;.

11— 00

If we apply a monotone function f: X — X to the increasing chain {z;};en
we obtain the increasing chain:

f(z1) C f(z2) E f(23) E ... C fzx) = f(wht1) = f(Th42) = - -

and its supremum is:
sup{f(z;) }ien = f(zk) = Zlggo f(@s).

This shows that any monotone function with respect to a lattice defined on a
finite set is a sup-continuous function. The same argument also shows that f
is inf-continuous.

Consider now equality (12.1). By definition of infimum, inf X £ X’ for any
X' C X. Therefore, inf X C f(inf X). Since f is monotone, inf X C f(inf X)
implies f(inf X) C f2(inf X) and by induction f*(inf X) C f*(inf X) for ev-
ery i € N. We conclude that {f(inf X)};cn, is an increasing chain. Finiteness
of X now ensures that this chain is finite and:

sup {inf X, f(inf X), f*(inf X),...} = Jim. f*(inf X).
Dually, we have:
inf {supX, f(sup X), f3(sup X), .. } = llirrolo fi(sup X).
We summarize this discussion in the next result.

Corollary A.6. Let (X,C) be a complete lattice over a finite set X, let
f:X — X be a function, and denote by Y = {x € X | f(z) = x} the set
of all fixed-points of f. If f is monotone then:

infY = lim f(inf X) supY = lim f*(sup X).

11— 00
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