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ABSTRACT

The analysis and synthesis of discrete event systems (DESs) are addressed
in this thesis by a temporal logic approach. This approach provides a temporal
.logic model and 2 temporal logic language for the modeling and speciﬁcation, an
algorithm for reachability analysis, and a procedure for the controller design and
synthesis of DESs. To handle the probabilistic system where the point probability
distributions are known, a temporal logic mode! is defined and a generalized tem-
poral logic language is formulated to include the certainty operators for specifica-
tions and verification. An algorithm is developed for computing the reachability set
and constructing the reachability graph. Using a process algebra, the composition
and synthesis of processes are investigated through the process homomorphism;
and a procedure is proposed for the controller synthesis and configuration. Then
the optimization problem of DESs is solved by the A" algorithm via a heuristic
. search. Based on these results, a software package is developed for the temporal
logic evaluation, reasoning and simulating discrete event systems. The software
is designed using an object-oriented approach and implemented in Objective-C.
The simulation results are reported in terms of the Iogic evaluation, temporal logic
reasoning, and discrete event system simulation. Besides, the examples of appli-
cations are also given to convey and motivate the theoretical discussions. The
results are compared with related works, particularly, qualitative reasoning, other
modeling approaches of DESs, and different temporal logic approaches; and our

results are seen more advantageous than them in various aspects.
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Notation

Various symbols, superscripts, subscripts, and abbreviations used frequently
in this thesis are summarized below. All notation is fully defined where it first
arises in the text.

Symbols
the set of events (event labels); and ¢ € E.

E
E, the enabled event set, a subset of E.
F  the transition function of the plant, or a function letter.
f  the transition function of the closed-loop system.
fo  the transition function of the controller.
F  the set of formulas.
F*  the set of subsets of F.
J(su,s,) the cost function index from so to s,.
l  the labelling function of the plant.
le the labelling function of the controller.
[ the labelling function of the closed-loop system.
M  the temporal logic model of the plant, or a model.
M.  the temporal logic model of the controller.
M the temporal logic model of the closed-loop system.
M| M’  the composition of M and M’.
p the probability distribution function.
Ps  the probability distribution on W,.
Q  the set of states of the controller; and q € Q.
go the initial state of the controller.
R*  the set of the positive real numbers.
R(M,so) the reachability set for M = (E, S, f, 50,1, p).

xav
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< un

W,

the set of states of the plant; and s € S.
the set of states of the closed-loop system.
the event structure.

the set of all paths of S that begins at s.

the local variable symbol, or a state.

Greek Letters

(also B, 7, and so on) an event symbol.

the local variable of the event sort.

the null event.

the empty sequence or the empty set.

a sequence of states or events, or a trajectory.
a sequence of states starting from s;.

the cost function.

a set of formulas.

Special Symbols

-—

9 ¢ o0t § > <«

the logic negation symbol.
the disjunction connective.
the conjunction connective.
the conditional implication.
the biconditional implication.
the next operator.

the henceforth operator.

the eventually operator.

the precedes operator.
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the until operator.

the certainly operator.
the possibly operator.
the union of sets.

the intersection of sets.

Acronyms and Definitions

Al
CSp
CwA
DES
DESs
DP
ITL
QDE
RTTL
TL
TLM
TLMs

of

artificial intelligence.
communicating sequential process.
closed world assumption.
discrete event system.

discrete event systems.

dynamic programming.

interval temporal logic.
qualitative differential equation.
real-time temporal logic.
temporal logic.

temporal logic model.

temporal logic models.

a pf part is a part which has been processed for the first time

on a machine.



Chapter 1
Introduction

A discrete event sysiem (DES) refers to a dynamic system that changes state,
in accordance with the occurrence, at possibly unknown time points, of discrete
events [106]. For example, an event may correspond to the completion of a task
or the failure of 2 machine in a manufacturing systém, the arrival or departure of
a packet in a communication system. The characteristic features of discrete event

systems (DESs) include the following:
e Events occur at discrete times instantaneously;
» States have discrete values which may be non-numerical and symbolic;
e Systems are event-driven rather than clock-driven;
o Operations of processes are nondeterministic in general;

o Systems may have internal dynamic behavior and also interact and react

with their environments; and

e Processes may operate concurrently and communicate with each other.



As an introduction, in this chapter we will briefly review the literature of
DESs. After that, we will state our research objective and motivations, and then

give the outline of the thesis and its contributions.

1.1 A Brief Literature Review

DESs are found in many areas, and even those systems that have not been
called as discrete event systems traditionally, from a certain perspective may be
thought of or modeled as DESs, for example, manufacturing systems, computer

operating systems, communication networks, and data bases.

Before we go to the research of DESs, it is instructive to review the history
of the DES research which has been driven by an interplay of computers and the
electronic technology, by the growth of control system theories, and by the progress
of the digital cornputation. Perhaps the early usage of discrete event concepts
was in the many simulation languages: GPSS, SIMULA, and SIMSCRPT among
others [24,104]; and they have played an important role in the the evolution of the
object-oriented languages. Another early work was [91] in which Petri formulated
2 representation of asynchronous sequential processes using net structures that
have been known as Petri nets. Aveyard presented in {3] a Boolean model for a
class of DESs. Then the DES research got an explosive growth recently. Among

the models of DESs developed to date we count the following:

¢ Automata and formal languages; (to this group we also assign finite state
machines);

o



¢ Boolean algebraic models;

o Finitely recursive processes; (to this group we also assign communicating

sequential processes and other process algebras);

o Generalized semi-Markov processes (GSMP) (this category includes all ef-

forts related to general discrete event simulation languages);
¢ Markov chains;
¢ Min-max algebraic models;

Perturbation analysis;

Petri nets models;

¢ Queueing network;

Temporal logic.

While there have been a lot of attempts to construct general models, there
is 2 lack of a universal framework for DESs. Thus far, there is no model which
has the potential to eventually serve as the analog of the differential equation for
continuous variable dynamical systems [103]. These approaches are simply differ-
ent means of modeling and aralysis of different aspects of the system behavior.
Although seeming diverse, they have a common connection through the properties

of time and determinism as shown in Table 1.1.

Efforts on modeling DESs have been aimed in two directions. One is con-

cerned with deterministic issues in logical approach or algebraic approach. The

3



other addressed nondeterministic issues in stochastic formalism. Untimed logical
behavior can be modeled by automata and formal languages, finite state machines
and Petri nets. Temporal behavior can be described by temporal logic, and timed
Petri nets. The algebraic models describe DESs by mathematical equations in
minimax algebraic models for timed behavior; Boolean algebraic models, finitely
recursive processes and algebraic theories for untimed behavior. Stochastic aspects
are emphasized in queuing networks, Markov chains, and perturbation analysis.
The classification in Table 1.1 is primary and is not complete. For instance, timed
Petri nets and stochastic Petri nets are not included. Furthermore, there is a

nondeterministic issue for almost every approach.

timed — > < — untimed
Logical Temporal logic; Automata & formal languages;
Petri nets;
Algebraic Min-max algebra; Finitely recursive process;
Boolean algebra;

Performance | Perturbation analysis;
Queueing networks;
Markov chains:
GSMP;

Stochastic => <= Deterministic

Table 1.1: Classification of DES models

In the sequel of this section, we review briefly each model listed in Table 1.1.

We begin our brief review with the untimed logical approaches including automata

4



and formal languages, and Petri nets.

The theory of automata and formal languages for DES models was initiated
by Ramadge and Wonham [85,96]. The objective of this approach has been to
examine properties specific for a control theory approach such as controllability,
observability, and hierarchical control for DESs from a qualitative viewpoint. In
particular, the concepts of dynamics, such as time constants, time and frequency
responses, controllability and observability, have played important roles in the de-

velopment of this approach.

In this approach, a DES is formally a 5-tuple

G= (27 Qa 61 do, Qm)

Here I is the (finite) set of event labels; Q is the (possibly infinite) state set;
§: 2 xQ — @ is the transition function; go is the initial state and Q,, is the
subset of marker states. Control of 2 DES G can be exercised by a supervisor
S consisting of an automaton equipped ﬁrith a state-determined output function.

The closed-loop system is again a DES, dencted by S/G, the action of S on G.

This theory studies a number of qualitative issues such as the existence,
uniqueness, and structure of supervisors for simple control tasks. In addition,
algorithms have been developed for the synthesis of the designed supervisors. In
the use of a formal language, the model is similar to the work of Shaw [101] on
flow expressions and the work in [6] on using automata models to study process

synchronization; and there are certain points of similarity with the linguistic ap-

5



proach of Hoare to the specification of concurrent processes [35]. The theory has

been proven useful in the theoretical analysis of a number of basic supervisory

control problems [95,112]; and it has been extended to cover modular [96], observ-

ability and distributed control [56,14], decentralized and hierarchical control [54),
“and optimal control [55,100,95].

Petri nets have been used as a structure model in the analysis and design of
DESs [90,39]. Reachability, observability, and controller synthesis problems have
been studied [21,36]. The advantage of using Petri nets is that the model can be
described in a graphical form and hence it is possible to visualize the intersections
among different components of a complex system. However, Petri-net theories
have been criticized in [47] as lacking satisfactory verification methods for liveness

properties and (concurrent) data structures.

One éf the timed logical models is temporal logic. There are known examples
of the applications of temporal logic to the modeling and analysis of DESs. In {271,
Fusaoka et al. described 2 methodology to deal with the behavior of 2 dynamic
system including plant controllers in the framework of temporal logic. Thistle and
Wonham used a linear-time temporal logic framework in [105] for the specifica-
tions and verification of control systems. For real-time DESs, Ostroff introduced
a Real-Time Temporal Logic framework (RTTL) in [85] with the extended state
machine models. The above two approaches are based on the work of Manna
and Pnueli [72] so that a sound proof system based on their work is immediately

available. RTTL is more expressive than Thistle’s in real-time aspects. The dif-



ference between two systems is that RTTL is not strongly sound and Thistle's is
not strongly complete. This is resulted from adopting the Insertion Rule in RTTL
but not in Thistle’s. As a result, state formulas are interpreted with respect to the

initial state of a sequence in Thistle’s, and to all states of a sequence in RTTL.

Linearity is a most welcome property in the system theory since it significantly
simplifies the system analysis [1,111]. However, DESs encountered in applications
are usually nonlinear. Generally, coping with nonlinearity consists of considering
a system as locally linear under prescribed behavior conditions. But linearization
is not the only thinkable approach for DESs. In [16], Cohen et al. established a
“linear” model for a class of deterministic DESs in the sense of an unusual algebra
already known in the literature under names such as “minimax algebra” {17], or
“path algebra” [12]. A state-space representation of DESs was given to efficiently
calculate the periodical steady state of the closed DES, involving a finite set of ac-

tivities repeatedly performed by means of a limited amount of available resources.

We have extended Cohen’s work to the nondeterministic DESs with known
point probability distributions [57,58,61]. Under such extensions, our model of the
nondeterministic DES is linear in the sense that minimax algebra is combined with
the usual classical algebra. The minimax algebra is used to process the treatment
of time sequences; and the usual classical algebra is used to introduce a Markov
structure that assigns point probabilities to events. A hybrid dynamical state-
space representation of the nondeterministic DES is then established to determine

the quantitative structured features of the control problem. As a direct result of



this approach, the output feedback control is generated. To predict the long range

performance of the DESs, the asymptotic behavior of the system is established.

The “pseudo-linear”™ algebras in the above timed algebraic models make them
similar to the usual linear dynamic systems. This analogy has been proved very
useful, since notions such as eigenvalue, eigenvectors, and their relations with
what can be called the “modes” [83] of their counter-part in the (maz, +) alge-
bra. Therefore, they are mathematically and computationally attractive. Their
disadvantage is that they can not deal with the systems whose state values are
non-numerical or symbolic; and this restricts the scope of applications for DESs.
This approach was abandoned in this thesis due to the disadvantage mentioned

above,

The untimed algebraic models include Boolean algebraic models and finite
recursive processes. Boolean models of DESs have been given in [3] for the deter-
ministic DESs using a Boolean algebra. The state of the model is represented by
a vector of Boolean variables, and enabling conditions and state transitions are
embodied in a Boolean matrix resulting in 2 difference equation formulation for
the model. In the Boolean difference equation model, the next state is determined
from a knowledge of the present state and the ﬁriﬁg variable input. A simple
conveyor system was used as a vehicle for relating the developinent of the Boolean

matrix equation model to a physical system.

Finite recursive processes have been developed in [40] for DESs by using



Hoare's deterministic process theory. and a general approach toward constructing
model algebras has also been proposed in [41]. These models are proposed to help
in the specification, implementation and simulation of communication protocols

and supervisory control strategies.

The stochastic approaches include the perturbation analysis, queueing theory,
and Ma.r.kov chains. Sample paths of DESs which contain a considerable amount of
information have been exploited in a perturbation analysis context— given several
system parameters, one may predict the behavior of the system when the values of
these parameters are perturbed. Some of the early work in this area were limited
to “infinitesimal” perturbation for continuous parameters such as service rates of
DES resources (e.g. machines,l processors, network switc‘h&e), and have come to
be known as Infinitesimal Perturbation analysis. Advances in this approach have

been seen in [103,34], and a good overview may be found in [33].

Queueing network models have been used to describe the synchronization
constraint problem of resource sharing and have provided a variety of quantitative
insights into the system performance [4]. It examines 2 class of DESs, and gives a
variety of results, related to the performance analysis. A stochastic DES has been
modeled as a continuous-time Markov process and then a Markov chain [13] can
be obtained from the system. A generalized semi-Markov process (GSMP) [29]
defines a particular type of stochastic processes. It captures the essential dynamic

structure of 2 DES and then gives the qualitative theory and numerical algorithms.



No single approach to the modeling and analysis of DESs will suffice for all
problems of interest. Each of the above models has its own applications, virtues,
and limitations. In all models, there is a need for more expressive descriptions
of system dynamics, for a concise means of system and problem specifications,
for the study of interesting subclass of systems with special structures, and for

optimization algorithms and procedures.

1.2 Research Objective and Motivations

Our research objective is to build a framework for the analysis and synthesis
of DESs. It focuses on the idea of how to ensure the orderly and efficient flow of
events. This can be achieved within a hierarchy of levels: higher levels dealing
with decision making and optimization, lower levels with the logical aspects of
the problem specification, modeling and controller design, and the lowest levels

addressing implementation issues such as the software implementation.

As many DES problems arise in computer systems, communication networks,
and computer-related applications, we choose a temporal logic approach for mod-

eling DESs. This has the following motivations:

e Temporal logic is well-developed and continuous to be an active area of
the research in Computer Science [28]. It has found applications in Al
especially in temporal reasoning of simulating actions [102], planning systems
and expert systems [44].

-

10



e The notation of DESs is captured by temporal logic iz an intuitively appeal-
ing and simple manner [S6]. Thus, the use of temporal logic as a model for
DESs is of growing interest [105]. Also, temporal logic is proving to be of

some use in the area of specifying the behavior of real-time DESs [85].

¢ Temporal logic has been applied to the specifications of communication pro-
tocols [99], verification of concurrent programming [72], hardware specifi-
cation [9], and automatic verification of sequential circuits [10]. The use of
temporal logic as a formal method is growing, particularly its applications to
the software design and development. Working in this approach could find 2

way to generate a controller software from the temporal logic specifications.

As seen from the above review, the temporal Iog-ic framework used in control
problems needed to be more expressive in order to deal with the probabilistic fea-
tures in DESs. This gives us a2 motivation to define a temporal logic model and
formulate a generalized temporal logic framework including the certainty operators
for the probabilistic systems. Then the framework is applied to the specification
and verification of the properties for the nondeterministic DESs where the point
probability distributions are known. As a framework, it is necessary to have no-
tions of dynamics. This motivates us to proceed to the reachability analysis for the
dynamic behavior of the system. For the temporal logic models, the composition
of them is investigated by a process algebra and then extended to the synthesis
problems leading to the construction of suitable controllers. The fact that com-
putational algorithms are needed in the temporal logic approach gives us 2 moti-
vation to develop an optimization procedure via 2 heuristic search. Within such

a temporal logic framework, a software package is developed for logic evaluation,
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reasoning and simulating DESs. It is designed in an object-oriented approach and

implemented in Objective-C. Then three examples of simulation are demonstrated.

1.3 Outline of the Thesis and Contributions

The sequel of this thesis is organized as follows:

In Chapter 2, we will introduce a temporal logic framework for the specifica-

tions and verification of properties for the control problems of DESs.

In Chapter 3, we will define a temporal logic model based on an event struc-
ture and formulate a generalized temporal logic framework which includes the
certainty operators to specify the probabilistic features of DESs. The syntax, se-

mantics, and proof system of the language will be described.

In Chapter 4, we will apply the generalized temporal logic framework to
specify and verify the properties of the nondeterministic DESs where the point

probability distributions are known.

In Chapter 5, we will analyze the dynamics of DESs and define reachability
of temporal logic models. The relationship between validity of logic formulas and
reachability of states will be given and the reachability analysis of DESs will be

developed by constructing a reachability graph and computing the reachability set.



In Chapter 6, we will compose temporal logic models through a process al-
gebra and then propose a procedure for the reachability synthesis and controller
design of a given DES. As a result, we also discuss the relationship between the

controller synthesis procedure and the verification.

In Chupter 7, we will discuss the active controls and 2 semi-metric space, and
then develop a procedure of optimization for DESs via a heuristic search and use

the A® algorithm to solve the optimization problem.

In Chapter 8, we will develop a software package for the logic evaluation,
for reasoning about DESs, and for the DES simulation. The software is designed

using an object-oriented approach and implemented in Objective-C.

In Chapter 9, we will demonstrate three examples of the simulation: 2 logic

evaluation, a gun shooting example, and a2 manufacturing system.

In Chapter 10, we will summarize the results of the thesis and discuss the
related research works. After that, the suggestions for further research will be

given at the end.

The original contributions of the thesis include:

1. The temporal logic model based on an event structure; the generalized tem-
poral logic which includes the certainty operators for the case where the point

probability distributions are known, the proof system, Soundness Theorem,
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1o

and Completeness Theorem, and these are generalizations of those in the
framework given by Manna and Pnueli [72] and used by Thistle and Won-
ham [105]. see Sections 3.2, 3.3, 3.4, [59,60,62,66).

The general forms of specifications of the control problem of the DESs; Pro-
cedure 4.2.1; verification of a nondeterministic DES with point probability

distributions known. see Sections 4.2, 4.3. [59,60,66).

Theorem 5.2.1; Theorem 5.3.2; Corollary 5.3.3 that the validity of logic
formulas is equivalent to the reachability of states in a given temporal logic
model; Algorithm 5.3.1, the algorithm for constructing a reachability graph

and computing the reachability set. see Sections 5.2, and 5.3. [62,68,70,71).

The composition of temporal logic through a process algebra, Theorems
6.3.1, 6.3.3, 6.3.4; Corollary 6.4.1; Procedure 6.4.1, the procedure for the
controller design and reachability synthesis; and Theorem 6.4.2. see Sections

6.3, 6.4. [63,68,43,71).

Definition 7.3.1, the definition of a semi-metric space; the statement of the
optimization problem for DESs; Theorem 7.5.1, the solution to the opti-
mization by A" algorithm with an up-bounded semi-metric function via a

heuristic search. see Sections 7.3, 7.4, 7.5. [67,64].

The object-oriented design of the software package; its implementation in
Objective-C; and simulation of applications. see Sections 8.2, 8.3, 8.4, 9.2,
9.3, 9.4. [69,42].
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Chapter 2

A Temporal Logic Framework for
the Control Problem of DESs

Temporal logic has many applications [28,102,44] and some of them will be
introduced briefly in the next section. After an introduction, we will present a
temporal logic framework which has been applied to the specifications and verifi-

cation of the properties for the control problem of DESs in [105].

2.1 Introduction

Temporal logic has its origins in philosophy where it was used to analyze
the structure or topology of time [97]. Philosophers introduced special temporal
operators such as O (henceforth) and < (eventually), for the analysis of temporal
connectives in languages. As a valuable tool for analyzing the topology of time,

various types of semantics can be given to the temporal logic operators.
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One of the arcas in which Computer Science has found a use for temporal logic
is Artificial Intelligence (AI) [28]. To duplicate human intelligence or merely to
simulate its effects, it is important that human intelligence manifests itself both in
what we do and what we say, so that much Al research has been directed towards
the tasks of simulating action (event) and simulating language. Both of these tasks
need a proper treatment of time. For this purpose, Bruce [11] presented a formal
model of temporal references in a natural language. After that, Kahn and Gorry
[45] introduced a time manager to handle temporal matters in the problem-solving
routines. To serve as a framework for programs that must deal with time, Mec-
Dermott proposed a temporal logic for reasoning about processes and plans [77].
In the AI approach to temporal logic, Allen elaborated what he calls a theory of
time [2] as a part of a foundation for the sorts of temporal reasoning required in

the AI applications.

Reasoning about time typically involves drawing conclusions from the given
informatior. In general, the given information is incomplete because of ignorance,
nondeterminism, and indecision. Despite the lack of complete information, pre-
dictions have to be made to pursue hypotheses and to plan for the future. A
computational approach to temporal reasoning was presented by T. Dean et al.
in [20,19], called temporal database management. This approach centers around
techniques for managing 2 data base of assertions corresponding to the occur-
rence of events and the persistence of their effects over time. The temporal reason
maintenance was performed by keeping track of dependency information about

the truth of facts.
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In recent years, temporal logic has found applications in the areas of soft-
ware verifications and knowledge based systems [28,44]. For example, to specify
program behavior, the structure of states is the key concept that makes temporal
logic suitable for program specifications. A formula, containing temporal logic
operators, is interpreted over a structure of states. In programming languages,
the structure represents the computations executed by a program. Hence, tempo-
ral logic has been proposed as a means of formalizing assertions expressing how
the state of a program changes with time; and it has been useful for software
verifications {72,73,75,15].

As temporal logic allows a high level description of program states and the
way they change with time, it may provide a useful formal approach to the control
problem of DESs; and indeed, it has already applied in this area in [27,105]. In the
sequel of this chapter, we will introduce a temporal logic framework to the control
problem of DESs [105]. It is a discrete time temporal logic; and its language and
proof system are adapted from those used in the verification of concurrent pro-
grams by Manna and Pnueli [72,73]. In Section 2.2, we describe the syntax and
semantics of the temporal logic language. In Section 2.3 we present a system of
proof rules, and then its soundness and completeness in Section 2.4. In Section
2.5, we apply this framework to the specifications and verification for the control
problem of a DES. Following that, we talk about the extension of temporal logic
for real-time systems. Finally in Section 2.7, we discuss the advantages and dis-
“advantages of this framework.
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2.2 The Language, Its Syntax and Semantics

A few symbols of elementary set theory are used in the language. In what
follows, we consider the axiomatics of the set theory as known. We denott;. a set
by a bold or capital letter such as S or I, or embracing the members of the set
with curly braces such as {w}, {w;,w;}. Also, we use the ideas of set-membership

€, of set union U, and of set intersection N.

The symbols of the language include individual constant symbols; individual
variable symbols; definitional identity =; function letters; predicate letters; logi-
cal connectives: = (the negation symbol) and V (the disjunction connective); and
temporal operators: (O (the next operator), O (the henceforth operator), and I

(the until operator).

There are different time points which may yield different truth values of for-
mulas in the language. We assume that the set of time points is infinite, discrete,
and linearly ordered by the usual precedence relations < and <. Hence we use the

positive natural numbers as a set of time points.

The language is a many-sorted one. Following Enderton [23], we assume that
we have a non-empty set I, whose members are called sorts. There is a2 countable
number of constant symbols, and also of variable symbols, of each sort ;. For
each n > 0 and each (n + 1)-tuple of sorts (73,72, ..., 541 ), there is a countable set
of n—ary function letters said to be of sort (;,22,...,in+1). Also, for eack n > 0

and each n-tuple of sorts (i), iz, ...,1, ), there is a countable set of n—ary predicate
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letters said to be of sort (i;.1z,...,1.).

For any sort i, the terms of sort  are defined as those of a standard first order

logic. In addition
e the expression (Ot), for any term ? of sort 7, is a term.

Definition 2.2.1: The well-formed formulas {or simply, formulas) of the lan-
guage are defined as follows:

(2): for any terms #,, -+ -, ¢,, any predicate symbol P, P(%,,- --,2,) is a formula;

(i2): for any formula w, (~w), (Qw), and (Ow) are formulas;

(#i2): for any formulas v and w, (v V w) and (vlfw) are formulas.

Informally, (Ow) means that w will be true at the next time instant; (Ow)
has the English paraphrase: w will be true henceforth; and (vi{w) has the intu-

itive interpretation: v will be true until w is (and w will indeed eventually be true).

In the language, a state, an interpretation, and a structure are defined as

follows:

Definition 2.2.2: Let D; be the domain containing z, y, 2, --- for every sort

i. A state is an assignment of an element of D; to each variable symbol of sort
i. An interpretation M specifies a domain D; for each sort :, and assigns to each
constant symbol of the sort ¢ an element of D;, to each function letter of sort
| (31,224 evey Inga) @ function f: Dy, x Dy, X --- x D;, — D;, ., and to each predicate

letter of sort (%,%2,...,2s) a relation P C Dy, x Dy, x «-+ x Dy,
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Definition 2.2.3: A structurc is defined by (Af, o) where
e M is an interpretation; and
e ¢ is an infinite sequence of states sg, sy, 53, ...

The formulas are evaluated with respect to the structure (M,c). For the
structure (M, o) with sequence o = sgs;52++, and for any integer & > 0, M®
represents the structure (M, o(*)) with sequence ¢®) = sgsp4q -+, and MO = M.

The following notations are used:
o M([t] represents the value assigned to the term ¢ by M:
o M[C] represents the value assigned to any global constant symbol C by M;

o M[z] represents the value assigned to any local variable symbol z under the
initial state of o by M;

o fM represents the function assigned to the function letter f by M;
o PM represents the relation assigned to the predicate letter P by M.

Proposition 2.2.1: For any term ¢, M[(Ot)] = MW[t).

Intuitively, the states of the sequence of a structure represent the state of
affairs at successive instants of time. So, the global constant symbols, predicate
letters and function letters have interpretations that are independent of time, while

the local variable symbols represent quantities that change with time.



Definition 2.2.4: A state formula is any well-formed first order formula which
is evaluated with its truth volue depending only on the first state of the path at
which it is evaluated. A temporal formula is a formula constructed from state

formulas to which some temporal operators are applied.

Definition 2.2.5: A formula w is said to be satisfied by a structure (M, o),
written by k= w, if it is defined as follows:
(?). for any formula of the form P(%,1s, ...,%.) where P is a predicate letter

and 3, %2, ..., In are terms, =pr P(#1, 22, ..., tn) if and only if
(M[tlli M[t2]! seny M[tﬂ]) € PM

(i2). FEar (~w) if and only if it is not the case that =5 w;

(ii2). Ear (v V w) if and only if either =pr v or f=pr w;

(). Ex (Quw) if and only if =y w;

(v). Eum (Bw) if and only if for all > 0, =p0 w3

(vi). Ear (vUw) if and only if there exists an n > 0 such that =ppn w and

forallk,0 £ k < n, Eppm v.

(i) in Definition 2.2.5 is the definition of that the negation of a formula w
is true; and it is defined as not the case of that w is true. It is equivalent to the
Closed World Assumption (CWA) [44] which says what we do not know can not
be true. In a sense of CWA, we assume that the state descriptions completely
characterize the positive facts of a model. For example, we use fire(GUN ) to
represent the fact of that the trigger of the gun is pulled. If we say that the

trigger of the gun is not pulled at time 1, then this means it is not the case of
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fire(GUN). that is ~fire(GUN) is true, at time 1. So if fire(GUN) is not given
in the description, then it implies that - fire(GU7.V) is true. Another example, if
W = P is not in the formula, then this means that it is not the case of W = P,

that is, -W = P is true (we usually write this as W # P).

The following are some convenient abbreviations to be used in the sequel:
(2). conditional implication: v => w abbreviates (~v V w);
(it). conjunction connective: v A w abbreviates (~(~v V —w));

(2it). biconditional implication: v < w abbreviates
(v=w)A(w=v);

(2v). eventually operator: (Ow) abbreviates (~(0(~w))) and has the English

paraphrase: w will eventually be true;

(v). precedes operator: {vPw) abbreviates (—~((~v)l{w)) and has the intuitive

interpretation: v will become true before w does.

Definition 2.2.6: A formula w is said to be valid, written by Ew if By w
for all M.

2.3 The Proof System

The proof system has three parts: the general part, the formal mathematical
reasoning, and the description of events. The general part deals only with the

formal temporal and logical reasoning.
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2.3.1 The general part

Aziom schemata
If a formula w has the form of one of the following schemata, then w and Ow

are axioms:

(A0) w, where w is an instance of a propositional tautology;
(A1) O(wy = w2} = (Owr = Que);

(A2) ~Qu & O~

(A3) O(w; = w;) = (Ow, = Duy);

(A4) wlw, = Ow,;

(A5) Ow= wAQBw A Qu;

(A6) willw, < [wy V (wy A O(wildw?))];

(A7) B(w = Ow) = (w= Ow);

(A8) t=t, for any term ;

(A9) ty =t = (w(t1, 1) © w(ts,t2)), for any terms t; and ¢, and any formula
w(ty,t1) and w(ty,12), where w(t,1,) is obtained from w(t;,t;) by replacing
with %, some of the occurrences of #; that are not within the scope of any

temporal operator;



(A10) for any n—ary predicate letter P and terms #;.ta, ..., ¢,
Op(thth -"stn) Aad P((Otl)a(ot2)1 ---1(Otn))

(A11) Of(tita, s tn) = F({O1), (Ot2)s vy (Otn)) for any n—ary function letter
f, terms #;,¢,,...,¢, and equality symbol =; and

C = (Q0), for any constant symbol C and equality symbol =.

Inference rule:

Modus ponens: for any formulas w, and w,

wy, W = Wy
wa

Here we use the notation
wl’ UJQ, wney wn
Wrt1

to mean that one may infer the formula w,,; from the formulas Wy, W2y eey Wi
Also the notation I w means that the formula w is a theorem of our proof system,

and I' F w means that w can be deduced from the set I of formulas,

Generalization rule:

K {wr,wz, ..., W} & wnyy, then {Oay, Ows, ..., Dw, } F Ow,y;.

Propositional reasoning (PR):
If

Ny w; = wep

is an instance of a tautology, then

Wy, Wy ..., Wy
wn-l-l
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Deduction theorem:

FU{w} F w; if and only if T' F w, = w; for any set of formulas I'U {w,, w,}.

Derived computational induction rule:

C(w; = (w2 A Qwy))
O(w; = Ow,)

Right until introduction:
O(wy A wz = Qus)

w; = Cws

B(wy = (Qw2 V Qun))

w = {w;blwg)

Right precedes introduction:

D(w; = w3 A (w: vV Owl))
U(w1 = IDQPW3)

P—chain:

O{v; = ~w A [Vijqv; V O(Vi=1vk)]} foralli, 0<i<n
O{VZi,v: = »nPw}
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Freame Theorem:

k D[Ow(yls Y25 000y yn) < "-’((Oyl), (Oya)s sy (Oyﬂ))]

for any formula w(y,y2,...,ya) where y;, ¥2, -+, Yo are the only local variable

symbols in w(y1, 2, ..., ¥n) and formula w((QO1), (Oyz2), - (Oya)) is obtained by

replacing each of these local variable symbols y; in w by (Ow:).

2.3.2 Formal mathematical reasoning

Manna and Puneli [72] include in their proof system a ‘domain part’ to do
formal mathematical reasoning about the domains of their interpretation. Since
the main interest for DESs here is temporal logic reasoning, all of those formulas

that are true under intended evaluation are axioms:

(A12) if wis a formula that is true under the obviously intended evaluation, then .

w and Ow are axioms.

We call such axioms domain axioms. In order to further simplify our formal

mathematical reasoning, we state the following derived rule:

Mathematical reasoning (MR):
If the formula (A%, w;) = w4y is a domain axiom, then

Wy, W2y eeey Wy

Wetl
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2.3.3 The description of events

One of the sorts of the language is used to represent events which include
various transitions such as actions and operations. The global constant symbols
of this sort are called event symbols and the symbol § is included among the local
variables of that sort. Thus, the formula § = @ means that the event represented

by the event symbol « is about to occur.

The sequence of a structure is infinite, but it may be that a system eventually
stops making state transitions because a goal has been achieved and no further
action is required, or because a deadlock has occurred and no further transitions
are possible. In order that such situations can be modeled, the symbol ¢ is in-
cluded among the event symbols and stands for the null event. This event leaves
unchanged the values of all local variable symbols; and it gives the last axiom

schema of the proof system as follows.

(A13) O[§ = ¢ = (Oz) = z] where z is any local variable symbol.

2.4 Soundness and Completeness

As mentioned in Subsection 2.3.1, the notation I w means that the formula

w is a theorem of the proof system, and I - w means that w can be deduced from
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the set T' of formulas. The notation I' = w means w is a consequence of T'; and
it is defined by using Definition 2.2.6 as follows: T' = w if |= v for every v € T

implies = w.

The proof system given in the previous section is sound, strongly sound, and

complete; but not strongly complete as given in the below.

Definition 2.4.1: A proof system is sound iff - w implies = w for all w; and

it is strongly sound iff ' F w implies I |= w for any I' and w.

Theorem 2.4.1: The proof system given in Section 2.3 is sound and strongly

sound [103].

Definition 2.4.2: A proof system is complete iff = w implies F w for all w;

and it is strongly complete iff ' |= w implies ' F w for any T and w.

Theorem 2.4.2: The proof system given in Section 2.3 is complete but not

strongly complete [105].

This completes the descriptions of the language and proof system of the tem-
poral logic framework which will be the fundamental base of the dissertation. For
a DES, if a structure satisfies the given plant specification, then it represents a
physically possible trajectory of the system. If, in addition, it satisfies the con-

troller specification, then it represents a possible trajectory of the closed-loop
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system. Hence, the temporal logic framework provides a way to verify the prop-
erties in the analysis process of deterministic DESs. Examples of applications of
this framework have been shown in [27,105}, and a simple example will illustrate

this approach in the next section.

2.5 An Example

In this section, a simple example of a DES [62] will be given to illustrate the
analysis of a DES in a temporal logic and to outline the formal specification and

verification of some properties of the system.

Let’s consider a simple machine shop processing parts: The machine shop
waits until a part comes and then processes the part and sends it out for delivery.
Assuming that there are N parts to be processed, we can write down a temporal

logic description of the plant.

The global constant symbols O, W and P will represent the three possible
states of the N parts: those of being outside the machine shop, waiting to be
processed, and being processed on machine, respectively. The local variable sym-
bols 2,2z, -,zy will be used to represent the states of the N parts; and these

symbols are of the same sort as the global symbols O, W and P.

For any 7, 0 < i < N, the following event symbols will be used: arrive;:

the arrival of part 7; begin;: the commencement of processing of part i; end;: the
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departure of part /; and ¢ stands for the null event. By using these symbols, we

can give the specifications of the dynamics of the plant as follows:

Dynamics of the Plant

o[vi

=1

(6 = arrive; V& = begin; Vé =end;) V6 = ¢ (2.5.P1)

QO£AWAO#PAP#W)] (2.5.P2)

Formula (2.5.P1) simply describes the set of possible events; it means that
the only events that can occur are those listed above. Formula (2.5.P2) means

that the three possible states of a part are distinct.

O{AL,[6 = arrive; = 2, = O A (Qzi) = WA [ANi=r(Oz5) =21} (25.P3)

O{AY,[6 = begin; = z: = W A (Ows) = PA N,y (Os;) = 25} (25.P4)

=1

o{a¥

=1

[6=endi = z;=PA(Qz) = OA N, (Oz;) =2z} (25.P5)
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Figure 2.1: Graph of the part processing.

Formula (2.5.P3) describes the effect of the arrival of part i: its state changes
from O to W, while the states of the other parts remain the same. (2.5.P4) and
(2.5.P5) are similar to (2.5.P3), describing the commencement of processing, and
the departt;re, respectively, of part :.

Initial condition

AN z;=0 (2.5.P6)

It means that initially there are no parts at the machine shop.
The graph of the part processing is shown in Figure 2.1.
Now we express the required behavior of the composite system as that: Parts

are to be processed one at a time and in the order in which they arrive. This gives

the following specifications:
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DAL (zi = P = [A) oz, # P)] (2.5.CL1)

D{A:%:I:i#[x; # W = (8 = arrive;P6 = arrive; = § = beginPé = begin;)l}

(2.5.CL2)

The next step is to construct a controller. A first-in-first-out queue should
be maintained for each machine in order to keep track of parts and the order in
which they arrived. When a part arrives at the machine shop, it should be pushed
onto the tail of the queue. It must then be prevented from putting on the machine
until it has reached the head of the queue. We use the symbol g to represent the
queue. In any state, g is assigned a value that is either some finite sequence of
integers between 1 and NV or the empty sequence, which is denoted by the symbol
¢. The events in the plant and in the controller are selected for synchronization.

Then, the specifications of the controller are as follows.
Dynamics of the Controller

O{AY,[6 = arrive; = (Og) = g i} (2.5.C1)

where * represents concatenation of sequences and ¢ * { means that 7 is pushed

onto the tail of queue g.

O{AlL,[6 = begin; = i o g A (Og) = g]} (2.5.02)
where i & ¢ means that ¢ is an initial element of g.
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O{AYL,[6 = end: = (Og) = al']} (25.C3)

where g|! represents the sequence obtaired by deleting the first element of q.

Initial Condition of the Controller

g=29 (2.5.C4)

That the resulting composite system has the required behavior is checked by
verifying the following.

Theorem: The closed-loop system specifications (2.5.CL1)-(2.5.CL2) can be
deduced from the plant specifications (2.5.P1)-(2.5.P6) and the controller specifi-
cations (2.5.C1)-(2.5.C4).

This theorem can be proven with the help of the following lemma which has

been partly in Lemmas 3.1.1 and 3.1.2 in [105] respectively.

Lemma: The following formulas can be deduced from (2.5.P1)-(2.5.P6) and
(2.5.C1)-(2.5.C4):
DAY, (z: = P = i x q)) (2.5.L1)

Oy (z:i = 0 i ¢ g)] (25.12)
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This example is a very simple one; and rationale behind the control logic is
clear and it is easy to see that the closed-loop system has the desired properties.
The formal proof is also straightforward. It has been shown that temporal logic

leads to easily understood high-level specifications.

2.6 Temporal Logic for Real-Time Systems

Real-time systems are characterized by quantitative timing properties relat-
ing occurrences of events. For example, the exact time between events, and the
maximal or minimal time between events. In [94], Pnueli and Harel gave a brief
account of some attempts to use temporal logic for the specification of real-time
systems. The computational model used is a timed interleaving model where en-
abled transitions have associated lower and upper bounds within which they must
be taken. It considers two possible extensions of temporal logic to deal with real-
time. The first adds a global clock as an explicit variable to which the specification
may refer. The second approach introduces quantitative temporal operators. For
specifying synchronous systems it recommends the use of 2 discrete time domain
such as the natural numbers and for asynchronous systems a dense time domain

such as the rational numbers.

One of the methods using the first apﬁroach is that of Ostroi_'f [85,86) for the

control of real-time DESs. It introduces a distinguished variable ¢ representing
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the clock. A typical formula of his logic is the following:
PAt=T =2 O(WAt<T+5) (2.6.1)

where 7' is a global variable [85]. (2.6.1) says that if ¢ is true now and the clock
reads T ticks, then within T + 5 clock ticks ¥ must become true. Thus, once ¢
becomes true, 3 must become true no more than 5 ticks later. The explicit clock
variable allows the easy reference to times when specifying the properties of the
real-time. However, the explicit clock variable is against the original philosophy

of temporal logic to abstract from time as much as possible.

An example using the second approach is that of Koymans [46]. It extends
temporal logic with metric operators from their qualitative versions. For example,
the semantics of (2.6.1) can be written equivalently by the metric temporal logic
as follows:

L — OSs‘l,b (2-6.2)

The metric operators have been applied to the formal specifications of real-time
systems. However, there is no proof system in the metric temporal logic so that

it lacks mezns of verification.

2.7 Discussion

In this chapter, we have introduced the research background as a starting
point of this thesis. As a general background, we have briefly introduced the

development of applications of temporal logic to the Al reasoning, database man-
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agement, software verification and high-level specifications.

We have introduced a discrete linear-time temporal logic framework and its
applications to the specification and verification of the properties for the control
problem of DESs. The framework is a starting point of this thesis; and we will

extend it into a generalized temporal logic framework in the next chapter.

For the real-time applications, we have talked about the development on the
real-time aspects of temporal logic. We have emphasized on two approaches: Os-
troff’s Real-Time Temporal Logic and Koymans’s Metric Temporal Logic. We will

come back to the real-time issue later on.

The temporal logic framework presented in Sections 2.2-2.5 uses a linear-time
temporeal logic adapted from that of Manna and Pnu;eli [72] so that a proof sys-
tem is available based on their work although it is slightly different from their
proof system. In this framework a sort of the temporal logic is set aside for the

events of the system. This allows for easy references to events in the specifications.

A major disadvantage of this approach is that the full plant-controller system
must de available before verification can proceed. To overcome this disadvantage,
we will develop the method to do an early verification, :.e. to verify the specifica-
tion of the DES’s plant before or without designing a controller. Furthermore, we
will provide a theoretical basis for the controller design and synthesis in a tempo-

ral logic approach.
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The framework introduced here can be improved to be more expressive to
deal with the probabilistic features of DESs. In the next chapter, we will extend
this framework by including the certainty operators to a class of nondeterministic

DESs where the point probability distributions are known.
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Chapter 3
A Generalized Temporal Logic

In this chapter, we will generalize the discrete linear-time temporal logic
presented in Chapter 2 by including the certainty operators for reasoning of the
nondeterministic systems with point probability distributions known, i.e. the prob-

abilistic systems.

3.1 Introduction

The principal features of DESs are that they are discrete and nondetermin-
istic [85,95]. The nondeterministic DES models have been proposed in [14,95]
using nondeterministic automata without explicit mention of probabilities, and
have been studied using minimax algebra in [57,58,61,82] for the nondeterministic

DES with known probability distributions.

Relatively little work has been done for the nondeterministic DES by temporal

logic. In [72,73,74] and Chapter 2, it has been shown that temporal logic is useful

38



for specifying and verifying safety and liveness properties of DESs. However, its
most significant limitation is that it can not express properties of the probabilistic
behaviors — for example, that a process has probability 0.9 of terminating [52]
The motivation for this chapter stems from the need for a generalized temporal

logic to handle the probability distributions in the nondeterministic DESs [14,52].

In this chapter, a linear-time temporal logic will be generalized to handle the
probability distributions in the nordeterministic DESs. We characterize the be-
havior of DESs by an event structure in which an event may result in several states
with a probability distribution, and then define a temporal logic model which con-
sists of mainly 2 set of events and 2 set of logic formulas describing the enable
relations of the events. After defining the syntax and semantics of the language,

we present a system of rules and its soundness and completeness.

The orgenization of this chapter is as follows. The following section intro-
duces an event structure for the nondeterministic DES with known probabilities.
In Section 3.3, a temporal logic model is defined based on the event structure. In
Section 3.4, temporal logic is generalized to include the modal operators about
certainty: its language and its proof system are described; and soundness and
completeness of the proof system are also discussed. Finally, the conclusion of

this chapter is provided in Section 3.5.
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3.2 Discrete Event Dynamical Behavior

Dynamical behavior specification of a DES consists of the tracing of oc-
currences of events. Presently there is a large number of models for representing
systems which exhibit a discrete event behavior. Fundamental to all of these mod-
els is that the behavior of the system is described by a sequence of events. The
temporal logic approach of discrete event processes concentrates on two primitive

concepts: events and conditions.

In the following, it is assumed that the events of interest to us are simple and
discrete. Here we use that events are simple to imply that we do not worry about
what kinds of events they are and that the events of interest to us come from a

set E of events or more strictly event occurrences.

A condition is one of the premises under which an event can occur. It is
a predicate or logical description of the states and/or the inputs of the system.
Such a condition meay either hold or not hold. For an event to occur, it may be
necessary for certain conditions to hold. These are the preconditions of the event
and these preconditions must hold before the event can occur. Thus, the set of
possible events which can occur at a given time moment is determined by the
sequence of events which have occurred up to that time moment since some initjal

time point and the set of preconditions.

Events are generally assumed to occur asynchronously and instantaneously,

and their effects are immediately registered. The occurrence of an event at a state
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of the system may cause the preconditions to cease to hold and may result in a
set of post-conditions; and therefore it changes the states of the system. Let E be
the set of events. If for every e € E, the occurrence of e will result in a unique
state, then the system is called a deterministic DES. Otherwise, it is called a non-
deterministic DES, that is, there exists e € E, such that the occurrence of e will
result in a set of states (more than one state). If the probability distributions of
resulting in these states are known, then the system is called a nondeterministic

DES with known probability distributions, or a probabilistic DES.

There is 2 usage of nondeterminism for the physical possibility of the occur-

rences of events. We will not discuss this issue in this thesis.

Let S denote the set of all states (state space). A state s € S may be a part
of preconditions of an event; and it results from another event. If the occurrence
of e € E changes the system from state s € S to another state or a set of states,

then we call this as that event e has an outcome on state s.

Definition 3.2.1: An event is said to be enabled at state s if it has an outcome

on s; otherwise it said to be disabled at s.

Let E, denote the set of events which are enabled at state s. The occurrence
of an enabled event ¢ € E, results in a new state or some postconditions. A state
s is called 2 terminal if no event e € E is enabled at it, i.e. E, is empty (it contains

only the null event). Now we can define the following event structure to describe
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the discrete event behavior of DESs.

Definition 3.2.2: An event structure V" is defined by a 4-tuple V = (S, E, £, p)
where S is the set of states; E is a set of events; f is a set-valued mapping
from E x § into § such that for all s € S and e € E,, f(e,s) is defined where
f(e,s) may be a set of (more than one) elements with a probability distribution
for the elements; p is the probability distribution function from § x S to [0,1]
such that p(s,t) = 1 if ¢ = f(e,s) is a single element and Ty p(s,1;) = 1 and
p; = p(s,t;) > 0 if f(e,s) is a set of J elements ¢;, j € I = {1,2,..7} and

{P1,P2,--,ps} is its probability distribution.

In the above definition, if for every s € S and e € E, f(e,s) is a single state,

then it is a deterministic structure similar to that given in [109].

Given e € E, for s € S, then f(e,s) is defined. For the deterministic DES,
there exists a unique ¢ € S such that ¢t = f(e,s). However, for the probabilistic
DES, the set-valued mapping f(e,s) may be a set which has the probability dis-
tribution p. Hence, the following result can be obtained easily from Definitions
3.2.1 and 3.2.2.

Theorem 3.2.1: For any s € S, an event e € E, if and only if f(e, s) is defined.
If e is enabled, then there exists s’ € S such that s’ = f (e,é) for the deterministic

DES or f(e,s) is a set for the probabilistic DES. B



Two sequences result from the execution of an event structure: the sequence
of states (sg,s1,92,...,3,) and the sequence of events (e1,€2y ., €n), which were
executed. These two sequences are related by the relationship f (ek+1s k) = spa

for k=0,1,2,...,n - 1.

3.3 Temporal Logic Models

4s defined in the event structure in the previous section, a nondeterministic
DES with known point probability distributions consists of a set of events E, and
the constraints of the structure. The constraints characterize the conditions under
which occurrences of events may result in different states with certain probability
distributions. They may be described by a set of logical formulas, denoted by F.
A state of the system can be labelled by a subset of F. Now we define temporal
logic models (TLMs) based on the event structure defined above.

Definition 3.3.1: Given the set F, a temporal logic model (TLM) M is a 4
tuple (V,F*, so,1), where V = (S, E, f, p) is an event structure; F* is the set of all
subsets of F; so € S is the initial state; I: E x S — F~ is a function labelling to

every pair (e, s), ¢ € E;, 2 set of formulas in F* that hold in (e, s).

Using Definition 3.2.2, a temporal logic model can be represented as M =
(S,E,F~, f,1,p,80) which will be used as the form of 2 TLM in the sequel. It is
a generalization of Definitions 1 and 2 in [53]. When J is a singleton {7} in Def-

inition 3.3.1, p; = 1. It is-exactly the deterministic case. Hence, a deterministic
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model is a special case of the above definition.

For the deterministic case, our temporal logic model is a slight modification
of the computational model in [74]. First of all, our S is the same as their S and
E the same as their . We have the same definition of ¢ € E to be enabled as
that of 7 € T in theirs; and this is where our enabled event set F, comes from.
Secondly, we will only consider computations originating in a state sg such that
U(s0) & I(e, so) holds. Our ! also has some of the properties as their partial function
J- bhas. Thirdly, we have the requirements similar to theirs for an initialized

computation of our temporal logic model, a sequence of states with labeled events:
el <2 o3
T8 —+ 8 —*+ Sy~

For example, Initiality: I(sy) = true and state-to-siate transition: For each step
$; —+ Siy1 10 0 we have sy = f(ei41,3;). In addition, we define 2 finite path (or

trajectory) and an infinite path (or trajectory) as follows.

Definition 3.3.2: A finite sequence o : su < s 3 sp--- 3 Sy is a finite
path or trajectory of a temporal logic model if ¢; € E,,_, and s; = f(e;, s;-1) for
:1=12, ..,n.

Definition 3.3.3: An infinite sequence 0: sg <= 51 <3 sp--- S Sp--- IS an
infinite path or trajectory of the system if for any n, Sop 23 8 2 s2--Sspisa

finite path.

For o : 3¢5182+-8, , we define the length of ¢ by |¢| = n 4+ 1. For
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o1 : sps1--sk and 02 1 Hity-«-t,, we denote the concatenated sequence by
Ty » 0o

OL*0T3 1 3081 -Sitla - 1y

Here |0y * 02| = |o1| + |o2]. 0 = 0y * 03, we write 0, & @ to represent that
oy is a prefix of ¢ (o1 is a head of ¢ if &, is an element; and we write ¢; = o|™
to represent that o3 is obtained by deleting o from o. In the controller design,
states of the controller may be sequenced into a queue; and this queue is also a

sequence of states.

For simplicity, we often write & : sps152--+ as a sequence of states. Denote
S* as the set of all (finite or infinite) sequences (or paths) over S . f ¢ € S* and
n € N where N is the set of all positive integers, we denote o(n) by o,. Let W,
be the set of all paths that begin at s, that is so = 5. As in the theory of Markov
chains [25], for any s € S, in a bounded stochastic model, the function p yields a
probability distribution on the set W,. This probability distribution is denoted by
D,- As mentioned in [25], it is suﬁdent to know that the set A of all sequences ¢

of §7, satisfying og = $0, 61 = $14...y 0 = 8, (n > 0), is measurable and

ﬁao(A) = P(soa 31) X p(31, 32) X X P(s'n-l: 311)

!S* seems non-standard and might be confusing. S for infinite sequences and S for the union
of finite and infinite sequences may be more standard. Since we do not use infinite sequences so

much, it should be understandable.
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A graphical representation of a TLM is intuitive and useful. A TLM consists
of transitions (events) and states (conditions). Corresponding to these, a circle o
represents a state; a directed arc for the deterministic case, or a directed tree with
a probability distribution for the nondeterministic case, represents a transition.
Directed arcs or trees connect the states into a graph. This graph is the state

transition diagram of the TLM.

In the following, for any ¢ € S* with o = s¢s;5253 - - -, we denote the sequence
$15283 - - by o), and the sequence s35354 - - by 0%?), and so on. Intuitively, a state
represents a snapshot of the current state of affairs and a sequence represents a

possible behavior or trajectory of the system over successive instants of time.

3.4 A Generalized Temporal Logic Language

In this section, we generalize the temporal logic presented in Chapter 2 to
include the modal operators about certainty adapted from [53]. After defining the
syntax and semantics of the language, a proof system is outlired, and soundness

and completeness are discussed.

3.4.1 The language, its syntax and semantics

As in the language given in Chapter 2, the symbols of the language include
global constant symbols; local variable symbols; function letters; predicate letters;

logical connectives: - and V; temporal operators: (O, O, and U; and the modal
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operator: 7 (the certainly operator, it denotes a probability one [53}).

Definition 3.4.1: The well-formed formules (or simply, formulas) of the lan-
guage are defined as those in Definition 2.2.1 and

(fv): for any formula w, (Pw) is a formula.

The formulas are evaluated with respect to the structure (M, o) where the
model M = (S,E,F", f,l,p,s0) specifies an interpretatioga.nd o is a trajec-
tory, i.e., a sequence of states with the initial state sg. For the model M =
(S,E,F~, f,1,p,s0) with sequence ¢ = sps;82-++, and for any integer £ > 0,
M represents the model (S, E,F~, f,1,p, sk) with sequence o) = spspyy---,
and M*'” = Me. The notations M?[t], M°[C], Me°[z] € I(so), FM°, and PM" are
used in a way similar to M([t], M[C], Mlz], f™, and PM in Chapter 2, respectively.

| Definition 3.4.2: The satisfaction of a formula w by a model M with a sequence
o, written by =5 w, is defined for |=§, P(t), 12, ..., 1), =y (~w), 34 (vVw), =
(Ow), Eir (Ow), F3y (vlw) in a way similar to f=pr Pty b, - ta), Foar (~w0),
Ea (vVw), Eur (Ow), s (Ow), Eu (vUw) in Definition 2.2.2, respectively. In
addition
(vit). s (Vw) if and onl_y if Pa({T|T € W,y and =3, w}) =1 where W, is
the set of all paths of S* that begin at s.

In addition to the abbreviations listed in Chapter 2, we define

(vi). possible operator: (Aw) by (~(7(-w))).
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The intuitive interpretation of (Yw) has the English paraphrase, ‘w will be
true with probability cne’ while the paraphrase of (Aw) is, ‘w will be possibly

true’.

Definition 3.4.3: A formula w is satisfied by 2 model M = (S,E,F*, f,1,p, %),
written by = w, if 5, (w) défﬁ,o({rlr € W,, and =}, w}) =1 where W, is the

set of all paths of S* that begin at s,.

Proposition 3.4.1: Let w be a formula and M be a model. Then

s w eEy Tw
Proof: By Definition 3.4.3, =u Vw ® 5y, ({7]7 € W,, and £}, (Vw)}) = 1.
It follows from (vii) of Definition 3.4.2 that =3, (Yw) if and only if Da ({2t €
W,, and =), w}) = 1. Hence, =y Yw © 5,,({7|r € W,, and i whb,({tlt €
Wi and iy w}) = B ({7lr € W,, and =} w})]? = 1, that is, Bro(w) &
Pu({7|T € W,, and =}, w}) = 1. By Definition 3.4.3, this is j=p w. B

Definition 3.4.4: A formula w is said to be valid, written |= w, if it is satisfied
by all models.

3.4.2 The proof system

The proof system is obtained by enhancing the general part of the proof

system in Chapter 2 by introducing the axioms for the certainty operators; and it
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is best viewed as composed of a number of levels.

The first level

The first level deals only with the formal linear-time temporal logic as given

in Section 2.3 of Chapter 2.

The second level

The second level concerns general truths about certainty as follows:

Aziom schemata
(A14) V(w1 = w2) = (Vwr = Ywa);
(A15) AT w & Tuw;
(A16) Yw = w.

Generalization rule:

If + w, then F Yw.
This level amounts to the model system LPC + S5 in [37]. This system is

well-known and well suited for the certainty notions of Proposition 3.4.1 that there

is no difference between satisfaction and satisfaction with probability one.
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The third level

The last level describes the interrelation between time and chance, as found

in [53].

A17) yQw=>0Qvw

It says that the passing of time can only reduce the span of the possible.

(A18) OO A AL, O wuw] = O[aL, OV vwi]
which is equivalent to

BATVw AL O (VUi ALO (Ve AAQ (- AAQ Tuwy) - 1)) =
Hwo AQui AQ QuaA-- AQFny)

It expresses the fact that successive random draws are independent.

This completes the descriptions of our language and proof system.

3.4.3 Soundness and completeness

The soundness and completeness of the above-mentioned logical system are

given by the following soundness theorem and completeness theorem.

Theorem 3.4.2 (Soundness Theorem): The proof system is sound and strongly

sound. o
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Proof: By Definition 2.4.1, if the proof system is sound, then F w =k w for
all w. For any I’ and w, we have  w = I'F w and p(-I'V ) > p{w). By using
= w ¢ p(w) = 1, we obtain that Fv=(-Tvu)e (=2 w)e (T E=w).
Hence I' F w = I' |5 w. That is, if the proof system is sound then it is strongly
sound. Therefore, on the assumed derivation of w from the sci of formulas T, it

is sufficient to prove that w is valid.

It is obvious that axioms (A0)-(A13) hold for all models. For (A14), noticing
that p,,(w) = 1 & §,,(Yw) = 1 for any w, we have By (w2) 2 5i (w1 A (w0 =
we)) = 1 since that F,(V(w1 = ws)) = 1 and 5,.(wy) = 1. Therefore, (Al4)
holds. (A15) bolds for all models because p,,(A Fw) =18 F (V- Tw)=0<&
Bro(m V) # 1 fiy(Vw) # 0 & 5y (Tw) = 1 since that 5, (V) and fa(Aw)
may only be 0 or 1. For (A16), noticing that ,(~ 7w V w) 2 §,(~ v w) and
Pu(mVwVw) 2 5, (w), we obtain Bso(Vw = w) = p,,(~FwVw) = 1 since one of
Beo(~ V') and iy (w) must be 1. For (A17), io(Ow) = Eyyesp(S0,51)5n (1) = 1
since §,,(V Q w) = 1. It follows that 5, (w) = 1. Therefore 5, (Vw) = 1. Thus,
(A17) holds. For (A18), let w = o AAQ (Vs AAQ (Vs AAQ (- AAD
Vwk))), then w is a state formula and there are states sq, 1, ---, S, such that
the formula Aw; holds at s; for any ¢ < k and p(s;, si41) > 0 for ¢ < k. Since M
is i:aou.nded, the sequence sg, s, -, sk has a bounded probability p > a > 0.
Let v = wo AQus AQ Qwa A -+ A Q¥ and assume Py, (OCw) = 1, then
Bul{o. | o2 € Wiy, 5 v}) > o > 0 where o, is the trajectory that begins by
Sg, $1, - s Sk. For any trajectory ¢ that does not satisfy (A18), & must have an

infinite number of states and never takes the sequence sg, $), ---, s;. Therefore,
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Pso({0 |0 € W,,. E$ v}) =0. Hence, (A18) holds. Since the proof rules preserve
validity, [72], the proof is complete. B

Theorem 3.4.3 (Completeness Theorem): The proof system is complete but

not strongly complete.

Proof: The proof system is complete as proved in [53). However, it is not
strongly complete. For example [105], assume that the formula v contains no
temporal operators, then the formula Dv is satisficd by any model that satisfies
the set of formulas

I'= {U& (OU): (O(Ov)), T }

But, I' I/ v since the O insertion rule o is omitted. W

The “certainty” operators 7 and A have been included in our system a.nd.
in that of [53] in 2 slight different way. Qur system is obtained by including the
modal operators into the system of [105] while the system in [53] was a strict
~ extension of the system described in [93]. The system of [105] was adapted from
[72] and that in [93] was an early version of [72]. The distinction between our
system and that of [53] is the same as that between the system in {105] and that
in [72]. The former is not strongly complete while the latter is not strongly sound.
The inclusion of the model operators makes the logic framework introduced in this
chapter different from those in [105] (or [72]) and also from the system used in

[53] where only propositional logic context was discussed.



As long as our proof system is sound, it suffices to show that the formal ex-
pressions of the desired properties can be deduced within our proof system. In
the next chapter, this framework will be used for the specification and verification
of the control problem of the nondeterministic DES with the known probability

distributions.

3.5 Conclusion

In this chapter, an event structure has been defined to describe discrete
event behavior of the nondeterministic DES with probability distribution known
or probabilistic DES. Based on such an event structure, a temporal logic model
has then been defined. After that, a generalized temporal logic, which includes
the modal operators about certainty, has been developed for reasoning about the
probabilistic DES. It has been noted that the deterministic model is a special case
of temporal logic models, and therefore the results of this chapter are generaliza-

tions of those given by Manna and Pnueli in [72,74].

We have described a system of proof rules. Soundness and completeness of
the proof system have been discussed and the system has been related to those in

[53,72,103).

As the one of the most important applications of this generalized temporal
logic, we will a.pi:ly it in the next chapter to the specification and verification of

the properties for the control problem of 2 class of nondeterministic DESs where

53



the point probability distributions are known.



Chapter 4

Specification and Verification of
DESs in the Generalized
Temporal Logic

In this chapter, the generalized temporal logic developed in Chapter 3 is
applied to the specification and verification of the properties for the control prob-
lem of a class of nondeterministic discrete event systems where point probability

distributions are known.

4.1 Introduction

The temﬁoral logic presented in Chapter 3 includes the certa.inty'operators to
express the probabilistic properties. As an application of this generalized temporal
logic, a class of nondeterministic DES, where the point probability distributions
are known, will be investigated in this chapter. We show that the properties of

the nondeterministic discrete event systems with known probabilities can be ver-
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ified by deducing the temporal logic specifications of the desired behaviors from
descriptions of the system dynamics. The verifications can then be completed

qualitatively without use of the probability theory.

The organization of this chapter is as follows. In Section 4.2, the general
forms of the specifications using the temporal logic are given for the plant, the
closed-loop system, and the controller of a DES, respectively. Then a general pro-
cedure for verification is proposed. In Section 4.3, the verification is illustrated by
an example of flexible manufacturing systems. Finally in Section 4.4, this chapter
is concluded by an appraisal of the usefulness of the generalized temporal logic

and some comparisons.

4.2 Specification and Verification of DESs

In this section, the generalized temporal logic is used to verify the prop-
erties of the nondeterministic DES with known point probability distributions.
The problem of verifying a property involves the description of the relationship
between events and states of the control system. In other words, the verification
of a property requires statements about the way the variables change during the
executions of events. For instance, one must sometimes assert that some condi-
tion will remain true through each execution of system events; a statement of this
type is called a ‘safety’ assertion. An example of such an assertion is a statement
of ‘mutual exclusion’: if several processes share a resource, then it requires that,

at any time, no more than one process be using that resource. In the following,
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we will give the general models of specifications for the nondeterministic DES by
using the generalized temporal logic, inclnding the plant, the closed-loop system,

and the cortroller design.

4.2.1 Plant specifications

The plant of a DES can be represented by a TLM plant which itself is com-
posed of a number of TLMs representing the plant processes. The global constant
symbols, A, B, C,---, are used to represent the possible state values of the system
plant, and the local variable symbols z,, z;, z3,:--, zn to represent the states of
the plant (here we assume that the number of states is finite to avoid the use of
quantification). In the case where some of the z{s are integers, they are assigned
the values of integers instead of the global constant symbols. As described above,
the global constant symbols are independent of time, and the local variable sym-

bols vary with time.

The first specification of a plant is the set of possible events that can oc-
cur in the system. TLMs are used to describe processes by specifying the state -
changes of their enabled events. In each process, a state of a TLM corresponds
to the execution of exactly one event. To reflect the fact that in the sequence of
event occurrences executed by each process, only one event occurs at a time, we

systematically add to our specifications for each process in the TLM the following:
O{[Vagignei] A [Magicign(e: Ae;)]}
where n is the number of the enabled events for the process, and - is the logical
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negation.

The basic specifications of a plant will describe the state changes caused by

occurrences of events. A general model has the following form:

8§ = ai = g(zi, Oz:) A (A Oz;) = z5)]

which means that the occurrence of event o; causes changes in state z;. Here,
¢ is a function of operators and connectives, and describes the way in which z;
changes. In the deterministic DES, there is only one next state, say (Oz;) = B,

of the present state z; = P. Then, the function g(x:, Oz;) is as follows:
.’L‘.'=P/\(O.1:.-)=B

In the probabilistic DES, there is more than one next state, say ((Oz;) = B with
probability p or (Oz;) = C with probability 1 — p where 0 < p <1, of the present

state z; = P. Then, the function g(z;, Oz;) is as follows:
;. =PA[(Oz:) =BV (Qz:) = CA A(Qz:)= B A A(Ox)=C

This formula gives a general form on how a probability propagates in the rules
written in temporal logic. It describes that the state s changes from the present
vaiue P to one possible value B of the next state s’ with a probability p or to an-
other possible value C of 5" with a probability 1 — p- Similarly, we also can specify
the case having more than two possible values with their probabilities. In these _
probabilistic cases, we assumed that the processes operate an infinite number of

times. This is called impartiality {53].
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In addition to these basic specifications of a plant, one should also specify all

the distinct possible state values and the initial states of the system.

4.2.2 Closed-loop system specifications

The closed-loop system specifications describe the desired behavior of system
dynamics. These may include ‘mutual exclusion’ which states that two physical ob-
Jects may not occupy the same place at the same time, ‘priority’ which states that
a particular event always be prevented from occurring u.ﬁder certain conaitions or
an event must occur under a particular condition, and ‘precedence’ relation which
states that events will occur in some particular order. These properties usually
can be precisely described in temporal logic although it may be cumbersome in

the extreme. This aspect will be discussed later.

4.2.3 Controller design

As in the conventional control theory, the controller itself is a deterministic
plant. In the design of 2 controller for a nondeterministic DES, the objective is to
~ensure that the requirements of the desired system bebavior are met. Thus, the
controller must ensure that the properties such as ‘mutual exclusion’, ‘priority’,

and ‘precedence’ relation are satisfied.

The controller has the same set of events as the plant. The states of the

controller are represented by local variable symbols and used to store the data
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for the controller. In order to monitor and control the system, the states of the
controller consist of queues ¢’s and/or counts ¢’s. Queues are assigned values
that are either some finite sequence of integers between 1 and N, or the empty
sequence denoted by the symbol ¢, and counts are assigned non-negative integer
values. Thus, the basic specifications of the controller have the following general
form:
0[¢ = a; = h1(g, Og) A ha(e, Oc)l

which means that every occurrence of events causes a change of the queue contents
or the values of the counts. Here, h; and h; are functions of operators and con-
nectives, and describe the way in which ¢ and ¢ change, respectively. The function

h, has the following forms:

(Qg)=g¢*i, ixg, (Og)=¢l', (Og)=¢, 2uad g=¢

where * represents the concatenation of sequences and ¢ *¢ means that ¢ is pushed
onto the tail of queue ¢; i x ¢ means that i is the initial element of g; gf* represents
the sequence obtained by deleting the first element of g. The function hy has the

following forms:

_(Oc)=c, (Oe)=c+1, (Oc)=c-1,¢c=0

Besides these basic specifications, one should also specify the initial states of the

controller.

The operation of the controller for the nondeterministic DES is the modifi-
cation of the queue contents and the values of the counts such that the controller

can ensure the properties of the ‘precedence’, ‘priority’, and ‘mutual exclusion’
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Figure 4.1: The structure of the controller.

by queues and/or counts. In this way, the controller can monitor and control the
system, and ensure that the closed-loop system has the desired properties. The

structure of the controller with a queue and/or a count is shown in Figure 4.1.

The controller can prevent an event from occurring under certain conditions,
but can not do anything without these conditions. S;;eciﬁca.lly, the controller can
stop the stochastic mechanism of the nondeterministic DES under a particular
condition, but can not do anything to the stochastic mechanism if this condition

does not hold. These will be made clearer by an example in the next section.

4.2.4 Verification procedure

After giving the specifications of the plant, closed-loop system, and controller,
we obtain a diagram of the closed-loop system as shown in Figure 2.1. Now, we
have to prove that the controller ensures the desired properties of the control sys-

tem. This is equivalent to verifying the closed-loop system specifications from the
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Figure 4.2: A diagram of the closed-loop system.

plant and controller specifications.

In the following, we will give a general procedure for the verification of the

properties for control problems of a DES based on its plant and controller speci-

fications.

Procedure 4.2.1:

(2). Specify the plant TLM of the DES. The specification is presented by the
formulas of the plant dvnamics and the initial conditions.

(it). Describe the required behavior of the closed-loop system by temporal
logic formulas which may include ‘mutual exclusion’, ‘priority’ and ‘precedence’
assertions.

(2i%). Specify the controller TLM that has the same set of events as the plant
and the specification is described by formulas giving the controller dynamics and
initial conditions.

(iv). Verify that the description of the required behavior of the closed-loop
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system can be deduced from the specification of the plant and the specification of

the controller.

If the verification Step (iv) fails, one has to go to Step (iii) to redesign the
controller and then continue to Step (iv) until the verification succeeds. Qnce the
verification succeeds, it has verified that the controller ensures the desired prop-

erties of the control system.

This section has described the general forms of temporal logic formulas for the
formal specification and verification of the control problems of the nondeterminis-
tic DES. As the deterministic DES in [105] is a special case of the nondeterministic
DES, the above results can also be applied to the DES given in [105] where such
a general description of the specifications and such a procedure for verification of

properties for the control problems of DESs were not given.

4.3 An Example of Verification

As an example of verification, we consider an automated workcenter [57,61]
| consisting of two machines which can process parts of two different classes C; and

C;. These parts must be processed according to the following rules:

R1. Every part of both ; and C; has to visit both the machines, m; and m, no.

matter which machine can be visited first;
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R2. The parts are to be processed in mutual exclusion: two parts can not be
processed on the same machine at the same time. In other words, parts are

processed one at a time on each machine;

R3. The parts have the following distributions to access machines: Parts of (;
can visit machine m; with probability p;, and machine m. with probability
p12; Parts of C; can visit machine m; with probability ps; and machine m,

with probability po.

In order to obtain the desired behavior of the system, our controller must
ensure that these requirements are met However, the controller is not supplied
with complete information about the parts. The controller checks the parts when
they leave the machines. If a part leaves the machine m; without being marked,
then it will be marked and sent to machine m;, j #1, ¢,j = 1,2, by the controller.

If a part leaves a machine with a mark on it, then it is sent outside the workcenter.

After parts arrive at the workcenter, they will be waiting for a stochastic
choice made by the specific machine to process them for the first time. A part
which has been processed for the first time on a machine is called a pf part. The
accesses of pf parts to the second machine are controlled by the controller. One
first-in-first-out queue should be maintained for each machine in order to keep
track of pf parts and the order they come from the first machine. Also, counts
should be set to monitor the processing of the non-pf parts on machines and to

record the number of them inside the workcenter.



o

The controller can only reach a part which is a pf part and send it onto the
tails of the queues for the other machine, but can not do anything to the part
before it is a pf part. The controller can stop a machine making the stochastic
choice for getting a non-pf part and can send a pf part to the machine if the
queue of the machine is not empty, but can not do anything to the stochastic
choices of machines if both queues are empty. This is the stochastic feature of our

nondeterministic discrete event system.

This example can be viewed as a realistic model for the nondeterministic au-
tomaton G, of example 1.1 in {14]. It shows that nondeterministic discrete event
systems are better models for flexible manufacturing systems than the determin-

istic ones.

In order to outline a formal proof of the fact that the controller ensures the
satisfaction of the desired properties of the control problem, we first write down 2

temporal logic descrintion of the plant.

4.3.1 Plant specifications

The global constant symbols O, W, R, @, C, and D will represent the six
possible states of the K parts of cless C; and the N — K parts of class Cp: those
tﬁat are outside the workeenter, waiting to be processed for the first time, being
ﬁrocessed at machine my, being processed at machine m;, waiting to be sent to

my after being processed at m;, and waiting to be sent to m, after being processed
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at mgz, respectively.

The local variable symbols z;, x4, +-+, z will be used to represent the states
of the N parts (including the K parts of class C; and the N — K parts of class C2).
These symbols are of the same sort as the global constant symbols 0, W, R, QC
and D.

For any 7, 0 < i £ N, the event symbols a;, 8;, Piy Yiy Biy ¥, A; and w;
represent the arrival, commencement of processing on the first machine (including
the stochastic choice of machines), queue of pf parts to machine ma, queue of pf
parts to machine m;, commencement of processing on the second machine ma,
commencement of processing on the second machine m;, departure from machine

m,, and departure from machine m,, respectively.
The state transition diagram of the example is shown in Figure 4.3. The
descriptions of the dynamics of the plant are as follows:
OVE (6 =a;VE=BiVE=pVE=y VE=y

V5=v;V5=A;V6=w;V6=e)] (4.3.P1)

This formula simply describes the set of possible events; it means that the only

events that can occur are those listed above. The formula
D{/\f-il[fs =a;=>z;=0A (O-‘L‘.‘) =WA (/\f\;‘;ﬂ_(oxj) = :L'j)]} (4.3.P2)

describes the effect of the arrival of part i: its state changes from O to W, while
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Figure 4.3: The state transition diagram of the example.

the states of other'pa.rts remain the same.
c{AN, =8> z=WA [(Oz) =RV (Oz:) = QA

A(Qz:) = RA AOz:) = @ A (A= (Oz5) = =)} (4.3.P3)
This formula describes the possible changes of states by the stochastic choices of
machines; it says that, after event §;, one of two things must occur: the next state
of z; is either R (on machine m;) with a probability p where 0 < p < 1, or @ (on
machine m;) with a probability 1 — p. It is a nontrivial probabilistic statement.
O{AL,(6 = pi = 2 = RA(Os) = C A (NYymr(Oz) = 23)]}  (43.P4)
B{ALL[6 = % = 2: = QA (Oz:) = D A (Ao (Ox;) = z3)]} (4.3.P5)
Q{AL[6 = st = 2: = C A (Oz:) = QA (Aejes (Oz;) = 2)]} (4.3.P6)

O{AL[6 = v = 2= DA(Oz:i) = RA (M (O} = )]} (4.3.P7)
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O{ALll=N=z=RA(Qz)=0A (Ng5=1(Oz;) = z5)} (4.3.P8)
ﬁ{/\L[& =w; =2, = QA (Oxi) = 0 A (AY;2i(Oz;) = z,))} (4.3.P9)

(4.3.P4), (4.3.P5), (4.3.P6), (4.3.PT), (4.3.P8), and (4.3.P9) are similar to (4.3.P2),
describing the effects of the queue at machine m,, queve at machine m,, com-
mencement of processing on the second machine m,, commencement of processing
on the second machine m,, departure from machine m,, and departure from ma-

chine m;, respectively.
D[O#WAO#RI\O%QAO;&CAO#D
AW#RAWHQAWACAWEDAREQ

AR#CAREDAQ#CAQ#DAC# D) (4.3.P10)

This means that the six possible states of a part are distinct.
oo AN, [x,-=OAOz.-=WVa:.-=W/\AO::,—=RAAO::,—=QV
$;=R/\OI;=CVI;=QI\O$;=DVI;=CI\O:L‘;=QV

;. =DAQz;=RVz;=RAQxz; =0Vz;=QAQz;=0] (4.3.P11)

This formula expresses the assumption of impartiality: the processes operate an
infinite number of times. This assumption is nontrivial and gives a fair condition

for the probabilistic processes (those which have the possible operator A).
A,z 220 (4.3.P12)

It means that initially there are no parts of either class at the workeenter.
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(4.3.P1) — (4.3.P12) are the descriptions of the plant. Expressions of the

desired properties of the closed-loop system are formally given below.

4.3.2 Closed-loop system specifications

QAL (=i = R = Al jn2; # B)] (43.CL1)
OAY, (2 = Q = Aljuyz; # Q)] (4.3.CL2)
(4.3.CL1) and (4.3.CL2) are the statements of the mutual exclusion property: two
parts are not processed concurrently on the same machine.
oL (VE(zi =CVz; = D) = § # 8;)] (43.CL3)
This means that the stochastic choices are not made if there are pf parts waiting
for being processed on the seéond machine.
D[/\f:;-:l;i#(:c; #C > (5 = p;Pé = p; = §=uPé= ,u,-))] (43CL4)
These express that pf parts are processed in the order in which they arrive: if
the next arrival of part i precedes the next arrival of part 7, then part 7 will be
sent before part 7, as long as part j is not already in the queues, waiting to be
processed.
O[(AL (zi = OV z: = W)) A =(AfLyze = 0) = VY, 6 = B3] (4.3.CL6)

If all parts are either outside the workcenter or waiting to be processed but not

all of them outside the workcenter, then one of the 8;s must occur.
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4.3.3 Controller specifications

We use additional local variable symbols to represent the data stored by
the controller. The symbols r and ¢ represent the queues at machines m, and
my, respectively. They are assigned values that are either some finite sequence of
integers between 1 and IV, or the empty sequence denoted by the symbol ¢. The
symbols a, b are assigned 1 and 0 representing if a non-pf part is being processed
on the machines m; and m; respectively. The symbol ¢ represents the number of

non-pf parts in the workcenter and it is assigned a non-negative integer value.
D[I\‘P;l(é = pi = a =1A(Qa) = 0A(Or) = r+«i A(Qb) = 3A(Qc) = ¢)] (¢.3.C1)

AL, (=7 = b=1A(Qb) = 0A(Og) = ¢xiA(Qa) = aA(Oc) = ¢)} (4.3.C2)

(4.3.C1) ((4.3.C2), respectively) says that if pf part i comes from machine m;
(na, Tespectively), the number i is pushed to the tail of queue r (g, respectively),
the value of a (b, respectively) is changed from 1 to 0, and the values of b (a,

respectively) and ¢ are not changed.
DAL (6 =pm=ixrA(Or)=rA(Qa)=aA(Ob) =bA(Oc) = c)] (4.3.C3)

OAL(E == ixgA(Oa) =¢A(Oa) = aA(Ob) =bA(Qc) = ¢)] (4.3.Ca)

(4.3.C3) ((4.3.C4), respectively) means that a pf part is sent to machine mj (m;,
respectively) only if it is at the head of the queue r (g, respectively) while the

values of ¢, b, ¢ remain the same.
AL =wi = (Or) =r[' A(Qa) =a A (Ob) =bA(Oc) = ] (4.3.C5)

OALE =X = (00 =¢'A(Qa)=eA(Ob) =bA(Oc)=¢c)] (4.3.C6)
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(4.3.C5) ((4.3.C6), respectively) says that if 2 part makes a departure from ma-
chine m; (m, respectively), the queue r (g, respectively) is popped and the values

of a, 4, ¢ remain the same.

!:I{/\f.‘r

=1

(6 = B = a = 0Ab = 0A(Qc) = c~1A[(Ox:) = R = (Oa) = 1A(Ob) = 0]

AN(Oz)=Q = (Oa)=0A(0b) =1]Ag=¢A(Og) =gAr=¢A(Or) =r)}

(4.3.C7)
(4.3.C7) means that a stochastic choice is made ox_lly if queues r and ¢ are empty
ghd the queue contents are not changed; and then, a or b has its value changed

from 0 to 1 and the value of ¢ is decremented by 1.

BAL (6 =ai = (Oc) =c+1A(Qa) =a A (Ob) =bA(Qg) = g A (Or) =1)]
(4.3.C8)

It says that if a part arrives at a workeenter, the value of the count ¢ is incremented

by 1 while the queue contents and the values of a and b remain the same.
a=0Ab=0Ac=0AT=¢Ag=¢ (4.3.C9)

It says that initially queues » and ¢ are empty and the values of a, b and ¢ are zero.

This completes the formal description of the controller.

4.3.4 Formal verifications

Now, we can formulate the verification of desired properties of the control

problem by temporal logic, and outline a deduction of the closed-loop system
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specifications (4.3.CL1) — (4.3.CL6) from the descriptions of the plant (4.3.P1) —
(4.3.P12) and the controller (4.3.C1) — (4.3.C9).

To formally verify that the closed-loop system specifications (4.3.CL1) —
(4.3.CL6) can be deduced from the plant specifications (4.3.P1) — (4.3.P12) and
the controller specifications (4.3.C1) — (4.3.C9), we need the following lemmas.

Lerama 4.3.1: The following formulas can be deduced from (4.3.P1)—(4.3.P12)
and (4.3.C1) — (4.3.C9):

O{Al(zi=R=>[ixgAha=0)V(g=6Aa= D} (4.3.L1)

AL (zi=Q=>[(xrAb=0)V(r=¢Ab=1)])} (4.3.L2)

Proof of Lemma 4.3.1 (OQutline):

Let w be the formula that follows 0. It is obvious that w can be deduced from
(4.3.P12) and (4.3.C9). Then, it suffices to show that one can deduce Quw from
w and § = ¢, for every event symbol e appearing in (4.3.P1). Here, we present an
outline of the deduction of (4.3.L1) only for the case where § = 8, and § = v,
0<k<N:



(1). w

(2). 6= B

(3). 2k = WA [(Ozx) = RV (Ozi) = Q]
AA(Qze) = RAL(Qz1) = Q

(4. REOAREZWAR#ZQAR#ECARED

(8). a=0Ab=0A[(Oz:)=R=(0Qa)=1A(0b) =0]
Al(Qz:) =Q = (Oa) =0A{(Ob) =1]A(Qc) =c-1

A=A (Og) =gAr=¢A(Or)=r
(6). (Oz:)=R=>(Og) =¢A(Qa)=1

(7). 6=u

(8). zx = D A (Ozx) = RA (AL;5(Ox;) = =5)

(9). ixgA(Qg)=gqAa=0A(Qa)=a

(10). (Ozi)=R=2ix(0g)A(Qa)=0

(1). AL [Ozi=R= (1 x OgA{Qa) =0)
V(Og=¢AQa=1)]

(12). Ow

(4.3.L2) can be deduced in a similar way. W

hypothesis
hypothesis

from (2) and (4.3.P3)
from (4.3.P10), by PR

from (4.3.C7) and (2)
from (3)~(5), (4.3.P11),
(A17) and (A18)
bypothesis

from (4.3.P5) and (7)
from (4.3.C2), by PR
from (7)-(9), (4.3.P11)

from (6),(10), by PR
from (11) and by FT.

Lemma 4.3.2: The following formula can be deduced from (4.3.P1)—(4.3.P12)

and (C1) — (C9):

oAl

Proof of Lemma 4.3.2 (Outline):
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With the same idea as that of Lemma 4.3.1, here we only give an outline of

the deduction for the case where § =5, 0 < k < N:

(1). AN (z:=0Vz;=Weiggnigr) hypothesis
(2). 6 =Bk bypothesis
). s =WA[(Qzx) =RV (Qzx) = Q]
ANA(Qzr) =RAAQze)=Q from (2) and (4.3.P3)
(4 RFOARZFWAR#Q from (4.3.P10), by PR

(5). a=0Ab=0A[(Oz:)=R=(Oa)=1A(Ob) =0]
AO2) =@ = (0a) = 0A (O = 1] A(Qe) = e 1
AN=0AOg)=gAr=6A(Or)=r from (4.3.C7) and (2)
(6). (Oz:)=0V(Qz:})=W i€ (Og)Ai g (Or) from (2)-(5), (4.3.P11),
(A17) and (A18)
(7). QAL (z;=0Vz; =W iggAigr) from (6), by PR, by FT.

In this way, the results can be deduced. R
With the help of the above Lemmas, we can prove the following,

Theorem 4.3.3: The closed-loop system specifications (4.3.CL1) — (4.3.CL6)
can be deduced from the plant specifications (4.3.P1) — (4.3.P12) and the con-
troller specifications (4.3.C1) — (4.3.C9).

Proof of Theorem 4.3.3 (Outline):
(4.3.CL1) and (4.3.CL2) can be deduced by Lemma 4.3.1 and Generation
rule. (4.3.CL1) can be deduced by Lemma 4.3.1 as follows: |
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(1). zy=R,0< k£ N, hypothesis
(2. Alj[zi=R=(ixgAha=0)V(g=dAa= 1)] by Lemma 4.3.1

(3). (kxgAha=0)V(g=0dAa=1) from (1) and (2), by PR
(4). Mlj; # R from (2),(3), by MP
(6) zx=R=> A 2;# R from(1)-(4), and by DT
6)- Aly(zi = R= AY,_12; £ R) from (5), by PR.

Thus, (¢4.3.CL1) follows by Generation rule.
In the same way as the above, (4.3.CL2) can be deduced by Lemma 4.3.1.

By Lemma 4.3.2 and PR and MR, (4.3.CL3) can be deduced from (4.3.P§),
(4.3.P7), (4.3.P10), (4.3.&3) and (4.3.C4). (4.3.CL6) follows from (4.3.P10) and
(4.3.C7), by Lemma 4.3.2 and PR. (4.3.CL4) and (4.3.CL5) can be deduced by
Lemmas 4.3.1 and 4.3.2 and by the P—chain derived rule in a way similar to that
of CL3 in [105]. W

Remark 4.3.1: It is obvious that, from (4.3.P3) in the plant specifications,
the discrete event system is nondeterministic with known probability distributions,
and it follows from the controller specifications that the controller of the system

is deterministic. This fact coincides with that in [14,95] and [57,61].

Remark 4.3.2: In the rule R3, the concrete probability distribution is given

in the nondeterministic part of the system [57,61]. However, Lemmas 4.3.1 and

75



Theorem 4.3.3 are valid in the sense of probability one. Thus, our verification
here does not mention probabilities explicitly except probability one. Hence, the
verifications are qualitative but not quantitative [53] and have been completed

without any need to use the probability theory.

4.4 Conclusion

In this chapter, the generalized temporal logic obtained in Chapter 3 has
been applied to a class of nondeterministic discrete event systems where the point
probability distributions are known. It has been noted that the deterministic DES
is 2 special case of temporal logic models, and therefore the results of this chapter
are generalizations of those given by Thistle and Wonbam in {105].

The desired qualitative and symbolic analysis of this chapter has been given
by a careful exposition of how some aspects of the nondeterministic DES, such
as specifications and verification, can be studied in the generalized temporal logic
framework through control concepts.- We have illustrated the use of the proof sys-
tem given in Chapter 3 by proving closed-loop specification formulas from plant
and controller specifications. An example of the flexible manufacturing systems
has been given to demonstrate the verification process using the generalized tem-
poral logic in Chapter 3. The verifications are qualitative and have been completed

without using the probability theory.

Apparently the probabilistic content is hardly seen in this chapter: and this
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is because the concrete probabilities have not been written explicitly due to that
our approach for the probabilistic content is qualitative but not quantitative. In
fact, the probabilistic content is in the statements asserted such as Lemmas 4.3.1
and 4.3.2 and Theorem 4.3.3. Notice that the satisfaction of a formula w by a
model M is defined by means of probability one (Definition 3.4.3). So is the defi-
nition of |= w (valid). Particularly, formulas (4.3.P3) and (4.3.P11) are nontrivial
probabilistic statements. They are used in the proofs of Lemma 4.3.1 ((1)=>(6))
and Lemma 4.3.2. This means that Leromas 4.3.1 and 4.3.2, and Theorem 4.3.3
are valid with probability 1 although it is not written explicitly in these results.
We could put more probabilistic formulas into the system; however, that would

make the system too complicated as compared with Thistle’s results.

Comparing with other approaches for the pondeterministic DES, the appli-
cations of the generalized temporal logic in this chapter show that the temporal
logic approach leads to easily-understandable high-level specifications and to a
formal verification procedure. For example, the method of regular grammars used
in automata approach [93] which has been proved useful in theoretical analysis of
DESs, becomes cumbersome even for simple informal specifications. The process
of finding the corresponding grammar could be difficult as mentioned in [105]. On
the other hand, the translation of a natural language specification into temporal

logic is more straightforward.

In the given example of the specification and verification in the temporal logic

framework, we have seen the reasoning power of the generalized temporal logic is
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impressive. Unfortunely, automatic proof procedures do not exist in general and
they are needed to be developed for the applications in the analysis and synthesis

of DESs in the temporal logic approach.

In the next chapter, we will analyze the dynamics of DESs based on tem-
poral logic models. Following that, we will define reachability and investigate its
relationship with the validity of logic formulas within a temporal logic model; and
then we will develop algorithms for the reachability analysis.
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Chapter 5

Reachability Analysis of DESs

In this chapter we analyze the dynamics of DESs. To see the dynamical
behavior of DESs, the reachability analysis is given and related to the validity of

logic formulas of the given temporal logic model.

5.1 Introduction

As stated in the previous chapters, temporal logic has been applied into
many applications in DESs, particularly, the computer-related systems [28]. Cur-
rently, computational algorithms in a temporal logic approach are badly needed
for applications. In other words, the motivation of this chapter is from the need to
implement computational algorithms for the analysis of DESs in a temporal logic
approach. In such an analysis, we need to follow the track of the computation as
a trajectory progressing in time. This involves analyzing the dynamic behavior of .
TLMs such as reachability properties. Therefore, the main objective of the chap-

ter is to develop procedures for the reachability analysis of DESs in a temporal
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logic framework.

Perhaps reachability analysis was first mentioned for a temporal logic ap-
proach by Bochmann [9] where the definition of reachability was not given. Reach-
ability has been defined by Ostroff [85,84] and some procedures for constructing

reachability graphs have been also given for a special class of formulas in his lan-

guage.

In this chapter, dynamic behavior of DESs is characterized by the mapping,
driven by enabling an event, froin one state to another state for the determinis-
tic case or a set of states with their probabilities for the probabilistic case. The
enable condition of events depends upon the truth of the temporal logic formulas
describing the dynamics. The computation algorithm is developed for reachability
analysis. One of the important results is that reachability of states is equivalent to
validity of logic formulas of specifications for the system. It simplifies the system
design procedures as it uses the reachability properties instead of validity proper-

ties.

This chapter is crganized as follows. In Section 5.2, the dynamics of temporal
logic models is discussed. In Section 5.3, the relationship between reachability of
states and validity of formulas is given by the definition of reachability and the
properties of TLM; and then the algorithm for computing the reachability set and
constructing the reachability graph is developed. In Section 5.4, an example of

data link protocols is demonstrated to illustrate the results. Finally Section 5.5
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concludes this chapter with a comparison of our results with QOstroff’s work.

5.2 Dynamics in Temporal Logic Models

As discussed in Chapter 3, a2 DES is characterized by temporal logic models
which have a set of events E, a set of states S, a set of formulas F describing
the enable relations of the events, a state mapping f, a labelling function I, a

probability distribution function p, and the initial state s,.

The dynamics of DESs is produced by the mapping f. It is convenient to
extend the mapping to map a state and a sequence of events into a new state for
the deterministic case or into a set of states with a probability distribution for the

nondeterministic case,

Definition 5.2.1: For a set 4, f(e,4) & {6 : b= fle,a), a € A} and
the probability distribution of f(e, A) is defined by that of 4. Then, the state
mapping is extended at state s for a sequence of events ¢ € E, and Ve € E such

that ce € E, by

floe,s) ¥ Fle, f(o,5)) (5.2.1)
Fles) ¥ s (5.2.2)

where ¢ is a null event; the probability distribution of 4 means that A has k ele-

ments s;, ¢ = 1,2, ..., k, and a probability p; for each element s; (to be picked up),
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respectively, and T, p; = 1.

For the above definition, we assume that, for e¢; € E, and ¢2 € E such that
e € E,, we have ¢,¢e; € E and ¢ € E. (5.2.2) means that the state of the system
is unchanged if nothing happens; and it is described in Rule (A13) in Chapter 2.
For a sequence of events e;ez- - - e, and state s, f(e;ez2++ - ex, s) is the result of en-
abling first e;, then ez, and so on, until e is enabled. Here, f(ce,s), f(e, f(o,s)),
and f(ejez---€x,s) are single state for the deterministic case, or a set of states
with a probability distribution for the nondeterministic case. Generally we use

this extended state mapping.

As seen in the example of Chapter 4, 2 TLM is described by a set of formulas.
Corresponding to f(e,s), the labelling function ! labels every pair (e,s), e € E,,
a set of formulas in F". For instance, in the example of Chapter 4, in the case
of N = 2, the labelling function [/ labels the pair (a3, s2), where s; = E‘W', 0), the
formula (4.3.P2). '

To simplify the notations in the sequ«l, we write the formula I(e,s) which

describes the dynamics of 2 DES in the following form:
Ofs(z) A e(z) = s'(Oz)] (5.2.3)
for the deterministic case, or
D{s(z) A e(z) = [Vjess;(O)] A [Ajes & 55(Oz)]} (5.2.4)
for the probabilistic case. In both (5.2.3) and (5.2.4), z is a local variable, s(z)
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stands for the state of z (as z; = W in (4.3.P3)), ¢(r) for the occurrence of the
event corresponding to = (a5 6 = 4 in (43.P3)), $(Os) aad 5(Os), j € J,
for the state of z at the next time (as (Qz;) = R and (QOz:) = Q in (4.3.P3)).

(4.3.P2) and (4.3.P3) can be seen as examples of (5.2.3) and (5.2.4) respectively.
The following theorem gives the enable rule for the TLM.

Theorem 5.2.1: Ina TLM M = (§,E,F", f,I,p,s0) for s € S, an event e € E,
(eis enﬁbled) if and only if {(e,s) € F* and has the form of (5.2.3) for the deter-

ministic case or (5.2.4) for the probabilistic case.

Proof: Sufficiency. The fact that I(e,s) € F* and has the form of (5.2.3) for
the deterministic case or (5.2.4) for the probabilistic case means that e has an
outcome on s. By Definition 3.3.1, e is enabled at s, t.e. ¢ € E,.

Necessity. By Theorem 3.2.1, the fact of that event e € E, (e is enabled)
means that there exists s’ € 8 such that s’ = f(e, s) for the deterministic case and
fle,s) is a set for the probabilistic case. By Definition 3.3.1, [ labels (e, s) 2 set
of formulas in F* as I{e,s) to describe such dynamics. Hence, I(e, s) has the form

of (5.2.3) for the deterministic case or (5.2.4) for the probabilistic case.l

The following result shows the transitive properties of the dynamics described

by the logic formulas (e, s) in a TLM.
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Ols(z) A €'(z) = $'(Ox)] (T1)
afs'(z) A ¢"(z) = s"(Ox)] (T2)

is equivalent to the formula (T3)

Ofs(z) A €'(z) A e"(2) = s"(Oz)] (T3)

Proof: Using the assumption below Definition 5.2.1, we have e’e” € E,. Then
obviously, (T'1) A (T2) = (T3). Now assume that (T3) is given, then s(z) A €'(z)
implies that ¢’ € E,. So there exists s’ € S such that (T'1) is true. Substituting

s(z) Ae'(z) in (T3) by s'(z) then we obtain (T2). B

Corollary 5.2.3: The set of formulas (T4)-(T6)
O{s(z) Ae(z) = [s:(Oz) V 2(Oz)) A A5y (Oz) A Asa(Oz)} (T4)

Ofs:(2) A €(z) = s5(O2)] (T5)
Ofsy(z) A &(z) = s3(Oz)] (T6)

1s equivalent to the formula (T7)

D{s(z) A e(z) A €'(z) = [s1(O2) V 5:(O)] A 851(Oz) A A53(O2)}  (T7)



Proof: In a similar way to the proof Theorem 5.2.2, we can prove this result.

In the TLMs, { labels a set of formulas of F* corresponding to f. Theorem
5.2.2 is the counter-part of the deterministic case while Corollary 5.2.3 is that of

the probabilistic case, of (5.2.1), respectively.

5.3 Reachability Analysis of TLMs

In this section, we will define the reachability set of a DES to describe the
dynamic behavior of the TLM introduced above, thern find out the relationship
between reachability of states and validity of formulas, and finally develop an al-

gorithm for computing the reachability set and constructing the reachability graph.

For the deterministic case, enabling an event e in a state s results in a new
state t = f(e,s); and we say that ¢ is one step reachable from s. For the nondeter-
ministic case, the result of enabling an event e in a state s is a set f(e, s) of states
with their probabilities; and we say that t € f(e,s) is one step probably reachable

from s. The definition is as follows.

Definition 5.3.1: For 2a TLM M = (S,E,F", f,1,p,50), 2 state t € S is one
step reachable from s € S if there is an event ¢ € E, such that t = f(e, s); and
t € S is one step probably reachable from s € S if there is an event e € E, such

that t € f(e,s) (f(e,s) is a set of states) with the probability p(s,?).
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By Definition 5.3.1, the set of all one step reachable states from state s is given
by enabling all physically possible events in E, for the deterministic case, and the
set of all one step probably reachable states from state s is given by enabling all
physically possible events in E, with a probability distribution to reach them for
the nondeterministic case. Doing this to every s € S, it will give all possible state
transitions of the system. In the sense of seeing whether a state is possibly to
be reached, the difference between one step reachable and probably reachable is
not significant. Hence, to simplify the notations, we will use one step reachable
for both deterministic case and the probabilistic case; and further more we will
extend Definition 5.3.1 to the following definition of the reachability set R(M, so)

of M to be the set of all reachable states as follows.

Definition 5.3.2: The reachability set R(}M, sq) for M = (S, E, F~, £, 1, p, o) is
the smallest set defined by

* so € R(M, so);

o If s € R(M,s0) and t = f(e,s) for some e € E,, then t € R(M, so).

-

The smeallest set is used to ensure that all elements of the set are reachable
from so. In the following, when we say that s € S is reachable, it simply mean

that s € R(M, s). Then reachability has the following property.

Theorem 5.3.1: The reachability relationship is transitive, i.e. if s' € S is
reachable from s € S and s” € S is reachable from s’ € S, then s” € S is reachable

from s € S.
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Proof: By Definition 5.3.1, there exist ¢ € E, and ¢ € E, such that s’ =
f(e,s) or &' € f(e,s) and 3" = f(e',s") or s” € f(e,s). By Definitions 5.2.1 and
532, f(e', fe,s)) = fle¢',s) and ee’ € E,. Hence s" = f(e',s") = fee,s) or

s" € f(ee',s). Therefore s” is reachable from s. B

Theorem 5.3.2: In a TLM M = (S,E,F", f,1,p,s5), ¢’ is reachable from s if
and only if the dynamical formula l{e,s) € F* and has the form (5.2.3) for the

deterministic case or (5.2.4) for the probabilistic case,

Proof: By Definition 5.3.1, s’ is reachable from s means that there exists
e € E, such that s’ = f(e,s) or s € f(e,s). By Theorem 5.2.1, this is equivalent
to the dynamical formula (e, s) € F" which has the form (5.2.3) for the determin-

istic case or (5.2.4) for the probabilistic case. B

Using Theorem 5.3.2, we can establish the relationship of transition mapping
f and labelling function ! and it gives a relationship between reachability of states

and validity of formulas in a TLM as follows.

Corollary 5.3.3: For a given TLM, the reachability of states is equivalent to

validity of the corresponding dynamical formulas.

Proof: By Theorem 5.3.2, s’ is reachable from s if and only if I(e, s), which

has the form (5.2.3) for the deterministic case or (5.2.4) for the probabilistic case,
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belongs to F*. From Definitions 3.3.1, 3.4.2, and 3.4.3 it is equivalent to that
(e, s) is valid.®

Hence we may use reachability properties of a TLM to verify the correspond-
ing validity properties. Therefore, we may verify the specification of the plant by

the reachability analysis.

The verification of the specification given by a set of temporal logic formulas
in 2 TLM is a procedure of proving the validity of the formulas; and by Corollary
5.3.3, this can be converted to the reachability analysis of the TLM. As a compu-
tation algorithm for a TLM M = (S, E, F*, f, 50,1, p), the procedure for computing

the reachability set and constructing the reachability graph Gy is as follows:

Algorithm 5.9.1:
Step 1: Given a temporal logic model M = (S, E, ¥, f,1,p, s0). Then,
node(Guy) = {so}, edge(Gy) = ¢

where ¢ is an empty set and sg is unmarked.:

Step 2: IF there is an unmarked node s in node(Gyy), THEN MARK node
s as a root and FIND the set E, using the following rule. OTHERWISE GOTO
Step 5.

Foreache € E, IF l(e,s) € F*, THEN ec E,.

Step 3: For every e € E,, DO edge(Gur) := edge(Gar)U{e} and FIND f(e, s).
IF f(e,s) is a single element, THEN t = f(e,s) and p = 1. OTHERWISE, for

every t € f(e,s), p = p(s, ).
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Step 4: IF t is unmarked, DO node(Gys) := node(Gar) U {t}. GOTO Step 2.
Step 5: END.

For the nondeterminstic case, the mapping f is set-valued with the proba-
bility distributions. A state which is possibly be reached is also reachable with
a probability as shown in the above algorithm. Thus, the reachability set is ob-
tained as R(M, s9) = node(Gyy). It does not have duplicated elements; and this is
ensured by the marking scheme used in the procedure such that no state is visited
more than once. When a state is visited, it is marked as a root. Only those edges
that are in the enabled event set are added to the set of edges and only those
states that have not previously been marked are marked as roots and added to

the reachability set.

F* is the set of all subsets of F. Let the number of elements of F be n. Then
it takes 2" steps to get F~ by using the combination theorems. So Algorithm 5.3.1
is exponential in the size of F. At each state s, there are at most |E,| € [E| events
to be checked for successor states, where |E| is the number of events in E. Hence
at most |E|- |[R{(M, sg)| steps are needed to compute the reachability graph and

the reachability set.

Let Gy = (node(Gas),edge(Gur)), and let |node(Gar)| and |edge(Gar)| be
the number of nodes in node(Gyr) and the number of edges in edge(Gy), re-
spectively. An algorithm is said to be linear in the size of the graph Gy if the

algorithm takes no more than order(|node(Gyr)| + |edge(Gar)]) steps. Since at
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most |edge(Gar)| = [E| - |R(M, s0)| and node(Gar) = R(M, so), |E| - [R(M, s0)| +
|R(A, s0)| = (E| + 1)[R(M, s0)|. This means that algorithm takes no more than
order(lnode(G )| + |edge{(Gar)|) steps. Hence it is linear in the size of the reach-

ability graph.

The procedure of this algorithm is implemented in the software which will be
discussed in Chapter 8.

The above reachability algorithm is suggested for use in verifying the specifi-
cation given by temporal logic models. This has a great significance, particularly,
when the verification is carried out by a computer which needs automatic verifi-
cation procedure. According to Corollary 5.3.3, the reachability algorithm can be

used as an automatic method for doing the verification.

In applications, the verification of concurrent programs, operating systems,
and communication protocols requires statements about the way variables change
during execution. The statements can be a safety (invarience in the terminology
of [72]) assertion or a liveness (eventualities in the terminology of [72]) assertion.
Obviously reachability algorithm can be used to verify a safety assertion since the

reachable states of the system will remain within the reachability set.

The algorithm can also be used to verify the specification that particular
events occur in a certain order. Such a specification could be either a liveness or a

safety assertion, depending on whether it is to mean that the events actually will
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occur or simply that, if they do occur, they will do so in the proper sequence. As
an example, we will use this algorithm, in the next section, to verify the correct-
ness of a data link protocel which specifies the order in which events take place in

the communication network.

5.4 An Example of Application

As an example of a system which has a discrete event behavior, consider
a data link leyer protocol [31] which consists of a sender sending packets and
a receiver receiving packets through a communication link. The protocol is the
alternating bit protocol (ABP), for the packets 0 and 1 [107]. The state of the

protocol is s = (z,y) where the sender z can be in one of three states:
¢ O(z) waiting for an acknowledgement AC KO, for the packet 0;
¢ 1(z) waiting for an acknowledgement ACK1, for the packet 1; and
e n(z) no acknowledged packet.
and the receiver y can be in one of two states:
o 0(y) waiting for a packet numbered 0; and
o 1(y) waiting for a packet numbered 1.

Hence, the protocol has six states: (n,0), (0,1), (n,1), (1,0), (0,0), and (1,1).
Let s;, 1 =0,1,2,3,4,5 represent these six.states, respectively. The events would

be as follow:
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¢ ¢; The packet 0 is lost (ep0lo(.));

e ¢; The packet 0 is received (epOre(.));

e ¢; The packet 1 is lost (epllo(.));

¢ e; The packet 1 is received (eplre(.));

o ¢5 The acknowledgement ACKO is lost (eallo(.));

¢ ¢s The acknowledgement ACKDO is received (ealre(.));
s e; The acknowledgement ACK1 is lost (eallo(.));

o ¢3 The acknowledgement ACK1 is received (ealre(.));
¢ eg Timeout and 0 i; received or lost (ep0to(.));

e ¢;0 Timeout and 1 is received or lost (eplto(.));

The chart of events and their preconditions and postconditions of the example

is constructed as shown in Table 5.1.

From Table 5.1, the sets of enabled events in states s1, sz, ..., 5S¢, respectively,
are: E, = {e;, €2}, By, = {e1, €2}, By, = {e€5, 6,65}, Es; = {€3,¢4}, E,, = {e3,e4},
and E,, = {es,es,€10}. Thus, we can obtain the next state function s’ = f(e, s)

from Table 5.1.

The state transition graph of the protocol is shown in Figure 5.1 and we want

to prove the correctness of the protocol. We notice that correctness is a logic
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preconditions | events | postconditions
$4q €1 54
S4 €2 Sy
So € S4
Sp €2 S
S1 €s S
5 €9 $1
3 € S2
Sa € Sy
$2 €4 S3
Ss €3 Ss
Ss €4 $3
S3 er 53
&3 €10 S3
83 eg So

Table 5.1: Events and conditions of the example.
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P(0) lost Timeout &

P(0) received
or lost

$4=(0.0)

P(0) lost S 1=(0,1)
S0=(n,0)
P(0) received AKQ lost
AXKO received
AK1 received

Timeout &

P(1) received P(1) received

or lost 82=(n,1)

S3=(1,0) P(1) lost

Ss=(L1)

P(1) received

AX1 lost

P(1}lost

Figure 5.1: The graph of the protocol.

property: it only concerns the order in which events take place.

When there is no transmission error, the sequence of states of the protocol is

(n,0) = (0,1) = (n,1) = (1,0) = (n,0) = (0,1) — ---

These transitions represent the arrival of a packet numbered 0, the arrival of an
ACKO, the arrival of a packet numbered 1, the arrival of an ACK1, and so on.
Once Figure 5.1 has been verified, the correctness of ABP is proved. Indeed, Fig-
ure 5.1 proves that, even with arbitrary transmission errors, the receiver gets a

packet numbered 0, then the sender gets an ACKO, then the receiver gets a packet
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numbered 1, and so on.

In order to verify the protocol, we need to specify the protocol in the tempo-

ral logic models. Then the simulator in the software developed in Chapter 8 can

take in the rules of the formulas given by the protocol model. By using Corollary

5.3.3, the reachability algorithm performs the verification. Now we first specify

the temporal logic model of the protocol.

Let the local variables z and y represent the states of sender z and receiver
y. Using 0(z), 1(z), n(z), 0(y), and 1(y) as predicates, taking epOre(.), ep0lof.),
ealre(.), eallo(.), epOto(.), eplre(.), epllo(.), ealre(.), eallo(.), and eplto(.) as

event symbols given in the previous section, we give the set of formulas of the

specifications for the protocol as follows.

Dynamics

Oleplre(y) A n(z) A O(y) = 0(Oz) A 1(Qy))

Olep0lo(z) A n(z) = 0(Oz)]
Bleplre(z) A 0(z) = n(Ox)]
Bleallo(y) A 1(y) = 1(Oy)]
Dlep0to(z) A 0(z) = 0(Oz)]
Bleplre(y) A 0(y) = 1Oy)]
Ofep0lo(z) A 0(z) = 0(Oz)]
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(5.4.P2)
(5.4.P3)
(5.4.P4)
(5.4.P5)
(5.4.P6)

(5.4.P7)



Bleplio(z) A n(z) = 1(Qz)) (5.4.P8)

Bleplre(y) A n(z) A 1(y) = 1(Oz) A 0(Oy)) (5.4.P9)
Dfeplre(y) A 1(y) = 0(Oy)] (5.4.P10)
Dlepllo(z) A 1(z) = 1(Oz)] (5.4.P11)
Ofeallo(y) A 0(y) = 0(Oy)] (5.4.P12)
Oleplto(z) A 0(z) = 0(Qz)] (5.4.P13)
Oleaire(z) A 1(z) = n(Qz)] (5.4.P14)

Formula (5.4.P1) describes the effect of that packet 0 is received: The state of the
sender changes from n(z) to 0(z), and the state of the receiver changes from 0(y)
to 1(y). (5.4.P2) — (5.4.P14) are similar to (5.4.P1), describing the effects of the

occurrences of the corresponding events, respectively.

Initial condition

n(z) A O(y) (5.4.P15)

It means that initially the sender is at n(z) and the receiver is at O(y).

Using the results obtained in Section 5.3, Algorithm 5.3.1 can be used to
identify the states that can be reached by the specification (5.4.P1)-(5.4.P15). By
Corollary 5.3.3, the states specified by (5.4.P1)-(5.4.P15) are reachable.

Applying Algorithm 5.3.1 to the ABP protocol, the reachability computation

result of the protocol, with the reachability set and the enabled events, is produced
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The state transitions of the system are:

The root: s0=(n,0)
el=(eplrc2) --> s1=(0,1)
e2=(epllo 1) --> s2=(0,0)

The root: s1=(0,1)
e3=(ealrc 1) —> s3=(n,1)
eS=(epOto 1) -—> s5=(0,1)=s1
ed4=(eallo 2} —> s4=(0,1)=s1

The root: $2=(0,0)
e7=(ep0Olo 1)=e2 —> s7=(0,0)=s2
€6=(epOrc 2)=e1 —> s6=(0,1)=s1

The root: $3=(n,1)
e8=(epilo1) —> s8=(1,1)
eS=(eplrc2) —> s9=(1,0)

The root: s8=(1,1)
ell=(epllo 1)=e8 —> s11=(1,1)=58
e10=(epirc 2)=e9 —> s10=(1,0)=89

The root: s9=(1,0)
eld4=(ealrc1) —> s14=(n,0)=s0

e12=(eallo2) —> $12=(1,0)=s9
e13=(ep1to2) —> s13=(1,0)=s8

Figure 5.2: Reachability computation of the example.
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by our software as shown in Figure 5.2. The states other than those specified by
(5.4.P1)-(5.4.P15) are not reachable. This proves the correctness of the ABP pro-

tocol.

A representation for the TLM of the example has been obtained and now we
can visualize all the-components of the TLM of the example. The states, events,
the sets of enabled events, the mapping f, and the initial state can be seen from
Figure 5.2. The set F is the set of formulas of the specification (P1)-(P15), and the
labelling function can be seen as it is labelling the events and states in Figure 5.2
to F". The processes in the example are deterministic in a sense of that an event
has only one outcome on 2 state so that p = 1. Nevertheless, there are still some
nondeterminism, for instance, from sq to s; or to sy, in a sense of the physical
possibility rather than probability of event occurrences. The use of reachability as
a means of proving the correctness of the ABP protocol gives the entire dynamic

behavior of the system.

5.5 Conclusion

The dynamics of DESs has been described by the next state function with
the enable conditions of events upon the truth of formulas. In the reachability
analysis of the DES, it has been shown that reachability of states is equivalent
to validity of the corresponding logic formulas. Hence, we may use reachability

properties to verify the corresponding validity properties.
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It is noticed that validity here is limited and relative to the logic specification
provided by the user in applications; and therefore, it may be invalid if the user
is erroneous. Nevertheless, this result theoretically simplifies the system design
procedures as it is a bridge between reachability and validity. Based on this re-
sult, reachability properties may be used instead of validity properties. Hence, the
reachability set has been defined and an algorithm for computing the reachability

set and constructing the reachability graph has been developed.

An example of a data link protocol has been demonstrated to convey the
theoretical discussions. The correctness of the protocol has been proved by the
reachability algorithm. It shows that the specification of the plant can be veri-
fied which means an early verificatior, i.e. the verification of the plant before a
controller is available. Our methods can do more than what Thistle’s did in [105]
where the full plant-controller system must be available before verification can

proceed.

Comparing the related works, our work in this chapter is close to the corre-
sponding parts of Ostroff {85]. Ostroff’s paper [84] is a further development of
his book [85] which verifies the fairness of arbitrary system. The paper verifies
the time bounds of finite state systems. He uses a Timed Transition Model which
adds a time into the fair transition system while we add probabilistic features
into 2 simplified fair transition system. His model is complicated on the states
with state assignments and state maps, and so is his reachability definition. His

reachability is defined as: s is reachable if it occurs in a legal trajectory. If ¢ is a
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state map corresponding to s, then g is reachable if s is reachable. His reachabil-
ity graph is the set of all state-maps reachable from the set of initial state-maps
since the set of reachable states is always infinite because of time ticks but the
number of the state-maps may be finite. But our definition of reachability is sim-
ple, straightforward, and including the probabilistic case. He has two reachability
algorithms, RG1 for lower time bounds being zero and RG2 for lower time bounds
being not zero. RG1 is less general than RG2; but the reachability graphs of RG2
are usually much larger than those of RG1. Our reachability algorithm is closer
to RG1 than RG2 and the procedure of our algorithm is different from those of
RG1 and RG2 because our model is different from theirs. He uses RG1 and RG2
to verify the real-time properties while we use our reachability algorithm to verify
the system behavior by reachability synthesis;. We can do what his RG1 can do
without talking about real-times but we can also deal with probabilistic case. We
do not deal with his real-time part in RG2 and he does not handle probabilistic

case.

As mentioned in Section 5.2, a DES is represented by a TLM which itself
may be composed of a number of TLMs. Hence, the procedure of composing these

TLMs into 2 TLM is needed to be developed.

The reachability graph of the example shows the natural behavior of the un-
controlled system. If a required behavior is specified within the natural bebavior,
then a controller or supervisor is needed to be composed and synthesized into

the system to achieve the required behavior. Therefore, in the next chapter, we
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will study the composition of temporal logic models and then the procedures for

reachability synthesis and controller design.
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Chapter 6

Composition and Controller

Synthesis of DESs

In this chapter we will study the composition of the temporal logic models
and develop the procedures of the controller design and reachability synthesis for
DESs.

6.1 Introduction

In Chapter 5, Figure 5.2 shows the natural behavior of the uncontrolled
system. I the natural behavior is not satisfactory in some aspects, then a de-
scription of the required behavior of the system is formulated in temporal logic
specifications. The description includes a restriction on the reachability set of the
system to prevent the unsatisfactory states from being reached. A controller is
then needed to be designed and synthesized to realize the specified closed-loop

behavior. The controller can be represented as a TLM. Hence, procedures for the
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controller design and synthesis and for the composition of a number of TLMs are

needed to be developed.

In the automata and formal languages approach [95,112], algorithms have
been developed for the synthesis of the designed supervisors (controllers). Reach-
ability and controller synthesis have been studied in the Petri nets approach in
[21,39]. In the temporal logic framework pres :ed in Chapter 2, Thistle and
Wonham have designed a controller for a manufacturing system and verified that
the required behavior description can be deduced from the plant and controller
specifications of that example; and no general procedures for the composition and
synthesis have been given there. Hence, there is a need for a theoretical basis
and procedures for the composition and controller synthesis in the temporal logic
approach. This involves specifying the behavior of a number of closely interact-
ing subsystems and synthesizing a controller to coordinate the system behavior to
avoid problems such as conflicts during access to shared resources. Therefore, the
main objective of this chapter is to develop procedures for the composition and

controller synthesis of DESs in a temporal logic framework.

In this chapter, we will formulate the temporal logic models established in
Chapter 4 as Z-algebras and introduce a T-homomorphism of temporal logic mod-
els to the composition of DESs, and then develop the procedures for the reacha-

bility synthesis and controller design of DESs.

This chapter is organized as follows. In the following section, as an example,
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a system of computer read-write processes is described in a temporal logic model
and is used to propose the need for the composition and controller synthesis of
DESs. By applying Hennessy’s process algebra [32], in Section 6.3, a temporal
logic model (TLM) is formulated as a T—algebra and a L —homomorphism of
TLMs is introduced to provide a composition operation for reachability synthe-
sis of TLMs. This will lead naturally, in Section 6.4, to a controller synthesis
procedure using reachability properties to ensure that the closed-loop system has
the required behavior. Finally in Section 6.5, as 2 conclusion of this chapter, the

related works are discussed as comparing with our results.

6.2 An Example

Consider the problem of controlling the access of 2 number of computer
processes to a shared disk [38]: each process z can be in one of five states: idle
(ID(z)), waiting for reading (WR(z)), waiting for writing (WW(z)), reading
(R(z)), and writing (W(z)). Let sy, sp, s3, $4, and s5 represent these five states,

respectively. Then the events would be as follows:
o ¢; The process requests to read (ergr(z));
e ez The process requests to write (erqu(z));

e3 The process starts reading (estr(z));

¢ ¢; The process starts writing (estw(z));

es The process finishes reading (endr(z));
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preconditions | events | postconditions
31 €1 32
3 €2 33
$2 €a Sy
83 €4 35
S4 €s $1
S5 g $

Table 6.1: Events and conditions of the example.

e ¢ The process finishes writing (endw(z));

The chart of events and their preconditions and postconditions of the example

15 constructed as shown in Table 6.1.

From Table 6.1, the sets of enabled events in states s, $a, -.., 35, Tespectively,
are: E,, = {e1,e2}, Es, = {es}, E;s, = {es}, Es, = {es}, Es, = {e6}. Thus, we
can express the next state function s’ = f(e, s) for the given example as shown in
Figure 6.1. As an illustration, Figure 6.1 is just a try to show 2 relation between
states and events for the mapping f similar to that between the function values

and 1its variables.

Let the local variable z represent the states of process z. Using ID(z),
WW(z), WR(z), W(z), and R(z) as predicates, taking ergr(z), erqu(z), estr(z),
estw(z), endr(z), and endw(z) as event predicate symbols, we give the set of for-

mulas of the specifications for the given example as follows.
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& € & €63 &s

Figure 6.1: The next state function of the example.

Dynamics of the plani
Oerer(z) A ID(z) = WR(Ox)]

Olestr(z) A WR(z) = R(Oz))
Dlendr(z) A R(z) = ID(Oz)]
Olerqu(z) A ID(z) = WW(Qxz)]
Ofestu(z) A WW(z) = W(Ox)]

Olendw(z) A W(z) = ID(Oz)]

(6.2.P1)

(6.2.P2)
(6.2.P3)
(6.2.P4)
(6.2.P5)

(6.2.P6)

Formula (6.2.P1) describes the effect of the request to read of process z: its state

changes from ID(z) to WR(z), while the states of the other processes remain the

same. (6.2.P2) — (6.2.P6) are similar to (6.2.P1), describing the effects of the
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WR(x) ergr(x) ID(x) eﬁ.«’v(x) WG

estr(x) estw(x)

R(x) W(x)

Figure 6.2: The graph of process z.

commencement of reading, the end of reading, the request to write, commence-

ment of writing, and the end of writing, respectively, of process z.

Initiel condition
ID(z) (6.2.P7)

(6.2.PT) means that initially all processes are idle.

The graph of the example is shown in Figure 6.2. To see the synchronization
of events clearly, in this chapter, we add a bar as the transition of an event into

the graph of the temporal logic models.
For the given example in the case of N = 2, the simulation result given by

our software is shown in Figure 6.3. The reachability graph, with the reachability

set as its set of nodes and events as its edges, is constructed in Figure 6.4.
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The state transitions of the unsupervised system are:

The root:  s0=(I0,1D)

olm{enqr 1) -—> si1=(WR,ID)
o3mforgqw 1} —> sI=(WW.ID)
e2=(amgr 2) --> s2«{ID,WR)
edulorqw 2) —> s4=(ID,WW)

The root:  s1={WR,ID)

eSmfestr 1) > sS=(R,ID)
aeG={orgr 2)ma2 ---> sE=(WR,WR)
o7=(orqw 2)med -~ s7T=(WRWW)

The root:  s2=(ID,WR)

e9um(ergr 1)mol > sI=(WR,WR)us6
810=(arqw 1)m=03 —> s10=(WW ,WR)
e8=(ostr 2) > sB8«(ID,R)

The root:  53={WW,ID)

eli=fastw 1) —> s1i=(W,ID)
e12={orgr 2)me2 —> s12={WW,WR)as10
o13={omgw 2)med > sS13u{WW,WW)

The root:  s4a(ID,WW)
015={orgr 1)mel --> 515=(WR,WW)as7

oi6=(erqgw 1)u63 —> s16a{WW WW)=s13
eldmfestw 2) —> si4=({IDW)

The root:  s5=(R,ID)

o17={ondr 1) --> s17=(ID,ID)=s0
e18alergr 2)me2 —> s18=(A,WR)
a19u(orqw 2)mad -—> $19=(R,WW)

The root:  s6={WR,WR)
@20=(ostr 1)me5 —> s20=(RWR)us18
621={eslr 2)ma8 —> s21=(WR,R)

The root:  s7=(WR,WW)
e22={astr 1jmeS -—> s2=(R,WW)ns19
023w{estw 2)m=014 -—> 523=(WR,W)

The root: 38a(lD,R)

624=(orgr 1)=e1 —> s24={WR,R)=s21
025={orqw 1)me3 --> s25=(WW,R)
626={endr 2) —> s26=(ID,|D)us0

The root:  s10=(WW.,WR)
a27={estw 1)eal11 > s527={W,WR)
€26=(ostr 2)ma8 —> s28=(WW,R)=s25

The root: s11=(W,ID)

e29={ondw 1) -—> 529=(ID,ID)=s0
030={erqr 2)=e2 —> 530=(W,WR)as27
631a{orgw 2)uwed --> s31=(W,WW)

The root:  s13=(WW.WW)
032a{estw 1)mo1] ~> 532=(W WW)=s31
e33=(ostw 2)me14 —> s33=(WW,W)

The root:  s14=(ID,W)

e3dafergr 1)mal =-> s34=(WR,W)=s23
035={arqw 1)me3 —-» $35=(WW W)us33
636={ondw 2) --> 536«{ID,1D)=50

The root: s18«{RWR)
o037u(ondr 1)me17 —-> $37=(ID,WR)=s2
038=(estr 2)=a8 -—~> $38a(R,R)

The roct:  $19={R,WW)
e39=({andr 1)mel17 —> S39=(ID,WW)as4
040=(ostw 2)mel14 —-> s40=(R,W)

The roct: s21=(WR,R})
odlm{astr 1)=e5 —> s41={R,R)=s38
e42u=(ondr 2)=a26 ~—> 3$42=(WR,ID)=s1

The root: s23=(WR,W)
643=(astr 1)we5 ~-> s43=(R,W)=s40
o44m{ondw 2)ual3f > s44a(WR,ID)=st

The root: s25=(WW,R)
e4Sa(estw 1)=all —> 545a(W,R)
o46aondr 2)me26 ~> 5$46a{WW,ID)=s3

The root:  s27=(W,WR)
e47=(entw 1)=a29 > 547=(ID,WR)=s2
048u(ostr 2)me8 —> $48=(W,R)=s45

The root:  S31w=(W.WW)
e4S9=(ondw 1)m029 —-> 549a{ID,WW)usd
e50={astw 2)mp14 —> $50=(W,W)

The root:  s33={WW.W)
eSim{estw 1)}moll —> 551=(W W)=sS0
652={endw 2)me36 > 552={WW,ID)=s3

The roct: s38a«(R,R)
e53=(andr 1)=a17 —> 553=(ID,R)=sB
654m{andr 2)wa26 -—> s54u(R,ID)=s5

The root: s40=(R,W)
o55=(endr 1)me17 —> s55=(I0,W)=s14
656=(andw 2)ma36 —-> s56=(R,ID)=sS

The root:  s45=(W,R)
eS57=(endw 1)we28 —> s57«(ID,R)=s8
e¢58=(ondr 2)ma26 —> $58a(W.,ID)=s11

The root: SSO-(W.W)
859w=(endw 1)=e29 ---> s59=(ID,W)=si4
oE0=(ondw 2}ma36 -=-> 560m(W,ID)=s11



Figure 6.4: Reachability graph of the example.
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As we can sce from Figures 6.2 and 6.3 that there is no restriction on the
number of processes which are allowed simultaneous access to the disk for either
reading or writing. For instance, at s3; = (W, WW’), process 2 is waiting for writ-
ing while process 1 is writing data to the disk. If event e;q were to be executed
at this moment, two processes would be writing to the disk at same time, i.e. the
system is at ssp = (W, W), then the data in the disk would be altered inconsis-

tently and cause grave problems such as the crash of the system.

Therefore, a controller is needed to avoid such problems. For this example,
a control program should be designed to tell the interrupt handler of the system
that process 1 is updating the data and it should not perform non-local goto. It

will allow process 2 to write to the disk after process 1 finishing its writing,.

As designing a controller for the given system, it proposes a problem of com-
posing and synthesizing a controller with the plant to achieve the required behavior
of the system. This motivates us to study the composition and synthesis of TLMs.

We will introduce a process algebra in the next section to compose and synthesize

TLMs.

6.3 E-Algebra and Composition of TLMs

As mentioned in Section 5.2, 2 DES may be composed of a number of TLMs
with each TLM representing one of the DES processes. In this section, by ap-

plying Hennessy’s process algebra [32], 2 TLM will be formulated as a Z—algebra
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and a X—homomorphism of TLMs will be introduced to provide the composition
operation and controller synthesis for DESs. The reason that Hennessy’s book
cited here is its updating usage of process algebras for computational processes.
Of course, E—algebra is a kind of universal algebra [8]. Our purpose of applying
the E—algebra is to provide a theoretical basis for the operational verification of
DESs by the reachability synthesis which is the synchronization of two systems to
achieve a desired reachability set for the composite system. In terms of Hennessy’s

algebra, a T-algebra is defined as follows.

Definition 6.3.1 [32]: Given a set of formal functional symbols . A T—algebra
is defined by a pair {4,Z,4) in which 4 is a set, and 4 is a set of functions
{fa, f € T} such that, if the number of arguments of f is n, then f4 is a function

from A™ — A.

To show the mathematical significance of X-algebras, we need to introduce

the ¥—homomorphism, between two -algebras, which is defined in the following.

Definition 6.3.2 [32]: A ¥—homomorphism from L —algebra (4,2,) to T—algebra
(B,E3g) is defined by a function k satisfying for every f in T with k arguments

h(fzi(al’ ey ak)) = fB(h(al)! g h(ak))'

Y —homomorphisms are simply functions which preserve the structures be-

tween L—algebras. By viewing our TLM as a £—algebra, this property can be
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used in the composition and reachability synthesis of TLMs. For this purpose, the
following two results establish TLMs as ¥—algebras and the ¥ ~homomorphism

between them.

Theorem 6.3.1: A TLM is a T—algebra ({S,E,F"},{f,1,p,s0}) with the
set {S,E,F"}, the binary operations f : ExS — S,l: ExS — F", and

p: S xS —[0,1)], and the nullary operation so € S.

Proof: By Definition 3.3.1, S, E, F* are sets, and f, I, p, are functional sym-
bolswith f: ExS —=S,l: ExS = F,andp: SxS —[0,1]. so can be
viewed as a nullary operation over S. By Definition 6.3.1, ({S,E,¥"}, {f,,p,30})

is a T-algebra. W

Corollary 6.2.2: Given two temporal logic models M = ({S,E,F*},{f,1,p, s0})
and M' = ({S", E,F~'},{f,I',p’,sh}). For any four functions: h : S — &,
g: E=E,i: [0,1] =0,1), and k : F~ — F*, if they satisfy k(sq) = s}, and for
all ¢ € E,, g(e) € Enas £(9(e),h(s)) = h(f(e,9)), (g(e),h(s)) = k(I(e,s)) 2nd
?'(R(s1), h(s2)) = i(p(s1, 52)), then [k, g,%, k] is a E—homomorphism from M to M’.

Proof: Following Theorem 6.3.1, M and M’ are T-algebras. Since h(sp) = s},
and for all ¢ € Ei, g(€) € Eng), F(9(e),h(s)) = h(f(e,s)), ¥(g(e), h(s)) =
k((e, s)) and p'(h(s1), h(s2)) = i(p(s1, 5)), we define [k, g,7, K]( (e, ) E h(f(e,5)),
[, 9,3, Kl(U(e, ) & k(U(e, ), [hg,7, Kl(p(s1,52)) & i(p(s1,52))s [hrg,i, Kl(s0) &
h(so). Then, [h,g,i, KJ(f(e,s)) = F(g(e) h(s)), [hr 9,7, K](I(e, 8)) = ¥(g(e), h(s)),
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(7, 9,7, K)(p(s1,82)) = P'(R(s1), h(s2)), [h,9,i,k](s0) = s} By Definition 6.3.2,
[k, 9,1, k] is a T—homomorphism from M to A" M

An important property of a ¥—homomorphism between TLMs is that it pre-
serves the dynamic behavior and reachability of the TLMs as shown in the follow-

ing theorem.

Theorem 6.3.3: Let [h,g,i,k] : M — M’ be a T—homomorphism of TLMs.
Then
(1). 't = f(e,s) in M, it follows that h(t) = f'(g(e), h(s)) in M".

(2). If t is a reachable state of M, then k(%) is a reachable state of M".

Proof: (1). Since [h,g,i,k} : M — M’ is a T—homomorphism, it follows
from Corollary 6.3.2 that k(f(e,s)) = f'(g(e), h(s)). Because of t = f(e,s) € M,
h(2) = h(f(e,s)) = f'(g(e), h(s)). Hence h(t) € M".

(2). Since ¢ is a reachable state of M, there exist s € S and e € E, such that
t = f(e,s) € M. It follows from (1) of this theorem that A(t) = f"(g(e), h(s)) € M’
where g(e) € En(s) and h(s) € M’. By Definitions 5.3.1 and 5.3.2, k(t) is a reach-
able state of M’. R

The above results provide a possible composition operation to build 2 TLM
from its component TLMs, say two TLMs, by putting together two TLMs with
synchronization between selected events for reachability synthesis. In the follow-

ing, we will define the composition operation and investigate its properties in
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Figure 6.5: Synchronization of two events.

particular, what effect the composition has on the dynamic behavior of the TLM

and on the reachability set ol the system.

Definition 6.3.3: For two temporal logic models M = ({S,E,F"}, {f,1,p, s0})
and M’ = ({S", B, F"'}, {f',I',p’, s5}), the composition of M and M’, denoted by
M % MM, is defined by the concurrent operation of M and M’ in which selected
events, e.g. ¢ € E and ¢’ € E’, are synchronized and form a synchronized event
€ = (e,€'). The event set of M is E = {(e,¢)|le € E}U{(¢, ¢')|e' € B} U {(e,¢')le €
E,¢' € E'} where (e,€) and (¢, ¢') denote events in M and M’ respectively which
are not synchronized with an event in the other TLM. For all s € S and s’ € §' with
5% (s,5'), €€ Eyonly if e € E, and € € E,. Thus, f(¢,35) ¥ (f(e,s), (¢, "),

1,3) % (I(e, 5), (<", ")), and 551, 52) & (p(s1, 52), B'(}, 55))-

. The synchronization of two events from M and M’ is illustrated graphically
in Figure 6.5. Let S be the set of all § = (s,s’). Then the composed model
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AT = M || M has the set of states S = S x S, the set F* = F* UF", and the set
of events E, the functions f, I, P, and the initial state 35 = (sq,54). Particularly,

f works with (e, €) in this way: f((e,¢),(s,s)) = (fle, ), f(&,8")) = (f(e, 8), 8').

For the synchronization of events, the set E can be defined more generally as
E = {(e,%)|e € E}U{(x,¢")|e' € E'}U{(e,¢')|e € E, ¢’ € E'} where (e,*) and (*,¢)
denote unsynchronized events in A{ and M’ respectively. However, we have the
initial state So = (so,5p) for M such that € can be included for null synchroniza-
tion to make those unsynchronized events as the events in the composite system.
Thus, the dynamic behavior of the composed TLM is now given in terms of the

projection mappings from M into M and M.

Theorem 6.3.4: Let [R,g,1,k] and [R', ¢,#, k'] be the projections from M =
MM’ to M and M’ respectively, ie. h: §—8,g: E=E,i: [0,1] - [0,1],
k: F*>F,K: §58,¢: EE,#: [0,]] »[0,1], and ¥ : F* — F*,
Then

(1): The projection mappings are ©—homomorphisms;

(2): i = f(&3)is in M, then both k() = f(g(g),h(3)) is in M and
k'(2) = f'(¢'(€), ¥'(3)) is in M"; and

(3): H? is reachable in M = M]||M’, then both k(%) is reachable in M and
K'(%) is reachable in M.

Proof: (1) By the definitions of projection {k, g,1, k], we have h(5) = s, g(&) =
e, k(I(&,3)) = l(e,3), i(5($1,92)) = p(s1,52) and h(f(£,3)) = f(e,s). Hence we
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have I(g(€), &(3)) = I(e,s) = ¥I(e,3)), p(R($1), h(s2)) = p{s1,82) = i(F(51,2)),
f(9(€), h(3)) = f(e,s) = h(f(&,3)), and k() = so. By Corollary 6.3.2, [k, 9,7, k]
is T—homomorphism. The same results can be obtained for [}/, ¢', ', k'].

(2): By (1) of this theorem, [h, g,1,%] and [*’,¢’, ', k'] are ©—homomorphisms.
For I = f(&,5) in M, it follows from (1) of Theorem 6.3.3 that k(£) = f(g(&), h(3))
is in A and A'(f) = f'(¢'(€), '(5)) is in M".

(3): By (1) of this theorem, [k, g, 1, k] and [#’, ¢', ', k'] are T—homomorphisms.
Because f in M = M|| M’ is reachable, it follows from (2) of Theorem 6.3.3 that
both k(%) is reachable in M and k'(%) is reachable in M. W

We use the given example to illustrate our composition procedure. Further
consideration of this model shows that it is formed by the composition of two
TLMs, one for processes and one for the disk. Events in eack TLM are synchro-
nized with one another in relation to the way in which the two subsystems interact
such that these two TLMs are composed. For example, when a process goes from
waiting for reading to reading, the disk goes from idle to being read. We can then
combine the two pairs of the synchronized events into a single event, and then the
two states, reading for the process model and being read for the disk model, into

a single state.

For the disk model in the given example, we give the following description.
BR(d), BW(d), and ID(d) will represent the three possible states of the disk
d, those of being read, being written, and idle. The event symbols esbr({d) and

enbr(d) represent the commencement and end of being read, and esbw(d) and
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The state transitions of the diskfile are:

The root: s0=(ID,ID) The root:  s3=(BW,ID)
el=(esbr1) --> s1=(BR,ID) el1=(enbw 1)  —-> $11=(ID,ID)=s0
€3n(esbw 1) —-> s3a(BW,ID) e12=(esbr 2)=e2 --> $12=(BW,BR)as10
€2=(esbr2) -—> s2=(ID,BR}) @13=(esbw 2)=ed -~> $13a(BW,BW)
ed=(esbw 2) ---> s4=(ID,BW)

The root: s4=(ID,BW)
The root: s1=(BR,ID) e15=(esbr 1)=61 —> $15=(BR,BW)=s7
eS=(enbr1) -—> s5=(ID,ID)=s0 616=(esbw 1)=€3 -—> $16=(BW,BW)=s13

e6=(esbr 2)=e2 ---> s6=(BR,8BR) el4=(enbw2) —> $14x(ID,ID)=S0
e7=(esbw 2)=e4 -—> s7=(BR,BW)

The root s2=(ID,BR)

e9=(esbr 1)=01 —> $9=(BR,BR)=S6
€10=(esbw 1)=e3 —> $10=(BW BR)
eB=(enbr 2} —-> $8=(ID,ID)=s0

Figure 6.6: Reachability computation result of the disk model.

enbw(d} represent the commencement and end of being written, respectively, of

the disk. Then, the specifications of the disk are as follows.

Olesbr(d) A ID(d) = BR(Qd)] (6.3.041)
Qlenbr(d) A BR(d) = ID(Od)] (6.3.M2)
Ofesbw(d) A ID(d) = BW(Od)] (6.3.M3)

Ofenbw(d) A BW(d) = ID(Qd)] (6.3.0M4)

The reachability graph routines together with the enabled event sets of the

disk model is given in Figure 6.6. Now we can visualize all the components of the
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h g i k

So— 3o | eres— e} | 1—1]|(6.2.P1)A(6.2.P2) — (6.3.M1)

S5 — 8] | ezeg — ¢} (6.2.P3) — (6.3.M2)

3g — sh | eqen; — €} (6.2.P4) A (6.2.P5) — (6.3.M3)
“ s11 = 83 | eqe1q — € (6.2.P6) — (6.3.0M4)
I S1q = Sy | e — e}

Sag = Sg | €26 — €f

Sq0 = S% | €ag — €},

Sgs = S | eas — €,

S50 — S5

Table 6.2: The homomorphism from the process model to the disk model.

Z-homomorphism (&, g,¢, k) from the two-processor model M to the disk model

M’ (" is added to € and s of Figure 6.6) as shown in Table 6.2.

The composition of the disk and process models is shown graphically in Fig-
ure 6.7. This composition shows us that the composition operation could be used
to build the closed-loop system from the plant and the controller; and it can be
made by placing the controller in the place of the disk in the given example. This
result provides us a basis for a reachability synthesis procedure for constructing a

controller which, when composed with the plant, will impose the required behavior

on the composite system.
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erqr(x) ID(x) erqw(x)
—} >

dr(x) | endw

Figure 6.7: Composition of the disk and process models.

6.4 Controller Design and Synthesis Procedure

The behavior of 2 DES plant (uncontrolled system) is usually unsatisfactory
in some aspects, a description of the required plant behavior is then imposed to
prevent from the unsatisfactory behavior. The description can be formulated in
temporal logic formula specifications; and it usually is a restriction on the reach-
ability set of the system such that the unsatisfactory states may not be reached.
It is the task of the controller to ensure that unsatisfactory behavior in the plant

is eliminated.

As in [95], the event set can be partitioned into the disjoint sets as the set
of controllable events and the set of uncontrollable events, and then define that
controllable events are those which an external agent may enable or disable while

uncontrollable events are those which cannot be prevented from occurring, This is
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an important issue; but it will complicate our work too much. For the simplicity,
we assume the existence of a controller for the given system. This simply means
that the controller only enable or disable those events which it may enable or dis-
able. We simply do not talk about the uncontrollable events and do not assume
that all events are subject to disablement. In this section, the controller is de-
signed according to the required behavior of the closed-loop system. Our controller
synthesis here is to synthesize the controller designed by a set of rules of temporal
logic formulas such that the closed-loop system has the desired reachability set.
This may be called reachability synthesis. The synchronization of events between
the system and its controller is made by synchronizing the events in the controller

with those in the system.

Let M denote the TLM of the plant and A{. denote the TLM of the controller,
as yet to be constructed according to the specifications of the required behavior.
We propose that the two systems operate concurrently and that control action is
achieved by the synchronization of the events in the plant with the events in the
controller. Hence the behavior of the initially uncontrolled plant is restricted since
certain selected events are prevented from occurring unless the controller is also

in the state which allows the corresponding synchronized event to occur.

Let M = ({S,E,F°},{f,],p,50}) and let M. = ({Q,E,FZ}, {fe. . P, 00})-
Then the closed-loop system of the plant M and the controller M, is defined as

follows.
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Definition 6.4.1: The closed-loop system of M and M., written as M =
M| ML, is defined by replacing M’ in Definition 6.3.3 by M,; and in addition, for
all s € S and g € Q with 3% (s,¢), e € E; if and only if ¢ € E, and e € E,.

Then the closed-loop system M = M]| M, has the set of states § = S x Q, the
set of events E = E, the set F* U FZ, the transition function f, the labelling
function is T = (I,1), and the initial state (sq,go). As shown in Chapter 3,
the controller is deterministic; and therefore, we have p = p. Hence, we ob-
tain M = (S x Q,E,F~UF}, f,Lp, (s0.)); and the following result is obtained

by replacing M’ in Theorem 6.3.4 as M.

Corollary 6.4.1: Let 3T = M||M, as stated above. Then

(1): (s",¢") = F(e,(s,¢)) is in M if and only if both &' = f(e,s) is in M and
q' = f(e,q) is in M; and

(2): & = (s',¢’) is reachable in AT = M||M. if and only if both s’ is reachable

in M and ¢’ is reachable in M.

Proof: (1): Necessity. It follows from (2) of Theorem 6.3.4.

Sufficiency. Since both s’ = f(e,s) is in M and ¢’ = f.(e,q) is in M., it
follows from Definition 6.4.1 that e € E(, ;). Hence (s',¢') = f(e,(s,¢)) is in M.

(2). Necessity. It follows from (3) of Theorem 6.3.4.

Sufficiency. Since both s’ is reachable in M and ¢’ is reachable in M, by
Definitions 5.3.1 and 5.3.2, there exist s € S, ¢ € E,, and ¢ € Q, ¢’ € E,

such that s’ = f(e,s) and ¢’ = f.(¢/,¢). By the projections from M to M and
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M., s' = (¢',¢'). Using Definition 6.4.1, we have &€ = (e,¢') € E(,,. Hence,
F(&,(50)) = (f(ers), f(€@)) = (s¢") = & € 7T and & € E;. By Definitions
5.3.1 and 5.3.2, we obtain that s’ is reachable in A7 = M||M.. W

By Definition 5.3.2, the reachability set R(A, (so,g0)) is the smallest set de-
fined by

¢ (s0,9) € R('A—I! ($0,90));

o ¥ (s,q) € R(M,(s0,90)) and (s',¢') = F(e,(s,q)) ior some e € E, N E,, then

(S’v q') € R(H’ (SOv go))-

It follows from Corollary 6.4.1 that the reachability set of M is the direct
product of the reachable set of A and that of M.. Here the states in M are

composed of the states of M and M corresponding to the same events.

Using the obtained results, we develop a procedure in the following, for a
given TLM of a DES plant M, for designing a controller M, and reachability syn-
thesis of M, with M to achieve the required behavior of the closed loop system M.

Procedure 6.4.1:

(): Give the specification of the plant M and compute the reachability set
R(M, sp);

(i3): Specify the required behavior of the closed-loop system M by temporal
logic formulas;

(¢i1): Find out the set of states which should not be reached by the closed-
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loop system according to (ii). Denote the set by R, and then list the events which
lead to these states;

(2v): Construct the controller M, to prevent those events given in (i#i) from
occurring such that R, may not be reached, and then compute the reachability
set R(M,,qo) of the controller;

(v) Synchronize the events in the controller Af, with the same events in the
plant M; and compose M and M, into the closed-loop system A7, and then com-

pute the reachability set R(M, (so,0)).

From the computational analysis of Algorithm 5.3.1, at most [E| - |R(M, so)!,
|E|-|R(]M., g0)|, and |E|-|R(M, (s0, go))| steps are needed to compute the reachabil-
ity graphs for the plant, the controller, and the closed-loop system, respectively. It
follows from Procedure 6.4.1 that the reachability graphs for the controller and the
closed-loop system are smaller than the reachability graph of the plant. Hence, at
most 3|E}- |R(M, so)| steps are needed to complete the computations in Procedun-e
6.4.1. Using the same analysis as that after Algorithm 5.3.1, we can obtain that
Procedure 6.4.1 is linear in the size of the reachability graph R(M, sp). The com-
plexity of the systém is getting more complicated as its size gets larger. However,
practically we always decompose the system into a number of smaller subsystems

that are tractable.

Theorem 6.4.2: Procedure 6.4.1 can be used to do the controller synthesis of
DESs; and at the same time, it does the verification as Procedure 4.2.1 does in

Chapter 4.
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Proof: Procedure 6.4.1 is developed based on the results obtained in the last
chapter and this chapter so that it can be used to do the controller synthesis of
DESs. As Procedure 6.4.1 does the synthesis, by Corollary 6.4.1, R(M, (so, go)) =
R(M, so) x R(M.,qo) in a sense that a state of M is composed of states from M

and M, corresponding to the same event. It follows from Steps (i4:) and (iv) that
R(.M, SO) X R(Mca 90) = R(Ma 30) = Ru

Hence R(M, (so,40)) = R(M,so) — R. where = stands for the isomorphic re-
lation. This proves that the composite system model 37 will have the required
behavior given by Step (if). By Corollary 5.3.1, it is equivalent to verify that the
required behavior of the closed-loop system M given by Step (i) can be deduced
from the specification of M given in Step (i) and the specification of the controller
given in Step (iv). Therefore Procedure 6.4.1 also does the verification as Proce-

duré 4.2.1 does in Chapter 4. In other words, it is equivalent to Procedure 4.2.1. W

Now Procedure 6.4.1 can be used to the controller synthesis of DESs in the
temporal logic approach; and at the same time it verifies that the controller en-
sures the required behavior of the system. Procedure 6.4.1 is implemented in the
software developed in Chapter 8. It gives the reachability computations of the
plant, the controller, and the closed-loop system. According to the specifications
of the required behavior, its monitor will produce a list of warning on which states
should not be reached and suggestions on which events should be disabled. Then

it synthesizes the controller into the system.
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To illustrate the use of Procedure 6.4.1, we return to the given example. We
need to impose some control on the system so that access is regulated according

the following requirements:
¢ Any number of processes can read from the disk simultaneously;
e Ouly one process can write to the disk at any time; and

o If 2 process is writing to the disk then no process may simultaneously read

from the disk.

Let EQ(z,y) represent that z is identical to y. Following Procedure 6.4.1, we

first express the required behavior of the system as follows:

»

O[W(z) A~EQ(z,y) = ~W(y) A ~R(y)] (6.4.CL1)

O[R(z) A ~EQ(z,y) = ~W(y))] (6.4.CL2)

where - is the negation.

According to the specifications, the monitor found that R, = {540,545,550}
and that which events such that these states are unreachable. These are shown in
Figure 6.8. The next step in our procedure is to construct a controller to disable
those events such that states sy, s45, 2nd s50 Will not be reached in the closed-loop
system. Following the warnings and suggestions given by the monitor, we design

a controller to prevent the events that lead to the states in R, from occurring,.

The events to be controlled are those which result in a process going from

the waiting for reading state to the reading state and from the waiting for writing
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According to the specifications of the required behavior

840 should not beern reached! So event e40 should be disabled at
state 819 !

s43=(R,W)=s40 So event e43 should be disabled at state 523 !
545 should not been reached! So event e45 should be disabled at
state s25 !

s48=(W,R)=s45 So event e48 should be disabled at state s27 !
s50 should not been reached! So event e50 should be disabled at
state s31 !

s51=(W,W)=s50 So evernt e51 should be disabled at state s33 !
s40 may not be a root!

545 may not be a root!

s50 may not be a root!

Then the set of states which should not be reached are:
s40=(R,W) s45=(W,R) s50=(W,W)

Figure 6.8: List of warnings and suggestions given by the monitor.
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state to the writing state. In order for the controller to know when to permit
a process to go from a waiting for reading state to a rcading state, for exam-
Ple, it must also monitor the transition of processes out of the writing state and
out of the reading state. Hence, the events to be selected and synchronized are

those which result in processes entering and leaving the reading and writing states.

We use additional local variable symbols u and v to represent the data stored
by the controller. u is assigned values 1 and 0 representing if a process is writing
to the disk or not; and v is assigned non-negative integer values representing the
number of processes which are reading from the disk. Let ADDI1(v) stand for
that v is increased by 1 and MIN1(v) for that v is decreased by 1. Then, the

specifications of the controller are as follows.
Dynamics of the Controller

Olestr(z) A EQ(u,0) = ADDI(Qv) A EQ(Qu,0)] (6.4.C1)

Clendr(z) A EQ(x,0) A ~EQ(v,0) = MIN1(Qv)] (6.4.C2)
Blestw(z) A EQ(x,0) A EQ(v,0) = EQ(Qu,1) A EQ(Qv,0)] (6.4.C3)
Blendw(z) A EQ(u,1) A EQ(v,0) = EQ(Qu,0)] (6.4.C4)

Initicl Condition of the Controller

EQ(u,0) A EQ(v,0) (6.4.C5)
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The transitions in the controller are:

The root: CO =(0,0)

el=(estr 1) ---> c1 =(0,1)
e2=(estr 2) ~-=> €2 =(0,1) = C1
e3=(estw 1) -—-> C3 =(1,0)
e4=(estw 2) ---> €4 =(1,0) = C3
The root: €1 =(0,1)

§5=(endr 1) ===> C5 =(0,0) = CO

e6={endr 2) ---> cé =(0,0) = CO
e7=(estr 1) =--=> C7 =(0,2)
e8=(estr 2) ---> c8 =(0,2) = C7

The root: C3 =(1,0)

e9=(endw 1) ———> c9 =(0,0) = Co
el0=(endw 2) -~--> €10 =(0,0) = CO
The root: CT =(0,2)

eli=(endr 1) ---> ci11 =(0,1) = C1
el2=(endr 2) ---> c12 =(0,1) = C1

Figure 6.9: The state transitions of the controller.
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WR(x) ergr(x) ID(x) erqw(x) WW(x)
' '®) -

EQ(u,0) A\ADDI(v) EQ(u,1)AEQ(v,0)

EQUu.OAMINIWIVIEQG,0AEQ(Y.0)]

Figure 6.10: Graph of the composite system of the example.

The state transitions of the controller are given in Figure 6.9 and the controller
synthesis procedure is illustrated graphically in Figure 6.10. The closed-loop sys-
tem is composed of the plant and the controller. Its dynamic behavior is simulated
by the software developed in Chapter 8 as shown in Figure 6.11 and its reachabil-

ity graph is constructed in Figure 6.12.

By using Procedure 6.4.1, according to the required behavior of the system,
we have designed and synthesized a controller, and we have obtained the be-
havior of the closed-loop system. From Figures 6.3, 6.8, and 6.11, we can see
that R(M, (so,q)) = R(M,so) — R,. This proves that the resulting composite
system has the required behavior. By Procedure 6.4.1 and Theorem 6.4.2, we
have also verified that the required behavior of the closed-loop system given by
(6.4.CL1) — (6.4.CL2) can be deduced from the specification of the two proces-

sor given in (6.2.P1) — (6.2.P7) and the specification of the controller given in
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(6.4.C1) — (6.4.C5). This example is a deterministic case; and a similar proce-

dure can be carried out for the probabilistic DES such as the example in Chapter 4.

As we can see from this example, the controller synthesis procedure works
like a formal verification. As it takes the specification of the plant and synthe-
sizes a controller according to the required behavior description, it proves that
the required behavior description can be deduced from the specification of the
plant and the controller design by using the reachability algorithm. The reacha-
bility properties verify the validity of the temporal logic formulas such as the form

(5.2.3) for the deterministic case and the form (5.2.4) for the nondeterministic case.

6.5 Discussion

By applying Hennessy’s process algebra, TLMs have been viewed as Z—algebras
together with the ¥—homomorphisms between them, and a composition operator
has been then defined to provide a basis for the composition of 2 number of TLMs.
Control action has been achieved by the synthesis of a controller with the plant.
The controller has been designed through the reachability properties and imposed
by sm&roﬁzation of events in the controller with the selected events in the plant.

The synthesis procedure guarantees the safety assertions such as the reachability

properties.

An example of a system of computer read-write processes has been demon-

strated to propose the need for the composition and synthesis of a controller into
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Now the state transitions of the controlled system are:

The root: SO ={10,I0,0,0)

elulergr 1) —> S1 =(WR,ID,0,0)
e3ulerqw 1) —> $3 «(WW,ID,0.0)
e2n{erqgr2) —> $2 =(ID,WR,0,0)
M-(GQ’N 2) —> 54 -(to.ww0°|°)

Theroot: S1 ={WR,1D,0,0)

eS=f{estr 1) ~> 55 =(RID,0,1)
eGa(erqr 2)=e2 —> 56 =(WR,WR,0,0)
e7=(erqw 2)=ed ~—> 57 =(WRWW,0,0)

The root: 52 ={ID,WR.,0,0)

eSalergr 1)uel —> S9 =(WRWR,0,0)=56
el0=(erqw 1)=e3 —> 510 ={WW,WR,0,0)
eBufestr 2) —> S8 =(ID,R,0,%)

The rooz 53 ={WW,ID,0,0}

ell={estwl) —> 511 «(W,!D,1.0)
e12=(ergr 2)=e2 —> S12 w(WW.WR,0,0}=510
el13=(erqw 2)ued —> 513 =(WW,WW,0,0)

Theroot: 5S4 =(ID,WW,0,0)

elS=(ergr 1)=e] —> 515 «(WRWW,0,0)=S57
el Ge(erqw 1)=e3 —> S16 «(WW WW,0,0)=513
eld=(estw 2) —> 514 =({D,W,1,0)

Theroort 85 =(R,ID,0,1)

el7=(endr 1) —> S17 «(ID,I0,0,0)=50
&1 8a(erqr 2)=e2 —> S18 =(R,WR,0,1)
el9u(erqw 2)med —> 519 =(RWW,0,1)

The root: $6 =(WR,WR,0,0)
e20u(estr 1)meS —> 520 «{R,WR,0,1}=518
e21n(esty 2)}weld —> S21 «(WRR,0,1)

The root; S7 =(WR,WW,0,0)
e22=(estr 1)med —> 522 «(RWW,0,1)=519
e23u(estw 2)meld —> 523 w(WRW,1,0)

Theroot $8 =(ID,R.0,1)

e24n(ergr 1)mel —> 524 =(WRR,0,1)=521
e25=({erqw 1}me3 —> S25 =(WW,R,0,1)
e2bm{endr 2) —> S26 »{ID,I1D,0,0)=50

The root; . S10 =(WW,WR,0,0)
e27=(estw 1}mel] —> 527 ={W,WR,1,0)
e28a(estr 2)=e8 —> 528 =(WW,R,0,1}=525

Thercot 511 =(W,ID,1,0)

e29«(endw 1) —> 529 =(ID,ID,0,0)=50
e30n(ergr 2)=e2 —> 530 =(W,WR,1,0)=527
e3l=(erqw 2)=ed —> 531 =(W,WW,7,0)

The root: 513 =(WW,WW,0,0)
e32=(estw 1)=e11 —> S32 =(W,WW,1,0}=531
e33=(estw 2)=e14 —> 533 =(WW,W,1,0)

The root: S14 =(ID,W,1,0)

e3dalergr 1)=el —> S34 =(WR,W,1,0)=523
e35=(erqw 1)=e3 ==> S35 =(WW,W,1,0)=533
e36=(encw 2) —> S$36 =(I1D,\0,0,0)=50

The root: S18 =(R.WR.0.1)
e37=(endr 1)=e17 —> S37 =(ID,WR,0,0)=52
¢38m(estr 2)ue8 —> $38 =(R,R.0.2)

Theroot: S19 =(R,WW.,0,1)
e39a(endr 1)=e17 —> $39 (1D, WW,0,0)=54

Theroot: 521 «(WR,R,0,1)
e4l=(estr 1)wes —> 541 «(RR,0,2)=538
ed2={endr 2)=e26 —> 542 «(WR,ID,0,0)aS1

Theroot: 523 ={WR,W,1,0)
edda(endw 2)me3s —> S44 =(WR,ID,0,0)u5]

Theroot: 525 =(WW.R,0,1)
ed6=(endr 2)=e26 —> 546 =(WW,ID,0,0)=53

Theroot: 527 =(W,WR,1.0)
ed7=(endw 1)=e29 —> S47 =(ID,WR,0,0)=52

Theroot: S31 =(W.WW,1,0)
e49=(encw 1)=e29 —> S49 =(ID,WW,0,0)=54

The root 533 =(WW,W,1,0)
eS2u(endw 2)=e36 —> S52 =(WW,ID,0,0)=53

Theroot: $38 =(R,R,0,2)
e53u=(endr 1)=e17 —> 5§53 =(ID,R,0,1}=58
eS4={endr 2)me26 —> 554 =(R,ID,0,1)=85

The reachability Set

S0 =(ID,ID,0,0) 51 =(WR,!D,0,0) S2 =(ID,WR,0,0)
53 «(WW,ID,0,0) 54 =(ID,WW,0,0) S5 =(RID,0,1)
S6 =(WR,WR,0,0) 57 =(WR,WW,0,0) S8 =(ID,R,0,1}
ST0 =(WW,WR,0,0)511=(W,ID,1,0)S13={WW,WW,0,0)
$14 ~(ID,W,1,0) 518 =(RWR,0,T) S19 =(R,WW,0,1)
521 ={WR,R,0,1) 523 =(WR,W,1,0) 525 =({WW,R,0,1)
527 =(W,WR,1,0) 531 =(W,WW,1,0) S33=(WW,W,1,0)
538 =(R,R,0,2)

Figure 6.11: The simulation results of the composite system.
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Figure 6.12: The reachability graph of the composite system.
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the system. Results of simulating this example have been given. The simulation

was performed using a simulation tool which will be described in Chapter 8.

As a comparison, our work in this chapter is close to Denham’s work [21},
among the related work. He uses the two-sorted algebra to do the composition
of DESs in the Petri nets approach while we use E-algebra in the temporal logic
approach. He uses invariants of the Petri nets to specify the system behavior
while we use reachability of TLMs. The disadvantage of his aéproach is that an
additional language is needed to express the required behavior over a sequence of
states. Our temporal logic language allows formal statements to be made which
are interpreted over the sequence of states that constitute the dynamic behavior of
the system. These can be seen by comparing the results of the read-write example

in this chapter with the results of the same example in [21].

Apother work to pe compared is that by Manna and Wolper [75]. They
applied a propositional temporal logic to the specification and synthesis of the
synchronization part of communicating processes. They zbstracted concurrent
computations to sequences of ‘events’ and described these sequences using propo-
sitional temporal logic, and then synthesized the processes using a tableau decision
procedure. Apparently both our method and theirs do the synthesis from 2 tempo-
ral logic description of the required behavior by applying 2 mechanical procedure.
However, the methods differ substantially in terms of the models, orientations
and the techniques used to realize the concepts. They synthesize communicating

sequential process (CSP) [35] programs such that their model is based on mes-
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sage passing primitives in a distributed computing environment whereas ours is
oriented toward a plant-controller discrete event system in temporal logic models.
They use a tableau-like satisflability algorithm to construct a model of the given
specifications while we use our reachability algorithm to synthesize a closed-loop

system for the given description of the required behavior.

Our work here uses Z-algebra cited from Hennessy [32] which is related to the
work of the basic theorems about general elgebras given by Birkhoff and Lipson
such as those given in [§]. Our composition of temporal logic models has the ideas
similar to their direct products and powers of algebras in [8]. Their purpose was
to show that some algebras can be studied both as homogeneous algebras and as
beterogeneous algebras while our objective is to build a controller synthesis pro-

cedure for DESs.

As we can see from the reachability graphs in the example, the controller
designed is preventive in the sense that it prevents the system from reaching the
bad-state. Hence, there might be more than ore trajectory from the given initial
state to the given fina] state. There may be one, among these trajectories, along
which the system can achieve an optimal cost index in some sense. Being motivated
by this, in the next chapter, we will investigate the problem of optimization of the

controller design for DESs in a temporal logic framework.
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Chapter 7

Optimization for DESs

In this chapter, we investigate the optimization problems of discrete event
systems. The temporal logic model defined in Chapter 3 is enhanced with a cost
function and a semi-metric space is also introduced to measure the cost function.

Then the optimization problem is solved using a heuristic search method.

7.1 Introduction

Figures 6.11 and 6.12 show that there might be more than one trajectory
from the given initial state to the given final state within the reachability set.
Among these trajectories, there might be one along which the cost of executing
events would be the smallest. This proposes the need for a procedure of optimiza-
tion for DESs. In this chapter, we will investigaté the optimization problem of

DESs in the temporal logic framework.

As mentioned in Chapter 1, the optimization problems have been studied for
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DESs. Ramadge and Wonham [95] have considered the optimality of the supremal
controllable sublanguage of a given language. The graph-theoretical formulation
of the optimal control problem for a class of DESs has been given by Sengupta
and Lafortune [100], and the supervisory optimal control has been studied in (55).
Passino and Antsaklis [89] have associated a cost with every state transition z — z'
of a logical DES and examined optimality with respect to an event cost function
x(z,z'). However, among the growing literature that discusses the optimization

for DESs, little work has been done in a temporal logic approach.

This chapter trends towards an optimization for DESs in a temporal logic
framework. A controlled DES in a temporal logic framework consists of a plant
and a controller. Qur motivation is to design a controller to generate a sequence
of events to drive the system from the given initial state to the given final state
and minimize a given cost function index. Thus, the objective of this chapter is

to develop a procedure of optimization for DESs in a temporal logic framework.

This chapter is organized as follows. In the next section, the issues of active
controller and forcible events are discussed to propose the active control for fore-
ing the forcible events to occur in order to obtain the optimization. In Section
7.3, the temporal logic model is enhanced by including the cost function and a
semi-metric space is defined. In Section 7.4, the optimization problem of DESs is
formulated; and then the optimization procedure is proposed through a heuristic
search method in Section 7.5. In Section 7.6, an example of applications is shown.

Finally in Section 7.7, as a conclusion of this chapter, our results are compared
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with the related works and topics for further research are suggested.

7.2 Active Control and Forcible Events

The controllers designed in the previous chapter are used to prevent the
events that lead to bad states from occurring so that the safety properties are
ensured. These controllers are passive in the sense that they do not force events

to occur but merely approve or disapprove event occurrences.

For a passive controller, at a given state s, there is a possibility of occurrence
of one among several events in the enabled event set E,. In general, the controller
merely restricts the occurrence of the next event to a subset of E,; and the pre-
cise choice of the next event among the enabled events is not determined by the

controller.

For instance, the controller in the example of read-write processes in Chapter
6, which is designed by Procedure 6.4.1, is passive. It has been designed to prevent
events ego, €43, €45, €48, €so, €51 from occurring because they will lead to states
S40, S4s, Ssp which do not satisfy the required behavior of the closed-loop system.
The controller disapprové those events such that these states are not reachable by

the closed-loop system to ensure the safety assertions.

On the other hand, the controller approves all events e;, ez, e3, 4 to occur

at sg. As a consequence, there are a number of paths from sy to s;5; and 2ll these
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paths stay within the reachability set.

If a controller can be designed not only to prevent events from occurring but
also to force them to occur, then the controller is said to be active (forceful in

terminology of [79]).

For an active controller, among the events in the enabled event set E, at state
s, the next event to occur is uniquely determined by the controller. In this sense,
an active controller may be used to drive the system along a prescribed trajectory

or path.

From a practical point of view, there might be a path along which the cost of
executing events is smallest among those paths that stay within the reachability
set of the system. If these events can be forced to occur (forcible in terminology

of [30]), then we may design an active controller to force them to occur.

When we say an event is forcible, we mean that the event can be forced to
occur if necessary. On the other hand, for an event e in the enabled event set E, of
state s. if all the events other than e in E, can be prevented from occurring, then
e will be forced to occur since one and only one of the events in E, has to occur at
state s. In real world problems, one may start from the system and/or controller
design to make the prescribed event forcible. This might be an interesting topic

for the further research.
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In order to do the optimization, in this chapter, we assume that all events
in the system can be forced to occur, or we only force those events that can be
forced to occur, so tlat an active controller can be designed. We also assume that
the execnticu of an event will result in exactly one state, that is, the given DES is
deterministic so that in the temporal logic model (TLM) M = (S,E,F*, f,1, p, s0)
i.e. J = {j} and p; = 1. Hence, in this chapter, we omit p from TLMs and write

M =(S,E,F-, f,1,s0).

7.3 Temporal Logic Model in a Semi-Metric Space

In order to measure the cost of driving the system from one state to another
by executing an event and the cost of maintaining the system at a state. we need
a measurement which is similar to the distance function and the metric space
defined in the functional analysis [48]. Because of the symmetry of the distance
function, we can not use it and the metric space associated with it to measure
the above costs. For example, the cost of driving the system from s; to s; may
be different from that from s. to s;. In this case, we want to chose the heuristic
function to be non-symmetric so that the values of the heuristic function can be

close to the values of the cost function which is non-symmetric.

A precedence relation <X on a set X is defined as that for all z,y,z € X there
hold z X z, and (z <Xy, ¥y % z) = z < z. Obviously, the precedence relation <
is reflexive and transitive. Then we define a semi-metric space associated with a

semi-metric function as follows.
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Definition 7.3.1: A semi-metric space is defined by a pair (X,m) where X
is an arbitrary non-empty set with X as a precedence relation on X, and m :
X x X — R* is a semi-metric function on X, that is, for all z,y,z € X, m has
the following properties:

(). m(z,y) =2 0forz <X y;

(i). m(z,z) = 0;

(222). m(z,z) S m(z,y)+m(y,z) forz Xy <=

It is noticed that this definition is different from the semimeiric space associ-
ated with the semimetric function defined by Wilansky in [108]. The difference is
that the distance function d(a,b) Wilansky defined there is symmetric while our
m(z,y) is not necessarily symmetric and we have a precedence relation X on the
elements of X. Hence, our semi-metric space is more general than the semimetric
space defined in [108] which is more general than the metric space defined in [48).
Therefore, any metric space is a semimetric space which is a semi-metric space.
So, our definition of the semi-metric space is 2 generalization of that of the metric

space.

Here is an example of semi-metric spaces:
For any non-empty set X having countable elements, we can count its elements
and assign a positive integer to each element. This produces a sequence z;z323---

and gives a precedence relation < on X. For any integer ¢,j with j > 2+1

m(z;,z;) & j—i (7.3.1)
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then {X;m} is a semi-metric space.

Definition 7.3.2: A cost function § : Ex § — {0,00) is defined by §;; &
6(ei;, ;) for e;; € E,, such that s; = f(e;;, ;). The cost function is defined iff the

event ¢;; € E,,.

The cost function (e;;,s;) includes the cost of maintaining the system at s;
and the cost of executing the event ¢;; at s;. Obviously, 8(e,s) for any s € S is
the cost of maintaining the system at s where € is a null event. Thus an enhanced

temporal logic model M = (S, E, F*, f,1,9, so) has been obtained.

Theorem 7.3.1: Given 2 TLM M = (S,E,F*, £,1,6, 50), for 2 trajectory so &

2
815 saor Sy, let 1, = €165+ ¢,. Then

n=1

6(61,‘,80) < 9(81’30) + 9(621 31) +- e(enesn-l) = z e(ei-}-hsi) (7-3-2)

=0

Proof: For the given trajectory of the TLM, it follows from Definition 3.2.1
that f(e;, o), flez,51), ++-, f(en,5n-1) exdst. By Definition 7.3.2, the cost func-
tions @(ei1,s0), 9(ea,s1), ---, 8(en,8n-1) is defined. By Definition 5.2.1, e =
e1ez--- e € E,; and therefore 6{e1n, s0) is defined. (7.3.2) follows from Defini-

tions 5.2.1 and 7.3.2. H

Since executing an enabled event represents an action performed, 6;; = 6(e;;)

is 2 measure of the cost to process the state s; into s; through executing ¢;;. The
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exccution of an enhanced TLM results in three sequences: a sequence of states, a

sequence of events, and a sequence of the costs. It can be represented explicitly

by a ©-graph:
o S = {sps153-} is the non-empty set of nodes;

¢ E = {e;;} = {(si,s;); si,s; € S} is the non-empty set of directed ares with

e;; pointing from s; to s;;

¢ O ={8;} = {6;; = 8(ei;,s:); ei; € E,,, si € S} is the non-empty set of costs

associated with each arc ¢;; and node s;, and 6;; 2 0 for all §;; € ©.

This ©-graph is an extension of the graphical representation of a TLM given
in Chapter 3. The enhanced TLM is used for the representation as 2 model of
the DES plant. It allows for the specification of a cost to execute an event via
the specification of the cost function. Such cost could, for example, represent a
measure of the resources consumed in performing the actions associated with ex-

ecuting an event.

7.4 Optimization Problem of DESs

In system and control theory, optimization has been an important part in
the controller synthesis and optimal control [1,111]. This section will establish the
first step towards developing the foundations of the optimization for DESs in a

temporal logic approach.
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7.4.1 Synthesis of Plant and Controller

In the previous section, temporal logic model has been enhanced by defining
a cost function index in terms of the costs for executing events and maintaining
the system at the corresponding states. In addition, for a given final state Sg, 2

DES plant is modelled by
M = (S,E,F',f,l,G,so,s,)

where S is the set of states; E is the set of events; f: E x § — S is the mapping;
o is the initial state; 1 : E x § — F* is a labelling function; F* is the set of all
subsets of the set of formulas F'; 6 : E x S — [0, o0) is the cost function; s, is the

final state which is reachable from sq.

We assume the existence of a controller for the above system; and we are going
to design a controller to generate a sequence of events which drives the system
along 2 trajectory that has the minimum of the cost. As discussed in Chapter 6,

the controller is modeled by

-'Mc = (Qv Eca F::a fc: [ce QO)
where Q is the set of controller states; E; C E; f, : E, x Q — Q is the mapping;
go is the initial controller state; I. : E, x @ — F? is a labelling function; and F; is

the set of all subsets of the set of formulas F..

As shown in Chapter 6, the closed-loop system M = M||M, has the set
F~ UF;, the set of states § =S x Q, and the set of events E = E. The mapping

inMisf,andec E,iffbothe€ E, and e € E, where t = (s,49). (so,90) is the
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initial state of M. The labelling function is I = (,1.) for F* UF: and the cost

function is §. Thus, we have M = (S x Q,E,F- U F:, £, 1,8, (s0, 90)).

In addition to the specifications of the required behavior of the system, a
cost function index which will be defined in the following subsection is given to
calculate the cost. So the coniroller is constructed in such a way to generate a
sequence of events which drives the plant from the initial state sy to the final state
sy along the desirable path or trajectory. In the case that there are more than one
such trajectories, the optimization of the cost function index is desired so that a
sequence of events can be generated to drive the system from s to s, along the

optimal trajectory and minimize the cost function index.

7.4.2 Optimal cost function index

When there are more than one path from sq to s,, we take a subsequence of
{0,1,2,---, g} as subscripts of the path sosy, S, - - - $x,_, 5, Then the cost function

index is defined by

g~1

J(SO’ sg) = Z 6(ekl+1 ? Skl) (7'4‘1)
i=0
for 2ll trajectories starting from sp and ending at s,. For simplicity, we write
(7.4.1) as
g=-1
J(sa:5) =D O(ei, s:) (74.2)
=0

Obviously, J(so,s,) = 0if s, = so.

Particularly, we are interested in the case of trajectories starting from s, and

144



ending in sg. Let M(so, sg) denote the set of all finite trajectories ¢ = 3gs; » -+ 3,
of M beginning with sy and ending with s;. Our objective is to find a sequence
of events that will produce a trajectory ¢* and minimize the cost function index.
That is

A s Y .
(s0,35) cehlll(].;fo.ag) J(s0, 3g)

where J(sg,3,) is defined in (7.4.2).

For finite state DESs, there are only a finite number of trajectories of finite

length. Hence we have the optimal index

h(so,s5) & pein  J(s05,) (7.4.3)

The optimization problem is to generate a sequence of events that drives the
system M along the trajectory o= € M(sq,s,) such that (7.4.3) holds. Such a
trajectory (path) ¢~ is called the optimal trajectory (path). Once such o and
its corresponding sequence of events are found, a controller can be designed to

generate this sequence of events to drive M along o*.

The cost function index (7.4.2) and the formulation of the optimization prob-
lem of DESs is similar to those in the conventional (continuous or discrete) systems.
However, there are differences between them. For instance, we use events instead
of the control variables in (7.4.2). This makes our statement of the optimization

problem slightly different; and that is why we call it the optimization problem
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instead of the optimal control problem. It has the advantage of adopting easily
the heuristic scarching methods, which will be presented in the next section, to

solve the optimization problem.

7.5 Solution of the Optimization Problem

The purpose of the optimization is to produce a tentative procedure or guide
for accomplishing some task satisfying the prescribed cost index. The optimiza-
tion problem of DESs in a temporal logic framework usually involves searching a
state space or its subset, for example, the reachability set, to find a path and the
corresponding sequence of events with the minimum of the cost index. Here we

use the theory of heuristic search using the A" algorithm to solve the problem.

The ©-graph of the enhanced TLM defined above can be used to the heuris-
tic graph-search procedure [81]. An implicit representation of the ®@-graph G is
given by a set of initial nodes and a successor operator Z : S — 25%€ defined
by Z(si) & {(si41,0:i01) | 501 = fleiinns $i)y Giier = O(eiien, Si), eivar € By k.
When Z is applied to 2 node s, the graph is expanded. A subgraph G, from any
s € S can be obtained by applying Z to the initial node s. Each node in G, is
reachable from s. There exists a path from s; to s; iff s; is reachable from s;.
Each path has a cost which is obtained by adding the costs 8;;,, € ©. An optimal
path from s; to s; is a path having the smallest cost over the set of all paths from

s; to s;. Denote this cost by h(s;, s;) as in (7.4.3) and an estimate of it by A(s;, s;).
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The objective is to find the optimal path from the initial state sq to the final
state s;. Certainly it can be solved by the exhaustive search methods such as
breadthi-first or depth-first. It has been shown [81) that the search using these
methods expands too many nodes before a path is found. Sz they are inefficient.
To help guide the search, an evaluation function v : S -+ R* U {0} is defined so
that a node s with the smallest valve of v(s) is chosen for expansion. The A*

algorithm is used to perform heuristic search kere.

Let h(s) o h(so,s) + (s,s,) be the cost of an optimal path constrained to
go through s from sq to s, wheve A(so, s) is the cost of an optimal path from sq
to s and A(s,s;) is the cost of an optimal path from s to s, as defined in (7.4.3).
Since h(s}, h(so,s) and h(s,s,} are not known, the estimates h(s), h(so,s), and

h(s,s,) are used. Hence,
v(s) = h(s) = h(sq,5) + h(s,s,) (7.5.1)

is cnosen. The function A(s, $4) is called the heuristic component of the evaluation
function, the heuristic function, for short. If it satisfies certain conditions then

the A" algorithm performs the search well.

Definition 7.5.1: The 4 algorithm is said to be admissible if s, is reachable
from so and 0 < A(s,s;) < k(s,s,) forall s € S.

Definition T:.".':'>.2: The heuristic h(s,s,) is said to be consistent if fz(s;,sg) -

h(s;y4) € h{si,s;) for all s;,5; € S.
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Note that when k(s,s;) = 0 in (7.5.1), the algorithm is identical to breadth-
first search which is guaranteed to find an optimal solution but it is inefficient [81].
When A(s,s;) # 0 in the A" algorithm, the optimization problem can be solved

by using the heuristic function to guide the search.

The following theorem says that if the heuristic function k is a semi-metric
function and is a low bound on the cost function 6 for the given optimization
problem of DESs, then we can find an admissible and consistent A" algorithm
that will generate a sequence of events to drive the system from the initial state

to the final state with the minimum of cost.

Theorem 7.5.1: For the optimization problem given by
{ M = (S,E,F-, f,s0,1,8,5,)
ming eM(s0.0) {865 59) + T 8eir si)}
Suppose that the final state s, is reachable from the initial state sq. If the heuris-
tic function h is a semi-metric function and satisfies h(siys;) < 8(e;;,s:) for all
$i,5; € 8 such that s; = f(e;;,3;), then there exists an admissible and consistent
A" algorithm that can select a sequence of events to drive the system from the

initial state sq to the final state s, with the minimal cost.

Proof: The enhanced TLM has a O-graph representation. From the ini-
tial state so, the edges and the costs of the O-graph are generated by Z(s;) =
{(si41, 8041} | sig1 = Fleiipr, $0), €iipr € By, by = 0(e;i41,5:)}. Let fz(s,—,s,—) be

any semi-metric function which satisfies ﬁ(s;,s_,-) < 8(eij, ;) for all s;,s; € S such
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that s; = f(e;;, s;). Using h as the heuristic function, we need to prove that the 4*®
algorithm is admissible and consistent. By assumption that Sg 1s reachable from s,
there exists an integer n such that s, = s;. Let sgs, -+ s, be any path generated
by the A" algorithm. Forall{, 0 i< n—-1,0 < h{s;,s,) < ;1(3;,3;+1)+i1(s,-+1,s,,)

since h is a semi-metric function. Therefore

n-1 n=1 n~l1
h(siysn) £ 30 h(skysi) € 3 0(enisr, k) € 3 Oernsnr i) = J(si, 5n)
k=t k=i k=1

where J(si,sn) is the actual cost of the path from s; to sp as defined in (7.4.2),

but not necessarily the optimal one. Since this is is true for any path, it is true

for the optimal path. Hence for all 5; € S,
h(si,5n) < h{s:, 5n) (7.5.2)

Thus, the A" algorithm is admissible. By the triangle inequality, iz(s,-, sp) <
h(si,s;) + R(s;,55). Noticing that (7.5.2) also holds for any ,i < j < n, since
$; is also reachable from so. Now we have A(s;, s;) £ h(s:,s;). It follows that
B(siysa) < R(si,85) + h(s;.sn). That is, h(si,5n) — h(sj,s2) < h(si,s;). Hence
the A" algorithm is consistent. Therefore, the .4* algorithm finds an optimal path

from s to s,. M

Theorem 7.5.1 is a further development to Theorem 1 in [89] by Passino and
Antsaklis. They used h(s) = inf{p(s,s,);s; € X.s} with p being a meiric and
x(s,s) as cost function satisfying p(s,s’) < x(s,s') and some other restriction,
and proved that h(s) is admissible and monotone. We define a semi-metric and
further develop it to solve the optimization problem. It gives the existence of

solutions to the optimization problem of DESs by using A" algorithm. The search
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algorithm utilizes the “principle of optimality” of dynamic programming [7] and
the advantages of branch and bound algorithms [81]. We will give a comparison of
1" with the dynamic programming later in this chapter. Using this theorem, we
implemented'the A" algorithm into the simulator in the software package which is

develeped in the next chapter.

Since we use A" algorithm to do searching, the cost of search is the computa-
tional complexity of 4" algorithm. In a worst case analysis of 4°, we assume the
expansion of a state as a basic operation. At most r states, where r is the number
of reachable states, will be expanded at termination. If the heuristic function is
only admissible (and not consistent), then for each state expanded every other
state that is expanded by termination cculd also be expanded [76]. Therefore it
is possible that 4" expanded order(27) states. This is exponential in the number
of reachable states. :5; way to solve this problem is to use a consistent heuristic
function. If the heuristic function is consistent and also admissible, then each
state is only expanded once so A" runs in order(r) steps [76] which is linear in the

number of reachable states.

7.6 An Example of Application

As an application, we consider an example of the call processing of the packet
layer protocol in the packet-switched data communication network. In this sys-
tem, two packet layer protocol entities, for instance, transport end-points, call each

other to implement the user services by exchanging packet protocol ata units [31].
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edied(x) »

DTx) « d WC(x)

edibg(x)

CR(x)

Figure 7.1: The diagram of the protocol.

The call processing can be described by temporal logic models that specify how
events cause changes of states and which event can occur at a particular state, as

shown in Figure 7.1.

Let the local variable z represent the states of the protocol entities. The sys-
tem has four states: JD(x) which means that there is no connection established
(idle); WC(z) which stands for waiting for a call connected packet; CR(z) which
means connection established and ready for data transfers; DT(z) which stands

for data transmission.

There are six events in the system. At state Iz}, there are two events which
can occur: ecnrg(z), the connection request; and ecrsp(z), the call response. At
state WC(z), there are two events which can occur: eccfm(z), the connection
confirmed; and etmez(z), the call connected timer expires. At state CR(z), one
event can occur: edtbg(z), the data transmission begins. At state DT(z), one

event can occur: edted(z), the data transmission ends.
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The set of formulas of the specifications for the system are given as follows.

Dynamics
Dlecnrg(z) A ID(z) = WC(Qx)] (7.6.P1)
Olecrsp(z) A ID(z) = DT(Qz)] (7.6.P2)
Olecefm(z) A WC(z) = CR(Qz)] (7.6.P3)
Ofetmez(z) A WC(z) = ID(Qx)] (7.6.P4)
Oledtbg(z) A CR(z) = DT(Oz)] (7.6.P5)
Oledted(z) A DT(x) = ID(Qz)] (7.6.P6)
Initial condition
ID(z) (7.6.P7)

The simulation result of the uncontrolled system is shown in Figure 7.2 and

its reachability graph is given in Figure 7.3.

Let EQ(z,y) represent that z is identical to y. The required behavior of the

two entities system is given as follows:

O[CR(z) A=EQ(z,y) = ~CR(y) A -WC(y)] (7.6.CL1)
O[DT(z) A ~EQ(z,y) = ~WC(y)] (7.6.CL2)
O[WC(z) A ~EQ(z,y) = ~CR(y) A ~DT(y)] (7.6.CL3)
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The state transitions of the uncontrolled system are;

The root: sO=(ID,ID)

elm(ecnrq 1) —> s1=(WC,D)
e3m(ecrsp 1) —> s53=(DT.ID)
e2u{ecnrq2) —> s2w=(ID,WC)
edu(ecrsp 2) —> s4«{ID.DT)

Theroot: s1=(WC,ID)

eS={eccfm 1) —> s5=(CR,ID)
eCufetmex 1) —> s6=(ID,ID)us)
e7n(ecnrq 2)me2 —> s7={WC,WC)
eBu(ecrsp 2)med —> s8=(WC,DT)

The root: s2=(I10,WC)

e10=(ecnrq 1)mel —> s$10={WCWC)=s7
e9=(ecrsp 1)me3 ——> $9=(DT,WC)
ell=(eccfm 2) —> siiw{ID,CR)
e12u(etmex 2) —> §12=(ID,ID)=s0

The root: s3=(DT,ID)

el3m(edted 1) —> s13a(ID,ID)=s0
el5={ecnrq 2)me2 —> s15=(D7,WC)=s9
el4m(ecrsp 2)=ed —> s14=(DT,DT)

The root: s4a(ID,0T)

el7m{ecnrq 1)mel —> 517=(WC,DT)=s8
e16m{ecrsp 1)me3 —> s16={DT,DT)=s14
el8a(edted 2) —> s5185=(10,ID)=s)

Theroot: sSa={CR,ID)

¢]1S=(edtbg 1) —> s19=(DT.ID)ws3
e2lm(ecnrq 2)me2 —> s21=({CR,WC)
e20=(ecrsp 2)med —> s20=(CR,0T)

Theroot: s7=(WC,WC)

e22=(eccfm 1)me5 —> s22=({CR,WC)=s21
e23m{etmex 1)meb —> 523=(ID,WC)ms2
e24m{eccim 2)mel 1 —> 524u{WC,CR)
e25={etmex 2)mel2 —> s25u(WC,ID)=s1

The root: s8«=(WC,DT)

e27=(eccim 1)meS —> 527=(CR,0T)us20
e28=(etmex 1)mef —> 528=(ID,DT)=s4
e26m(edted 2)mel8 «> 526u{WC,ID)as]

The root: s9=(DT,WC)

€31=(edted 1)mel3 —> $31={ID,WC)ms2
e29%{eccfm 2)mell —> s29=(DT,CR)
e30=(etmex 2)me12 ~—> 530={0T,ID)=s3

The root: s11=(ID,CR)

e33=(ecnrg 1)=&l —> s33=(WC,CR)ms24
e32«(ecrsp 1)me3 —> $32a(DT,CR)=s29
e34mledtbg2) —> $34=(ID,DT)=s4

The root: s14=(DT,DT)
e35=({edted 1)me13 —> $35«(ID,DT)=s4
e36u(edteg 2)=e18 —> $36=(DT,ID)=s3

The root: s20=(CR,DT)
e37=(edtbg 1)me18—> $37=(DT,DT)us14
e38m{edted 2)=e18 —> $38m(CR,ID)=sS

The root; s21=(CR,WGC)

e4im{edthg 1)mel18 —> 541=(DT,WC)as9
e39=(eccim 2)well —> 539=(CR,CR)
e40m(etmex 2)mel2 —> 540m(CR,ID)ms5

The root: s24={WC,CR)

e43a(eccfm 1)me5 —> $43a(CR,CR)ms39
e44m(etmex 1)me6 —> 544=(ID,CR)m=s11
ed2=(edtbg 2)ue34 ~—> 542u({WC,DT)=s8

The roct: s2%=(DT,CR)
e4Em(edted 1)mel3 —> 546=(ID,CR)=s11
e45=(edtbg 2)=e34 —> 545=(DT,0T)=s14

The root: s39=({CR,CR)
e47wm(edtbg 1)me19 —> 547=(DT,CR)=s29
e48m(edthg 2)me34 —> 548a(CR,OT)=s20

Figure 7.2: Simulation result of the uncontrolled system.
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Figure 7.3: Reachability graph of the uncontrolled system.
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where - is the negation.

First of all, we have to design a controller using Procedure 6.4.1 such that
the closed-loop system has the required behavior as specified above. Then we can

find an optimal trajectory within such required behavior.

According to these requirements, the monitor in our software pazkage which
will be discussed in the next chapter, gives the warnings of those states that should
not be reached and suggestions on those events that should be disabled. These
warnings and suggestions are shown in Figure 7.4. Using Procedure 6.4.1 given
in Chapter 6 and following the suggestions given by the monitor, we design the

controller as follows.

We use local variable symbols p, g, and r to represent the data stored by the
controller. ¢ is assigned values 1 and 0 representing if an entity is in state CR or
not; p and r are assigned non-negative integer values representing the number of
entities which are in state WC or state DT. Let ADD1(n) stand for that n is
increased by 1 and MIN1(r) for that n'is decreased by 1. Then, the specifications

of the controller are as follows.

Dynamics of the Controller
Olecnrg(z) A EQ(g,0) = ADDL(Op) A EQ(Og, 0)] (7.6.C1)
Oletmez(z) A ~EQ(p,0) = MIN1(Op)] (7.6.C2)

Blecefm(z) A EQ(p,1) A EQ(q,0) = EQ(Op,0) A EQ(Qg,1)]  (7.6.C3)
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According to the specifications of the required behavior

58 should not been reached!

s9 shouid not been reached! So event €9 should be disabled at state s2 !
s15=(DT,WC)=s9 So event e15 should be disabled at state s2 !
$17=(WC,DT)=s8 So event €17 should be disabled at state s4 !

s21 should not been reached! So event 21 should be disabled at state s4 !
s22=(CR,WC)=s21 So event €22 should be disabled at state s7 |

$24 should not been reached! So event e24 should be disabled at states7 !
s33=(WC,CR)=s24 So event €33 should be disabled at state s11 !
$41=(DT,WC)=s9 So event e41 should be disabled at state s11 !

$39 should not been reached! So event 39 should be disabled at state s21!
543=(CR,CR)=539 So event e43 should be disabled at state s24 !
$42=(WC,DT)=s8 So event e42 should be disabled at state s24 !

s8 may not be a root!

$9 may not be a root!

s21 may not be a root!

524 may not be a root!

$39 may not be a root!

Then the set of states which should not be reached are:

$8=(WC,DT) s9=(DT,WC) s21=(CR,WC) s24=(WC,CR) s39=(CR,CR)

Figure 7.4: Warnings and suggestions given by the monitor.

156



Blecrsp(z) A EQ(g,1) A EQ(r,0) = EQ(Og, 1) A EQ(Or, 1)) (7.6.C4)
Oledtbg(z) A EQ(q,1) A EQ(r,1} = EQ(Og,0) A EQ(Or, 2)] (7.6.C5)
Oledted(x) A -EQ(r,0) = MIN1(Or)) (7.6.C6)

Initial Condition of the Controller

EQ(p,0) A EQ(g,0) A EQ(r,0) (7.6.C7)

The controller designed in (7.6.C1)-(7.6.C6) ensures that the closed-loop sys-
tem has the required behavior. The simulation result of the closed-loop system
is given in Figure 7.5 and its reachability graph is shown in Figure 7.6. It shows
that there are two paths from state Sy to state S; and from state S, to state Sar,

respectively.

Now we can do the optimization. In this example, the costs of maintaining
the system at states are assumed as 0 and the costs of events are given in Table
7.1. We want to find the path, starting from state Sy and ending at state Saz7, to
have the minimal cost; and we also want to generate the corresponding sequence

of events to drive the system along the path.
In order to use the .4" algorithm to solve the optimization problem, some

heuristic index will be helpful. For instance, the preference indexes of the two-

entity system are given in Table 7.2.
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Now the state transitions of the controlled system are:

The root: SO =(10,ID,0,0,0)
elm{ecnrg 1} —> 51 =(WC,ID,1,0,0)
e2=(ecnrq 2) -—> 82 =(I0,WC,1.0,0)

The root: S1 =({WC,ID,1,0,0)
eSa{eccfm 1) —> 55 =(CR,ID,0,1,0)
e7m(ecirg 2)me2 —> S7 ={WC,WC,2,0,0)

The root: S2 =(ID,WC,1,0,0)
el0u(ecnrg 1)mel «> S0 m(WCWC,2,0,0)uS7
elinwleccim2) —> S11 «(ID,CR,0,1,0)

The root: 85 =(CR,ID,0,1,0)
e20m=(ecrsp 2)=ed4 —> 520 ={CR,DT,0,1,1)

The root: S7 =({WC,WC,2,0,0)
e23wm(etmex 1)mel —> S23 ={ID,WC,1,0,0)=S2
e25={etmex 2)mel12 —> S$25 =(WC,D,1,0,0)=51

Theroot: S11 =(ID,CR,0,1,0)
e32=(ecrsp 1)me3 —> S32 «(DT,CR,0,1,1)

The root: S20 ={CR,DT,0,1,1)
e37=(edtbg 1)=e19 —> $37 «(DT,DT,0,0,2)

Theroct: $32 =(DT,CR,0,1,1)
e45=(edtbg 2)ue34 —> S47 ={DT,DT,0,0,2)=837

The root: $37 =(DT,DT,0,0,2)
e35«(edted 1}me13 —> $48 =(ID,DT.0,0,1)
e36a(edted 2)mel8 —> S49 =(DT,ID,0,0,1)

Theroot: 548 =(ID,DT,0,0,1)
el8w=(edted 2)=e18 —> S50 ={ID,ID,0,0,0)=S0

The root: 549 =(DT,ID,0,0,1)
e]3m{edted 1)mel3 —> $51 «(ID,ID,0,0,0}=S0

The reachability Set:

S0 ={ID,ID,0,0,0) $1 =(WC,ID,1,0,0) 52 ={ID,WC,1,0,0)
85 ={CR,ID,0,1,0) 57 =(WC,WC,2,0,0) $11 =(ID,CR,0,1,0)
S20 =(CR,DT,0,1,1) S32 «(DT,CR,0,1,1) S37 =(DT,DT,0,0,2)
S48 =(ID,DT,0,0,1} $49 =~(DT,ID,0,0,1)

Figure 7.5: The simulation result of the controlled system.
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Figure 7.6: The reachability graph of the controlled system.
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The prefercnce index is a kind of trouble index of the states. We use the
preference indexes as heuristic indexes, that is, we chose heuristic function of the
example as the preference index of the states. The numbers in Table 7.2 have a
background from the example given in Figure 7.8. The smaller number means the
traffic load is less in that state; therefore it is more preferred.

Let the heuristic function
> def ;. .
h(s:,s;) = lindex(s;) — index(s;)|

Then A(s;,s;) is a semi-metric function and there holds

h(si,s5) = | TisiR(sk) = A(ske)]]

< TiTtR(se) = Bsee)| = I 8(er kery sk) = 8(essn5:)

By using Theorem 7.5.1 and A" algorithm, our simulator of the software pack-
age can find the optimal paths starting from the given initial state ending at the
given final state. Figure 7.7 gives the optimal trajectory and corresponding opti-

mal sequence of events for the initial state Sy and the final state Ss-.

As we can see from Figures 7.6 and 7.7, the optimization procedure goes
one step further than the controller synthesis given in Chapter 6. In Figure 7.5,
the optimal path and the corresponding sequence of events are found using Theo-
rem 7.5.1 of this chapter, while the required behavior is realized by the controller
synthesis procedure in Chapter 6. According to the optimal cost function index,

Theorem 7.5.1 specifies a trajectory within the required behavior given by Proce-
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Figure 7.7: The optimal path and corresponding events
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Figure 7.8: Partial configuration of a packet-switched network.

dure 6.4.1.

Informally speaking, the safety assertion says that bad things should not hap-
pen while the liveness says that good things will eventually happen. In this sense,
we can say that Procedure 6.4.1 guarantees the safety assertions and the optimiza-

tion procedure realizes the liveness assertions.

This is an example of the minimum event cost control problem of DESs. By



using the heuristic function, the A" algorithm gives a solution to the optimization
procedure; and it is dependent on the selection of the heuristic function. In this
example we use the preference index of states as the heuristic function. This has a
practical signification in the real world problem. For instance, a packet-switched
data network composing of access modules (AMs) and resource modules (RMs),
as shown in Figure 7.8, has an optimizer to optimize the data routines [22). The
optimizer should have the preference index of each AM or RM and the costs of
operation to perform the optimization. The preference indexes can be used to

form a heuristic function as we did in the example.

7.7 Conclusion

In this chapter, we have pfoposed an enhanced temporal logic model with
the cost function in a semi-metric space and formulated the optimization problem
of DESs. To solve the optimization problem, we have shown that there exists an
admissible and consistent 4" algorithm that generates a sequence of events driv-
ing the system from the initial state to the final state with the least cost if the
heuristic function is a semi-metric function and is 2 low bound of the cost func-
tion. As an application, we have demonstrated an example of the packet-switched

communication networks to illustrate our results.

A comparison of the 4° algorithm with the dynamic programming (DP) is
given as follows. For the given initial state sy and the final state s;, we assume

that f(so,s7) = g(s0, %)+ h(s, s;) is the cost of 2 path from sq to s, through s such
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that g(so,s) is the cost of optimal path from sy to s and h(s,s;) is the heuristic
function which is an estimate of the optimal cost from s to s;. In the case of
DP, the principle of optimality says that f(so,s;) is optimal implies h(s,s;) is
optimal. The optimal condition of DP is a necessary condition but not sufficient.
Our Theorem 7.5.1 is a sufficient condition. In fact, the A" algorithm was de-
veloped based on the optimal principle of DP for graph searching. When & = 0,
the A" algorithm is equivalent to the uniform algorithm, which is a combination
of branch and bound algorithms; and therefore it combines the principle of DP
with the advantages of the uniform search techniques that can eliminate certain
candidate solutions from consideration by using the information from the system.
Hence, the A" algorithm has the advantages of the uniform search techniques over

DP. It is good for the graph searching of large systems.

Among related works, our work here is close to that of Passino and Antsaklis
[89]. They also use the A" algorithm to solve the optimal control problem of DESs.
The main differences between their approach and ours are that ours is special for
DESs in a temporal logic framework using the temporal logic model while theirs is
general for any abstract logical DES and thzt our emphasis is on the optimization
~ procedure while theirs is the heuristic function. In addition, the problem formu-
lations are slightly different. Furthermore, the semi-metric space we defined is
more general than the metric space they used since that the cost function 6;; may
be different from 6;; in the real world problems. To illustrate this point, we use
f(s) = g(s0,8) + h(s,s;) as above mentioned. In order to achieve f(s) to be the

optimal cost quickly, we have to make h(s,s;) as close as possible to the optimal
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cost which is the sum of 8{e;;, s;), from s to sy for all 5. In the case of 8(e;2,51)
is not equal to 8(ex,s2) for h(s:,s2) £ 6(e12,51) and h{s2,s1) < 6(en,s2), if R is
symmetric, A(81,8;) = h(s2,s;) can only be chosen to close to the smaller one of
8(era, slj and 8(ez,s2) but can not close to the larger one, then the optimization
will be slow. However, if k is non-symmetric, then we can make h(sy,s2) and
h(sa,3,) close to 8(e12,s,) aud 8(en, s2), respectively. A simple case of 8(e2, ;)
is not equal to 8{es;, s2) is a robot moving blocks. The cost of picking up a block

is larger than the cost of putting it down because of gravity.

The suggestions for further research include:

1. The uniqueness of solutions to the optimization problem of DESs.

X

A set of final states instead of only one final state is also an important case

of optimization problems.
3. The computational complexity of the A" algorithm.

4. How to select a heunistic function.
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event e fe; [ez |es|eqjes|eslen {enn|en]en €19 | €34
cost 6 | 1121314 l 1121314516 11 2
Table 7.1: The cost function.
state 5; | So ) 51| S2|Ss|{Sr| S| S0! Ssal| Sar| S| Ses
index(s;) | 0|1 2|22 3|3 |4|4]|4]s

Table 7.2: The index function.
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Chapter 8

A Software for Reasoning about

and Simulating DESs

In this chapter a software package aimed towards reasoning about and sim-
ulating DESs is designed and implemented. The software is to be used to make
logic reasoning and simulate the dynamical behavior of 2 DES. This involves the
implementation of three types of actions: the simulation action, the monitor ac-
tion, and the synthesis action of the software. The simulation action is the action
of the software as a simulator to simulate the given system for the modeling and
measurements. The monitor action is the action of the software as a monitor to
monitor the given system for the controller design. The synthesis action is the
action of the software as a coordinator to synthesize a number of subsystems or

to synthesize a controller for the system configuration.
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8.1 Introduction

As DESs are finding more and more applications to the analysis and design
of complex manufacturing, communication, and computer systems, a simulation
tool becomes more and more important to build an application. Therefore, a soft-
ware package is needed for simulating a broad range of DESs. For the temporal
logic framework presented in previous chapters, it is useful to design and imple-
ment a simulation environment where the temporal relations of fhe system states
can be reasoned and the dynamic behavior such as reachability properties can be
demonstrated for a wide range of DESs. On the other hand, these features of the
simulation tool can be implemented immediately by models which can give the

users the forbidden states and therefore recommendations for design.

There has been a great quantity of research into discrete event simulations
[98]. Recently, the object-oriented approach is receiving an increasing consensus
owing to reusability and information hiding issues. As mentioned in Chapter 1,
DES simulation languages have played an important role in the development of the
object-oriented programming languages. For discrete event system computation
and simulation, O’Young and Wonham [88], using the object-oriented methodol-
ogy, created a class of DES objects with the generic class name DES to encapsuiate
the transition structure of finite state machines at various levels of architectural
abstraction in the modeling of a large-scale DES. For developing software for DESs,
Baldassari and Bruno presented in [3} PROTOB, an object-oriented language and
methodology based on PROT nets which integrate extended data-flows and Petri

nets into an object-oriented formalism. Little work has been done for the design
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and implementation of a software package for logic evaluation, reasoning, and sim-

ulating DESs.

In this chapter, a software package is developed for proving the correctness
of the models and theories built in a temporal logic framework established in the
previous chapters. Our motivation is to provide tools and components necessary to
produce efficiently a broad range of DESs for their temporal pattern and dynami-
cal behavior. With this motivation, the software is designed as 2 tool for temporal
reasoning to perform the logic evaluation and inference. It can also carry out
the reachability analysis in Chapter 5, the design and synthesis of a controller of
a DES in Chapter 6, and the optimization of finding the minimum-cost path in
Chapter 7. In addition, the software is designed in an object-orented approach
which has the advantages of reusability, inheritance, dynamic binding, etc. The

implementation language is Objective-C,

This chapter is organized as follows. In the next section, the requirements of
the software package are described according to its different usages. In Section 8.3,
we present the reason why Objective-C is chosen as the programming environment
for the software package; and we also highlight the advantages of Objective-C and
its module structure. In Section 8.4, the software architecture is constructed in
an object-oriented paradigm; and each class is described. In Section 8.5, the im-
plementation of the software is discussed and demonstrated. Finally, a discussion

is given in Section 8.6.
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8.2 Requirements of the Software Package

In this section we outline the requirements for the software package and then

describe its tools corresponding to each requirement.

To prove the correctness of the models and theories obtained in the previous

chapters, the following requirements are proposed for the software package:

o The software should be able to evaluate the truth of a temporal logic state-
ment expressed by predicates combined with logic connectives and temporal

operators based on the given facts
o The software should be able to deduce conclusions from the given rules, facts
and initial conditions

o The software should be able to simulate the dynamic behavior for the given

DES

— It should perform the reachability analysis and find the enabled event

set for each state

— It should give suggestions for designing a controller according to the
given description of the required behavior of the system and synthesize

a controller with the system into the closed-loop system
— It should produce an optimal path and the corresponding sequence of

events for the given costs and heuristic index

According to the above requirements, the software package is composed of

three separated but strongly interconnected tools described as follows.
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1.

o

3.

Evaluator ~ Given a group of facts and statements, it evaluates the state-
ments to see if they are true or false according to the given facts. A fact
is given by that a predicate is true or false at some time period. For
example, the fact that time 1 5 friend tom,cathy 1 represents predi-
cate friend(tom,cathy) is true from time 1 to time 5. The statements
are expressed by predicates combined with logic connectives and temporal
operators as well as times. time 2 6 (and (friend tom,cathy) (next

(friend tom,smith))) is an example of a statement.

Logician — Given a group of facts, a group of rules, and the initial condi-
tions, it deduces conclusions. An example of a group of rules is IF ((loaded
1) (erfir 1)) THEN (loaded (next 1)) and IF ((loaded 2) (efire 2))
THEN (noise (mext 2)). Also (enfire 1), (efire 2)is an example of a
group of facts (events or conditions) while an example of the initial condition

is (loaded 1). Then it will deduce that (noise 3).
Simulator — It simulates the dynamic behavior for the given DES

¢ For a system given in temporal logic models, it performs the reacha-
bility analysis by giving the reachability set, the enabled event set for
each reachable siate, and the reachability graph routines as shown in

Chapter 5

e For the given description of the required behavior of the system, it
gives 2 list of warnings on which states should not be reached and a list
of suggestions on which events should be disabled to guide designing

a controller to eliminate the undesired behavior, and then synthesizes
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the controller with the system into the closed-loop system as shown in

Chapter 6

e For the given costs of events and heuristic indexes of states, it produces
an optimal path and corresponding sequence of events which drive the
system along the optimal path from the given initial state to the given

final state with the minimum of the cost as shown in Chapter 7.

8.3 Programming Environment

The complexity of simulating DESs requires adequate programming environ-
ment capable of capturing a reality consisting of elements which operate in parallel
and asynchronously. Elements interact with each other through synchronization
and information passing mechanisms. They respond to events with timing con-
straints according to their states, which depends on time and on their interactions
with other components. According to the requirements in the previous section,
an object-oriented programming environment was chosen such that the knowledge
may be formalized in building blocks and reused. Previously defined blocks that
have been validated may be composed to specify new systems. Therefore, in this
section we briefly introduce Objective-C, an object-oriented language, as our pro-

gramming environment.
Objective-C is a superset of C. It has the advantages that object-oriented

design principles can be used as needed and that the program can be written in

C when efficiency is required.
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Having such advantages, Objective-C programming differs most dramatically
from traditional programming which separated data from the operators that ma-
nipulate the data. It uses encapsulation to encapsulate the data with operators
lnto a unit called object which may be thought of as physical or conceptual entity
in the problem domain [92]. In fact, an object can most easily be visualized as an
abstraction of a physical device. For example, events and states of our temporal

logic model are instances of objects.

To manipulate the data inside an object, a message is sent to the object;
and it invokes a method which is a list of detailed instructions that define how an
object responds to a particular message. Thus, every message has a corresponding
method. Each object is instantiated from a class which is a template for creating
objects. A class includes in its description a name for the kind of object, a list of
instance variables, and a list of messages with corresponding methods to which an
object of the class can respond. As a superset of C, Objective-C contains global
variables and C-functions in its module structures [92]. The function definitions
and global variables can be accessed directly by methods in the same or other
class. Methods define the behavior of a.n object. Each method has a unique name

called its selector; and it may use other methods of either the same or other class.

An Objective-C interface file defines the instance variables for all objects of
the class as well as the message selectors for all methods of the class. In addition, it
specifies a parent class. This proposes another concept in the object-criented pro-

gramming, inheritence — another advantage of using Objective-C. The Objective-
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C Stepstones ICpak101 Library [92] is used to implement the software package.
From bottom up, it is the I§-A hicrarchy. For example, IdArray is a Arrey which
is an Object. On the other hand, from top down, it is a structure of the problem
decomposition with generic classes at the roots and very specialized classes at
the lcaves. For example, Arrey class is decomposed into more specialized classes

IdArrey and IntArray.

All instance variables of ancestor classes are inherited by and can not be rede-
fined within a subclass. These instance variables are directly accessible within the
implementation file but inaccessible outside of the implementation file. All meth-
ods of ancestor classes are inherited but can be redefined. Often, super-classes
are constructed abstractly such that instance variables and message selectors are
grouped to be used by a cluster of subclasses. Many of the methods in such a
superclass are not defined; and their definitions are given in subclasses. This leads
to one of the advantages of using Objective-C (or any other object-oriented lan-

guage) known within the object-oriented paradigm as dynamic binding.

8.4 The General Architecture of the Software

The software package we are designing is an object-oriented application. The
fundamental component of the application is the object. Thus the first step in the
design is to define the objects. Objects are characterized by their attributes and
the messages to which they respond; and this leads to the second step —defining

the attributes and messages for each object. The objects are related to each other
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by their dependences; therefore the third step is to build a structure that accu-
rately describes these relationships. The implementation of these three steps is to

define and develop a hierarchy of classes.

Figure 8.1 diagrams the general architecture of the software. (The data flow
in the architecture is given in Figure 8.2 later.) It shows that the building blocks of
the software are objects. An object needs not to be an abstraction of a real physical
device, but in the architecture of the software designed here, the object-oriented
approach yields a natural mapping of abstract objects to physical devices such
as Fact, Rule, Statement, Reasoner, Operator, Event, State, Process, Controller,
Monitor, ClosedLoop, Optimizer, of twelve classes. These classes are generated by

the user interface dedsMain, the main program which will be introduced below.

8.4.1 The main program, dedsMain

The main program, dedsMain.m, manages the software. As a user interface,
it links the user to one of the three tools as the user needs. It provides a process
control to start and to stop a simulation process. Generally, it carries out the

following tasks:

¢ Create aFact and eSlaiement as instances of the Fact and Statement
classes to input the facts and statements from the text files called Fact-
File and StatementFile, respectively. Then it creates aReasoner, the only

instance of the Reasoner class to evaluate the statements.
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Figure 8.1: The general architecture of the software.
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¢ Create aFuact and aRule os instances of the Fact and Rule classes to input
facts and rules from the text files called FactFile and RuleFile, respectively.
Then it creates aForw, the instance of the Forw class which is a subclass of

the Rule class, to infer the conclusions.

o Create instances of the Process, Event, State, Monitor, Controller,
ClosedLoop classes as the user requires to perform the simulation of the
dynamic behavior of the DES. If necessary, it then creates anOptimizer,
the only instance of the Optimizer class to find the optimal path and the

corresponding sequence of events.

It displays on screen the outcomes of the simulation: the truth values of the
statements; the conclusions of the logic reasoning; the reachability set, the enabled
event set, the lists of warnings and suggestions, the reachability graph routines,

the optimal paths and corresponding sequences of events.

It generates objects and links all classes in the software. In the sequel of this

section, we will introduce each of these classes.

8.4.2 The Fact Class

The Fact class is used to implement the database of facts in the simulation.
It reads in the data of facts and allocates in arrays for facts by using the IdArray
class which is in the Objective-C library. The facts are stored in the fact database.
For evaluating a statement, facts are matched against the statement to see if the

statement is true or not. For reasoning of logic conclusion, the facts are used to
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update the conclusions of the rules in the rule base implemented by the Rule class

which will be introduced below:.

8.4.3 The Rule Class

The Rule class is used to implement the database of rules in the simulation;
and these rules are used to infer the conclusions by the given facts in the fact
base as mention above. It reads in the data of rules and add the rules in the rule
database RuleDataBase to be used for inferring. It has the methods to find the

given rules and to delete them when necessary.

The Rule class has a subclass, the Forw class. It inherits the instance vari-
ables and methods of the Rule class. The Forw class has a method of forward
chaining which reasons from the facts in the fact database and from the rules in

the rule database and then produces the conclusions.

8.4.4 The Statement Class

The Staternent class is used to implement the database of statements in the
simulation. Similarly to the Fact class, it reads in the statements from the text
file and allocates in arrays for them by using the IdArray class. The statements
are added into the statement database and they are only used to make the logical

evaluation.
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8.4.5 The Reasoner Class

The main function of the Reasoner class is to evaluate the truth of the
logical expressions. It first creates and initializes anQOperator, the instance of the
Operator class which has three subclasses, And, Not, Or; and then evaluate
the statement. When it encounters the time points or temporal operators such as
nezt, it checks the times in the fact database for each predicate. When it meets the
logical operators: and, not, or, it uses a dynamical binding to call the descendants

of the Operator class which is described below.

8.4.6 The Operator Class

The Operator class is a superclass and it has three subclasses: And, Not,
Or. It defines the common methods for all three descendant classes and leaves
the key reasoning method to its subclasses for the particular operations. In fact,
it is called by the Reasoner class when the reasoning encounters with any of its
descendants: And, Not, Or; and then, it goes directly to the descendant through

the dynamical binding.

8.4.7 The Monitor Class

The Monitor class is used to moritor the behavior of the system. It first
checks the results from reasoning and recognizes the events and the processes of
the system. Then it sends the signals to the Event class and the Process class

to generate their instance objects.
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The Monitor class takes in the specifications of the required system behavior.
Following the spectfications, it checks the states of the system plant; it determines
which state should not be rcached (e.g. deadlock) and finds out the events that
should not be enabled. Then it lists suggestions for the states which should not
be reached and which event should be disabled and sends them to the controller

as reference information.

8.4.8 The Event and Process Classes

The Event class deals with the discrete events occurring in the system and
implements the event set and the enabled event sets of states. The Event class
has the methods to check if an event is equal to a given event, and to print it out,

and so on.

The Process class is used to implement states of the systems for occurred
events. A process is a component of the state vector of the system. Processes are

added into the database of processes to be used as a component of the state vector.

8.4.9 The State, Controller, ClosedLoop Class

The State, Controller, ClosedLoop classes are used to implement the
plant, the controller, and the closed-loop of the system. The three classes have

similar structures. -
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The states are generated by the Process class. The enabled event set can
be found for a given current state. For each event in the enabled event set, the
next state of the current state will then be generated. The dynamical behavior
of the three systems: plant, controller, and the closed-loop can be shown by the
reachability set and the reachability graph of the systems. The differences of the

Controller, ClosedLoop classes from the State class is described below.

The Controller class is used to implement a controller of the system ac-
cording to the reference information that comes from the monitor. It takes in
the specifications of the controller design. Using the suggestions provided by the

monitor, the controller can be constructed efficiently.

The ClosedLoop class includes the methods that allow it to synthesize the
controller and the plant. Each of its states contains the state of the plant and the
control provided by the controller. So the dimension of the closed-loop system is

the sum of the dimension of the plant and that of the controller.

8.4.10 The Optimizer Class

The Optimizer class is used to implement the A" search algorithm: to find
a minimum-cost path using an evaluation function which is the sum of the cost
function and the heuristic function to make the search efficient. It finds the op-

timal path which starts from the given initial state and ends at the given final
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state. It has methods to sclect the best from a set and to redirect the search by

using the heuristics of the evaluation function.

8.5 Implementation of the Software

In this section, ve briefly discuss the implementation of the software by a
short introduction to the implementation of dedsMain and each class outlined in

the previous section.

8.5.1 The main program, dedsMain

The implementation of the most important tasks carried out by the deds-
Main in the software is shown in Figure 8.2 and the details of the implementation

is presented below:

1. It creates instances (1) and (2) to implement the databases of facts and

statements, respectively

(1): aFact=[Fact new: numFact];

(2): aStatement=[Statement new: numState];
Then it creates the instance aReasoner
(3): aReasoner=[Reascner new];

At this point, it goes into the Reasoner class to create the instances of the Op-

erator classes and its subclasses And, Not, Or to evaluate the truth of the
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statements.

2. It creates instances (4) and (5) to input facts and rules

(4): aRule=[[Rule create)] read_rule:fpl;

(8): aFact=[[Fact create] read_fact:fp);

Then it creates the instance (6) to infer the conclusions from the facts and by

firing rules to update the base of the conclusions.
(6): aForw=[[Forw create] takev: RuleDataBase];

where RuleDataBase is a global variable used to implement the database of the

rules.

3. It creates the instances (7)-(10) to simulate 2 DES

(7): anEvent=[[Event create] read_event:sp];
(8): aProcess=[[Process create] read_process:spl;
(8): aState=[[State create] readFirstState:pp];

(10): aMonitor=[Monitor new];

The instances of the Controller and ClosedLoop can be created in a similar

way to that of the State class. As the user requires, it creates the instance (11)
(11): anOptimizer=[Optimizer createl;

to find an optimal trajectory and its sequence of events.
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As a user interface, it prompts the requests for the user to make a choice to
link to one of the three tools of the software or one of the functions in a tool. The

following is an example of some requests.

Would you like to use the logic evaluator?(y/n)
Would you like to get conclusions and then stop?(y/n)

Would you like to make optimization? (y/n n --> end)

8.5.2 The Fact Class

The Fact class is implemented in the files: Fact.h and Fact.m. To be
used for the logic evaluation, it is instuntiated as in (1) and allocated by sending
message allocate: to the object aFact. The source code of the method is given

below.

-allocate: (unsigned)aNum
{ id row;
int exPointer = 0;
for(exPointer=0;exPointer<numFact;exPointer++)
{ row=[IdArray new:alum];
[self at:exPointer'put:rowJ;

¥

return self;

where the factory message new: is sent to the IdArray class which is a class in

Objective-C library and it creates an instance row to allocate in arrays for facts.
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For inferring the logic conclusions, the Fact class is instantiated as in (3) to
be used for updating the database of the conclusions of the ruies implemented by

the Rule class which is introduced below.

8.5.3 The Rule Class

The Rule class is implemented in the files: Rule.h and Rule.m. It is in-
stantiated as in (4). The Rule class receives the factory message create and
creates its instance object: aRule. Then aRule receives the instance message:
read rule and reads the rules from the data source fp. To find the rule for the
given rule name, the message find rule: issent to an instance of the Rule class,

for example, next in the following source code of the method find_rule:.

-find_rule: (charx)s
{ if(!strcmp(s,name))
return self;

else
if (next==NULL)
return NULL;
else

return [next find_rule:s];

The Forw class, the subclass of the Rule class, is implemented in the files:

Forw.h and Forw.m. It is instantiated as in (6). To make the forward chaining,
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the message forward_chain is sent to the instance aForw to update the database

of the conclusions of the rules.

8.5.4 The Statement Class

The Statement class is implemented in the files: Statement.h and Statement.m.
It is instantiated as in (2). The statements are added into the database of state-
ments by sending the message addAt: to the instance aStatement. The source

code of the method addAt: is shown =s follows:

~addAt: (int)aNum
{ char aStringl[51];
int stateCol;
stateCol = 0;
for(stateCol=0;stateCol<lenState;stateCol++)
{ scarf("is",aString);

[[self at:aNum] at:stateCol put:[String str:aString]l;

where String is a class in Objective-C library.

8.5.5 The Reasoner Class

The Reasoner class is implemented in the files: Reasoner.h and Reasoner.m.

It is instantiated as in (3). To evaluate an logic expression, it sends the message
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new to the Operator class to create the instance:
(12): anOperator=[Operator new];

After that, it initializes the logic operators and then it evaluate the statement
by the message evaluate. In the instance method evaluate, it receives the mes-
sages: reasonIn: And, reasonln: Not, reasonln: Or, when it encounters
the logical operators And, Not, Or, respectively. All these messages go to its
method: reasonIn: Operator which does the dynamical binding. At the com-
pile time, the compiler does not know which logical operator it is, and it couples
messages to methods at run time. At run time, it checks if that is And class, or
Not class, or Or class. The Objective-C run time system couples the message
reasonIn: to the appropriate method (either in class And, or Not, or Or) dy-
namically. The benefit of dynamical binding is realized here because the reasoning
methods are different in the three subclasses of the Operator class. Here, the
user is unburdened from having to test which classes the receiving object is in
order to determine the precise action to take. The dynamical binding takes care

of this. This is one of the cornerstones of object-oriented programming.

8.5.6 The Operator Class

The Operator class is implemented in the files: Operator.h and Operator.m.
It is a superclass and is the top of a hierarchy of three subclasses And, Not, Or.
The protocol in the superclass is shared by subclasses. The hierarchy is shown in

Figure 8.3.

188



CAnd) oD
(Not>

Figure 8.3: The hierarchy of the logical operators.

In the Operator class, the key methods reasoning and reasoningFrom:
to: are implemented as subclassResponsibility. The details of these methods
are implemented in the three subclasses. They are different and dependent or the

properties of the logical operators.

8.5.7 The Monitor Class

The Monitor class is implemented in the files: Monitor.h and Monitor.m.
It is instantiated as in (10). As a monitor, it checks if 2 predicate is an event or 2

process. The check: method is defined as follows:

-(int)check: (id) pred
{ char #*t;
id pd = pred;
t=[[pd car] cars];
if (stxchr(t,’e’))

return EVENT;
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else

return PROCESS;

The Monitor class follows the specifications of the required behavior of the
system, and uses the checkBad: method to check whether a state is bad or not.
If the state does not satisfy the specifications, then it is a bad state. A warn-
ing is given by the message: printf(" %s should not been reached!",[bad
name]). Meanwhile, it finds the root state and the event which leads to the
current state. Then it sends suggestions by the message: printf(" So, event
/s may not occur at state ¥s !", [et namel,[st name]) or printf(" So
event s should be disabled at state %s !",[et name],[rt name]) and the

message: printf(" ! ¥s may not be a root!",[bad name]).

8.5.8 The Event and Process Classes

The Event class is implemented in the files: Event.h and Event.m. It is
instantiated as in (7). To check if anEvent equals to a given event ep, the message

eventEqual: is sent to anEvent; and this method is presented below.

-(int)eventEqual: (id)ep
{

return ([value equal:[ep valuel] && [number equal:[ep numberl]);
by

where the method equal is defined in the superclass Object.
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The Process class is implemented in the files: Process.h and Process.m:

and it is instantiated as in (8). The processes are added by the following code:
(13): Skblist=[aProcess add_process:SkbList];

where SkbList is a global variable for the database of processes.

8.5.9 The State, Controller, ClosedLoop Classes

The State, Controller, ClosedLoop classes are implemented in the files:
State.hand State.m, Control.h and Control.m, ClosedLoop.h and Closedloop.m,

respectively.

The most important tasks implemented by the State class is to create the
rootSet which contains only the root states that are not repeated and to create
the StateBase which contains all the possible states of the system. For the first

state

(14): states=[[State create] readFirstState:ppl;
(15): StateBase=[states add_state:StateBase];
(16): aState=[[State create] readFirstState:ppl;

{(17): rootSet=[aState add_state:rootSet];
Then find the enabled event set of the current state aState
(18): [aState findEventSet:{rootSet name]:eleve with:m]:

For each event in the enabled event set
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(19): ep=[aState eventSat];
find the next state of aState

(20): states=[[State create] read_state:aRoot from:pp at:[ep levelll;
(21): StateBase=[states add_state:StateBase];
(22): aState=[[State create] read_root:StateBase at:k];

rootSet={aState add_state:rootSet];

Then repeat the procedures from (18) to (23). Finally, the rootSet gives the
reachability set, and the StateBase together with the enabled event set produces

the rcachability graph routines.

The similar procedures are implemented for the Controller and Closed-
Loop classes. In the ClosedLoop class, the methods readFirstState: in (14))
and (16), findEventSet:: with: in (18), and readState: from: at: in
(20) are modified to synthesize the states from the State class and the controls

from the Controller class.

8.5.10 The Optimizer Class

The Optimizer class is implemented in the files: AStar.h and AStar.m;
and it is instantiated as in (11). It manipulates two sets: openS and closeS. To
find the minimum-cost path, it uses the select_best: method which is defined

as follows:

-select_best:(id)gl
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{ id 1t,stat;
lt=open$S;
if(stremp([1t namel, [gl name]))
[self better:1t:{1t next]:gll;
else
{ stat=[self find_state:[1t name]];

return stat;

The message better::: is sent to self to compare the costs of two states
which are not the goal state and to find a better one. Then the searching is
directed by the smaller evaluation function using the smaller: method whose

source code is presented below.

-(int)smaller: (int)k
{ int i,t=0;

id ¢s,o0s;

cs=close§;

for(i=0;i<k;i++)

{ if(!stremp([cs name], [self name]))
{ if(les £fVal] > [self fval])
{ t=1; |

i=k;
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else cs=[cs next];

h

return t;

8.6 Discussion

In this chapter, a software package has been designed to make logic evalu-
ation and reasoning, to simulate the dynamical behavior of DES by its reacha-
bility set and reachability graph, to design and synthesize a controller to achieve
the given requirements, and to do the optimization. The advantages of using
an object-oriented language (Objective-C) as the programming environment have
been highlighted. The software has been designed in an object-oriented paradigm
with a hierarchy structure of classes; and the design of the software has been
presented by outlining the design of each classes and their relationship. The im-
plementation of the software has made use of the advantages of the object-oriented
programming such as inheritance and dynamical binding. It provides an environ-
ment for proving the correctness of the models and theories established in this

thesis,

As the related work to be compared, our work here is close to the work of
O"Young and Wonham [88) and the work of Baldassari and Bruno (5]. The follow-

ing gives the comparisons.

As an object-oriented computation and simulation of large-scale discrete event
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systems [88], O’Young and Wonham have created a generic class DES based on
Wonham’s automata theory. This generic class contains a kernel set of class meth-
ods which enables an instance of its class or subclass to recognize a string in the
closed and marked languages generated by its encapsulated transition structure.
They designed methods in their product structures without any details of their
implementation. Neither language nor software was presented in [88]. They did
not have the logic evaluation or reasoning mechanism, nor methods for optimiza-

tion.

~ In their paper, Baldassari and Bruno [5] presented an object-oriented lan-
guage and methodology, PROTOB, and the CASE environment that supports it.
The CASE environment consists of several tools supporting specification, mod-
elling and prototypical activities using Petri nets. It can automatically generate
the distributed and object-oriented implementation code in Ada or C. While they
had a method for a similar kind of optimization they did not have the controller

synthesis. Also they did not have the logic evaluation or reasoning mechanism.

There is 2 large room for improving the software presented in this chapter. As
a user interface, dedsMein, the main program of the software, could be further im-
plemented into a graphical user interface. In the Evaluator, we have implemented
the logic connectives and, not, or and the temporal operator nezt; and this is only
the very first step in building a TL verifier. Further implementation could include
the quantifiers all, some and the temporal operators until, eventually, and so on.

These further implementations will be continued by the members of our research
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group.

The simulation results of using this software package will be presented in the

next chapter.
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Chapter 9

Simulating DESs with the
Software Package

In this chapter, we demonstrate three examples of simulation using the soft-
ware designed in the previous chapter. In Section 9.1, we show an example of logic
evaluation. In Section 9.2, we present a gun shooting example to show the logic
inferring with the software, and compare it with other implementation. In Section
9.3, we give an example of a flexible manufacturing system, a typical DES, to
demonstrate the reachability analysis, the controller design, and the optimization.
Comparisons with related works are made to show the advantages of the software.

Finally, we give the conclusion of this chapter in Section 9.4.

9.1 An Example of Logic Evaluation
We are given a group of facts. The facts are given in the following form:

ttme ¢ j predicateName argList value
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It mcans that from time ¢ to time j, the predicate predicate Name with the ar-
gument list argList has the truth value value. A value of 0 and 1 is interpreted
as false and true, respectively. This establishes the domain of the predicate as
the time interval [¢,j] where i and j are integers. For example, time 1 5 friend
tom,cethy I implies that the predicate friend(tom,cathy) is true from time 1 to
time 5. time 4 9 friend tom,smith 0 means that the predicate friend(tom,smith)

is false from time 4 to time 9; and it is the negation of time 4 9 friend tom,smith 1.

Based on a group of such facts, the software can evaluate the truth of a
statement. All statements have to be enclosed with brackets ‘( ). The following

logic operators are supported: and, not, and or. They have the following formats:
(and (%) (x) -+ (%))
(not (%))
(for () (%) -+ (%))

where * stands for an expression which may include again and, not, and or. There

is no limit on the number of expression items inside of these operators.

The temporal expression is of the format
time t j temporalOp

For example, (time i j (next (predicateName arglist))) means that the
predicate predicateName with the argument list argList will be evaluated from

t+ 1.
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time 1 5 friend tom,cathy 1
time 4 9 friend tom,smith O
time 2 9 has tom,car 1
time 4 8 great x,y 1

time 1 8 less y,z 1

time 1 9 equél y,10 1

Figure 9.1: Facts in the evaluation example.

In the simulation, we first input a group of facts; and then evaluate some
statements. An example of a group of facts is shown in Figure 9.1 and the eval-
uation of some statements is given in Figure 9.2 which shows that the operators
end, not, and or can be inside of each other. The complete screen display for the

outcome of this logic evaluation example can be found in Appendix A.

9.2 A Gun Shooting Example

Consider a simple example which involves reasoning about firing a loaded
gun as shown in Figure 9.3. Suppose that the gun is loaded at time 1 and that
the trigger of the gun is pulled at time 5. We want to be able to conclude that 2

loud noise will take place at time 6.

This example is taken from [102] where it was used for reasoning causation.
Informally, causation is the relationship between reason and result; and the causal

rule is used to infer the result from the reason. In our terminology, the rule which
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Enter the statement.
( and ( time 2 § ( friend tom,cathy ) )
( time 4 6 ( next ( has tom,car ) ) ) )

Statement is True.

Enter the statement.
( and ( time 2 5§ ( friend tom,cathy ) )
( not ( time 4 6 ( has tom,car ) ) ) )

Statement is False.

Enter the statement.
( or ( time 5 8 ( friend tom,smith ) )
( time 1 3 ( next ( friend tom,cathy ) ) ) )

Statement is True.

Enter the statement.

(and ( or ( time 57 ( great x,y ) ) ( time 2 6 ¢ equal 2,9 )} ) )
(and ( time 1 3 ( less y,2 ) ) ( time 1 4 ( equal y,10 ) ) )

)

Statement is True.

Enter the statement.
(or (and ( time 57 ( great x,y ) ) ( time 2 6 ( equal 2,9 ) ) )
(or ( time 1 3 (less y,2 ) ) ( time 1 4 ( equal 3,10 ) ) ) )

Statement is True.

Figure 9.2: The evaluation of statements.



Figure 9.3: The gun shooting example.

says what conclusion comes from what condition is used to infer the conclusion
by matching the condition against the given facts. This example seems to be able
to serve this purpose; and therefore we take it as an example of reasoning the
conclusions from the given facts and rules. The reason why this example is chosen

also can be seen from the note given in [102] as follows:

One feels the need to apologize for such violent examples (even
though no one is about to get hurt). By way of such an apology let
me point out that the prototypical examples of causation center either
around an application of force which results in movement, or around
an action which results in some bodily harm. The current discussion

will turn out to be intimately connected to the notion of causation.
Here we assume that the gun shooting follows the following rules:
o If the gun is loaded and if the trigger of the gun is not pulled, then the gun
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will be loaded.

o If the gun is loaded, if it is not in vacuum, and if the trigger of the gun is

pulled, then a loud noise will take place.

To simplify the discussion, the statement that it is not in vacuum is repre-
senting the conjunction of (it is not in vacuum) and (it is not emptied manually)
and ..., all those mundane facts that are, strictly speaking, needed in order to

make a sound reasoning,.

The symbol z is used to represent the state variable of the gun. The predicate
loaded(z) represents that the gun is loaded; noise(z) represents that the loud noise
takes place; air(z) represents that the gun is not in vacuum. The event that the
trigger of the gun is pulled is written as efire(z). Then the rules are given as

follows:

B[loaded(x) A —efire(z) = loaded(Qz)] (8.2.1)
Ofloaded(z) A air(z) A efire(z) = noise(Oz)) (9.2.2)

Based on this temporal logic model of the gun shooting example, the software
gives the results of the reasoning as shown in Figure 9.4 where enfire stands for

—efire.

In Figure 9.4, Process 1 says that initially the gun is loaded at time 1. Events
el, €2, €3, e4 are that the trigger of the gun is not pulled at times 1, 2, 3,4, re-

spectively. Correspondingly, Processes 2, 3, 4, 5 are saying that the gun is loaded
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Events:
el=(enfir 1)
e2=(enfir 2)
e3=(enfir 3)
e4=(enfir 4)
e5=(efire 5)

Conclusions:

Process 1=(loadEd 1)
Process 2=(loadEd 2)
Process 3=(loadEd 3)
Process 4=(loadEd 4)
Process 5=(loadEd 5)

Process 6=(noisE 6)

Figure 9.4: Reasoning of the gun shooting example.
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at times 2, 3, 4, 5, respectively. Event e5 is that the trigger of the gun is pulled
at time 5. Then process 6 is saying that a loud noise takes place at time 6. This
finishes the reasoning. The complete outcome of this simulation can be found in

Section 2 of Appendix A.

Comparing the reasoning of this example in [102] where Shoham used it to
demonstrate his causation theories on reasoning about change, we used it as an
example of reasoning in our temporal logic framework. He did it only as a theo-

retical reasoning while we performed its reasoning by our software as a simulation.

9.3 An Example of Simulating DESs

Consider an automated machine-shop in a factory [105] which can process
parts of two different classes: custom and stock. These parts must be processed

according to the following rules:

R1. Custom and stock parts are to be processed in mutual exclusion; i.e. custom

parts must not be processed at the same time as stock parts;

R2. Custom parts have priority: once a custom part arrives at the machine-shop,
no more stock parts are to be accepted until there are no longer any custom

parts waiting for processing or be processed;

R3. Custom parts require individual attention and so are to be processed once at

a time, and in the order in which they arrive;



R4. Any number of stock parts may be processed concurrently and, unless there
are custom parts at the machine-shop, all stock parts that arrive are to be

accepted for processing.

In this section, we use the simulator, one of the tools in the software pack-
age, to simulate this discrete event system. In the next subsection, we simulate
the natural behavior of the uncontrolled system, the plant. In Subsection 9.3.2,
we present the monitor of the software corresponding to the given rules of the
required behavior of the system. In Subsection 9.3.3, we simulate the behavior
of the controller given in [103]. In Subsection 9.3.4, we demonstrate the behavior
of the closed-loop system and verify the results given in [105]. Comparisons with

[205], [88], and [5] are given when appropriate.

9.3.1 The Systemm Model and Its Behavior

The example is specified in the temporal logic framework [205]. For the plant,
the following notations are used. The symbols O, W, and P represent the three
possible states of a custom part: those of being outside the machine-shop, waiting
to be processed, and being processed, respectively. The symbol n represents the
number of stock parts being processed. The symbols z;, z,, ---, zn are used as
the local variables of the N custom parts. For any i, 0 < i < N, the event symbolé
&, B;, and +; represent the arrival, commencement of processing, and departure,
respectively. The event symbol A represents the arrival and immediate rejection
of a stock part while ;1 stands for the arrival of a stock part and the immediate

commencement of its processing. The symbol v is used to represent the departure
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of a stock part and the symbol ¢ stands for the “null” event. The specifications of

the plant are as follows:

OVi(6=aiVé=BVé=y)Vé=pVé=vVvé=AVvé=e (9.3.P1)

O{ALE = & = 7 = OA (Ox:) = W A (A, (Oz;5) = 23) A (Onr) = n]}
(9.3.P2)

O{ALS = B = z: = W A (Oz:) = P A (A1 (Oz5) = ;) A (On) = nl}
(9.3.P3)
O{ALil6 = % = zi = PA(Qz:) = OAA;o(Ox;5) = 7;)AMOr) = n]} (9.3.P4)

Of = ¢ = (On) = n+ 1A (ALL(Ox;) = 25)] " (93.P5)
O§=v=n>0A(0On)=n-1AAL(Oz;) =z;)] (9.3.P6)
8§ = A= (On) =2 A (AX,(Oz;) = 2;)] (9.3.P7)

OO WAO#PAP#W] (9.3.P8)

AY z;=0AR=0 (9.3.P9)

These specifications have been given in [105] and are similar to those in Chap-
ter 4; and therefore their explanations are omitted here. By using the simulator
in the software package, we simulate this example for the simple case where there
are two custom parts and two stock parts. A part of the simulation result of
the plant system is shown in Figure 9.5 and its complete version can be found in

Section 3 of Appendix A. The reachability graph of the plant is given in Figure 9.6.
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The state transitions of the uncontrolled system are:

The root: sO=(0,0,0)

elu{ecav 1) —> s1a(W,0,0)
e2mfecav 2} --~> S2=(0,W,0)
e3={earr 3) —> s3=(0,0,0)=s0
edm(eara 3) —> s4=(0,0,1)

Theroot: si=(W,0,0)

eS={ecsp 1) —> sS=(P,0,0)
ebm{ecav 2)me2 —> s6=(W,W,0)
e7=(ear 3)=ed —> s7=(W,0,0)=s1
e8=(eara 3)=e4 —> s8a=(W,0,1)

Theroot: s2=(0O,W,0)

eSm{ecav 1)mel —> sOu(W,W,0)=s6
el0m(ecsp2) —> s10=({Q,P,0)
ellm{earr 3)me3 —> s11=(0,W,0)us2
el2=(ears 3)med —> s12=(0OW,1)

Theroot: s4=(0,0,1)

e13=(ecav 1)mel —> s13=(W,0,1)=s8
el4m{ecav 2)me2 —> 514=(0OW,1)=s12
¢]5a(earr 3)me3 —> 515a(0,0,1)ms4
el16=(eara 3}med —> s16(0,0,2)
el7=(eand 3) —> s17=(0,0,0)}=s0

The root: s5=(P,0,0)

el8m{ecnp 1) —> 518=(0,0,0)=s0
€19=({ecav 2)me2 —> $19«(P,W,0)
e20=(earr 3)me3 —> s20=(P,0,0)=s5
e21m(ears 3)med —> 521=(P,0,1)

Theroot: s6=(WW,0)

e22m(ecsp 1)mesS —> s22=(P,W,0)=519
e23m(ecsp 2)mel10 —> 523=(W,P,0)
e24m(ear )med —> $24=(W,W,0)=s6
e25a({eara 3)med —> s25=(W,W,T)

Theroot: sBw=(W,0,1)

e26m{ecsp 1)mes —> s26=(P,0,1)=s2]
e27=(ecav 2)me2 —> S27=(W,W,1)=s25
e28=(carr 3)me3 —> s28a(W,0,1)=s8
e29%=(eara 3)med4 —> $29=(W,0,2)
e30=(eand 3)mel17 —> 530=(W,0,0)=s1

The root: s10={0,P.0)

e31=(ecav 1)mel —> s31=(W,P,0)=s23
e32=(ecnp 2) —> $32w{0,0,0)ns0
e33m{earr 3)me3 —> $33=(0,P,0)=s10
e34=(eara 3)med —> 534a(0,P,1)

The root: $12=(0,W,1)

€35a(ecav 1)mel —> S35=(W.W,1)=s25
e36m{ecsp 2)me10 —> $36=(0,P,1)=s34
e37=(earr 3)me3 —> s37=(O,W,1)=s12
e38a(eara 3)=e4 —> s38=(O,W,2)
€3%=({eand 3)me17 —> $39m(0,W,0)=s2

Theroot: $16=(0,0,2)

ed0m(ecav 1)mel —> $40=(W,0,2)=s29
edlm(ecav 2)ue2 ~—> 541=(0,W,2)us38
ed42=(earr 3)me3 —> 542={0,0,2)=s16
e43={eand 3)mel? —> $43m=(0,0,1)=s4

The root: s19={P,W.0)

ed4=(ecnp 1)mel8 —> $44m(0,W,0)ns2
e45m(ecsp 2)me10 —> s45=(P,P,0)
e46n(ear 3)me3 —> 546=(P,W,0)us19
ed47n(eara 3)ued —> $47=(P,W,1)

The root: s21=(P,0,1)

e48=(ecnp 1}me18 —> s48=(0,0,1)=s4
e49=(ecav 2)me2 —> s54Qm(P.W,1)us47
e50=(earr 3)me3 —> s50m(P,0,1)=s21
e51=({eara 3jmed —> 551=(P,0,2)
e52=(eand 3)=e17 —> s52m(P,0,0)=s5

The root: s23=(W,P,0)

e53=(ecsp 1)me5 —> sS3m(P,P,0)msds

eS4m{ecnp 2)me32 —> $54m(W,0,0)m=s1
eS5=(earr 3)me3 —> S55=(W,P,0)ws23

e56=(eara 3)=ed —> 556=(W,P,1)

Figure 9.5: A part of the simulation result of the plant.
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Figure 9.6: Reachability graph of the plant.
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For N custom parts, in general, the plant has n+ 1 dimensions. Here N = 2,
so the plant is 3—dimensional. As a uncontrolled system at this point, it has
its natural dynamic behavior. First, the explanation of notions in the graph is
given here. 512 = (O, W, 1) means that at state s12, one custom part is outside
and other is waiting to be processed while one stock part is being processed. For
1 =1,2, (ecav i) = @, (ecsp 1) = B;, (ecnp i) = v, (earr 3) = ), (eara 3) = p,
and (eand 3) = v. The reachability graph is constructed by starting from a root

through an edge of an event to reach the next state.

The dynamic behavior given by the reachability graph routines together with
the enabled event sets are more intuitive than the production structure in [$8] and

the PROT nets in [5).

9.3.2 The Required Behavior and the Monitor

According rules R1-R4, expressions of the desired properties of the closed-

loop system are formally given below.

O (z: =P = Al z; # P)] (9.3.CL1)
O[vi(z; = P) = n =0 (8.3.CL2)
OV (z: = W) = § # p)] (9.3.CL3)

DAY iarigs(zi W = (§ = &P = o; = § = fPé = §;))] (9.3.CL4)

Of(AN,(z: = 0) = & # )] (9.3.CL5)
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According to the specifications of the required behavior

Event e3 should be disabled at state s0 !

521 should not be reached! Event e21 should be disabled at state
85 !

526=(P,0,1)=s21 So event e26 should be disabled at state s8 !

s21 may not be a root!

Figure 9.7: Examples of suggestions from the monitor

According to the specifications of the required behavior, there are many un-
desirable states in the uncontrolled system. For instance, at state s21 = (P, 0, 1),
custom part 1 is being processed while there is one stock part being processed.
This violates the specification (9.3.CL2).

A list of suggestions is given by the monitor in the simulator. Following the
specifications of the required behavior, the monitor finds two kinds of violations of
the specifications. The first kind is that which reaches states that should not be
reached. For instance, states violate the mutual exclusion such as (9.3.CL1) and
(9.3.CL4). Once the monitor detects states that should not be reached, it finds
out the enabled events for those states and suggests to disable those events. The
second kind is that the events should be disabled at certain states such as those
stated in (9.3.CL3) and (9.3.CL5). The monitor also remarks that the states
which should not be reached may not be a root for a new branch.

Examples of suggestions from the monitor for the given required behavior is
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shown in Figure 9.7 and the complete list can be found in Section 3 of Appendix
A. The event disablements here are chosen according to the required bebavior;
and therefore the controller is designed by Procedure 6.4.1 to enable those events
which lead to the required system behavior. They are NOT for getting our results
to match those of Thistle [103]. After showing that our approach can do more
than Thistle’s approach, we now want to show that our approach also works for
Thistle’s example. This is why we take the example from Thistle’s work. Since
we are simulating the system from Thistle’s work with the same required beinavior
of the closed-loop system, we ought to have the same control law to achieve the

same required behavior.

Comparing with the work of O'Young and Wonham {88] and the software
given by Baldassari and Bruno in [5], both of them did not have the facility to

find the undesirable states and events.

9.3.3 The Controller Model and Its Behavior

In order to obtain the desired behavior of the system, our controller must
ensure that these requirements are met. The controller should have a first-in-
first-out queue to keep track of custom parts and the order in which they arrive.
Also, a count should be set to monitor the number of stock parts being processed.

Therefore the specifications for the controller are given as follows.

The symbol ¢ represents the queue and it is assigned a value that is either
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some finite sequence of integers between 1 and N, or the empty sequence denoted
by the symbol ¢. The symbol ¢ represents the count and it is assigned a non-

negative integer value.
QAL (6 =a; = (Og) = ¢xi A(Qc) = )] (9.3.C1)

O (6=8i=ixgAc=0A (Og) =q)] (9.3.C2)

O[ViL(§=%)VE=v) = (c=0= (Og) = gI*

MOe)=e)A(c# 0= (Qg) =g A (Qc) =c—1)] (9.3.C3)
Bf=A=9#0A(0Og)=qA(Qc)=d (9.3.C4)

Qb =u=>g=¢A(0g9) =gA(Oc)=c+1)] (9-3.C5)
c=0Ag=2¢ (9.3.C6)

The monitor does not check the order in which custom parts arrive and it
leaves to controller to make the ordering. The state transitions of the controller

is shown in Figure 9.8.

As specified in the controller specifications, the controller is 2—dimensional.
It disables all the undesirable events as suggested by the monitor and orders the
custom parts with a principle of “first-in, first-out”. As shown in Figure 9.8, the
first component of the controller state is the queue and the second is the count.
Correspondingly, (E,*), (a,*), (ab,*), (4,%), (&b,*), (b, %), (B,*) are
saying that the queue is empty, the first custom part is waiting in the queue, the
first and the second are waiting in the queue, the first is being processed, the first

is being processed while the second is waiting, the second is waiting, the second is
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The transitions in the controller are:

The root:  CO =(E,0)

elm(ecav 1) —> C1 ={a,0)
eZm(acav 2) —> C2=(3,0) =CIl
e3=(eara 3) —> C3 =(E1)

The root: C1 =(a,0)

eq=(ecav 1) —> C4 =(ab,0)
eSalecav 2) —> C5 =(ab,0)=C4
eBulecsp 1) —> CBH=(A0)
e7ufecsp ) —> C7=(A0)=C6

eSa{earr3) —> C8={a0)=C}
Theroot: €3 =(E,1)

e9=({eand 3) —> C9=(E0)=CO
eil={eara 3) —> Cl0=(E2)

The root: C4 ={ab,Q)

ell=(earr3) —> C11 =(ab,0) =C4
el2=(ecsp 1) —> C12=(Ab0)
el3=(ecsp2) —> C13=(Ab,0)=C12
The root: C6 ={A,0)

eldm(earr3) —> Cl4=(A0)=C8B

elS=(ecnp1) —> Ci15=(EQ0)=C0
el6=(ecnp 2) —> C16 =(E,0) = CO
el7=(ecavl) —> Cl17 ={Ab,0)=Ci2

el8=(ecav2) —> C18=(Ab0)=C12

The root: C10 =(E,2)

e19=(eand3) —> Cl19=(E1)=C3
Theroot: €12 =(Ab,0)

e20={earr3) —> C20 ={Ab,0)=C12
e2l=(ecnp 1) —> C21 =(b,0)
e22m(ecnp 2) —> (22 =(b,0) = C21
Theroot: €21 =(b,0)

e23m(ecsp 1) —> €23 =(B,0)
e24=(ecsp 2) —> C24 =(B,0) = C23
e25=(earr3) —> C25 =(b,0) = C21
The roct: €23 =(B,0)

e26m(ecnp 1) —> €26 =(E,0) = CO
e27=(ecnp2) —> €27 ={E,0) = CO
e28m{earr3) —> (28 =(B,0) = C23

Figure 9.8: State transitions of the controller.
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being processed, respectively. Similarly, (*,0), (*,1), (x,2) are saying that no
stock part is being processed, one stock part is being processed, two stock parts

are being processed, respectively.

In both [8§] and [5], there have been the ideas of the controller or supervisor
synthesis; but neither explicit procedures nor simulation results were given for the

synthesis of a controller or supervisor.

9.3.4 The Behavior of the Closed-Loop System

With such a controller being synthesized onto the plant, the closed-loop sys-
tem is composed by the plant and the controller such that it is 5—dimensional.
Using the simulator, the reachability set and the dynamic behavior of the closed-
loop system is shown in Figure 9.9 and its reachability graph is diagramed in

Figure 9.10. The complete outcomes of the simulation is given in Appendix A.

As shown in Figure 9.9, the state of the closed-loop system is composed of the
state of the plant and the state of the controller. For instances, S19=(P,%,0,4b,0)
means that the first custom part is being processed while the second is waiting;
and S16=(0,0,2,E,2) says that two stock parts are being processed while no any

custom part is in.

We can see from Figure 9.9 that the states in the reachability set satisfy the

the specification of the required behavior of the system. It follows from Figures
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Now the state transitions of the controlled system are:

The root: S0 =(0,0,0,E,0)

elafecav 1) —> S1 ={W,0,0,2,0)
e2mu(ecav 2) —> S2 =(0,W,0,2,0)
edm{eara 3) —> 54 =(0,0,1,E,1)

The root: 51 =(W,0,0,2,0)

eS=(ecsp 1) —> S5 =(P,0,0,A,0)
eEu={ecav 2)me2 —> SE =(W,W,0,2b,0)
e7=(earr 3)ue3 —> 57 =(W,0,0,3,0)=51

The root: $2 =(0,W,0,3,0)

e9m(ecav 1)me] —> S9 =(W,W,0,3b,0)=S56
el0=(ecsp 2) —> S10=(0,P,0,A,0)

el 1m(ear 3)mel —> S$11 =(0,W,0,3,0)=52

The root: S4 =(0,0,1,E,1)
¢)6u{eara 3)med —> 516 =(0,0,2,E,2)
el7al{eand 3) > S17 «{0,0,0,E,0)=S0

The root; S5 =(P,0,0,A,0)

el8alecnp 1) --> S18=(0,0,0,E,0)=50
el9=(ecav 2)me2 —> S19 =(P,W,(,Ab,0)
e20=(earr 3)=e3 —> $20 =(P,0,0,A,0)=$5

The roct: $6 =(W,W,0,3b,0}

e22w{ecsp 1)meS —» 522 =(P,W,0,b,0)=$19
e23={ecsp 2)=e10 —> 523 ={W,P,0,Ab,0)
e24={ear 3)me3d —> S24 =(W,W,0,2b,0)=56

The root: 510 =(0,P,0,A,0)

e3i=(ecav 1)mel —> S31 =(W,P,0,Ab,0)=523
e32=(ecnp 2) —> S32 ={0,0,0,E,0)=S0
e33m(earr 3)me3 —> $33 ={0,P,0,A,0)=S10

The root: S16 =(0,0,2.£,2)
e43={eand 3)mel7 —> 543 =(0,0,1,E,1)=S54

The root: $19 =(P,W,0,Ab,0)
e44-(emp 1)-e1 8 —_— 844 -(Olwlolbbo)
e46=(earr I)mel3 —> $45 =(P,W,0,Ab,0)=S19

The root: S23 ={W,P,0,Ab,0)
eS4m{ecnp 2)me32 —> S54 =(W,0,0,b,0)
e55=(earr 3)me3 > $55 «(W,P,0,Ab,0)=S23

Theroot: S$44 =(Q,W,0,b,0)
e10=(ecsp 2)=e10 —> 575 ={0,F,0,8,0)
el l=(earr 3)=e3 —> 576 =(OW,0,0,0)=S544

The root: S$54 =(W,0,0,b,0)
eS=(ecsp 1)=e5 —> S88 «(P,0,0,8,0)
e7={earr 3)=e3 —> S89 ={W,0,0,b,0)=S54

The root: S75 =(0,P,0,8,0)
e32u(ecnp 2)me32 —> S101 =(0,0,0,E,0)=S0
e33=({ear 3)=e3 —> S$102 =(0,P,0,B,0)=S575

The root: S88 =(P,0,0,8,0)
ei18m{ecnp 1)=e18 —> 5110 =(0,0,0,E,0)=S0
e20=(earr 3)=me3 —> S111 =(P,0,0,8,0)=588

The reachability Set:

S0 =(0,0,0,E,0) S1 =(W,0,0,2,0) §2 =(0,W,0,3,0)
$4 =(0,0,1,E,1) S5 =(P,0,0,A,0) S6 ={W,W,0,ab,0)
$10 "(OvpvonAsO) 516 -(ololzlElz) Sl 9-(P,W,0,Ab,0)
$23 =(W,P,0,Ab,0) S44 =(0,W,0,b,0)554=(W,0,0,b,0)
$75 =(0,P,0,8,0) 588 =(F,0,0,8,0)

Figure 9.9: A part of the simulation result of the closed-loop system.
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e,-,iu means 1& and c1.4

Figure 9.10: The reachability graph of the closed-loop system.



9.6, 9.7, and 9.10 that R(J, (s0,q0)) = R(M, $0) — Ry. By Corollary 5.3.1, and
Procedure 6.4.1, this proves that the closed-loop system has the required dynamic

behavior. By Theorem 6.4.2 we have proved the results given in [105].

In [105), Thistle and Wonham have verified that the required behavior of
the closed-loop system given by (9.3.CL1) — (9.3.CL5) can be deduced from the
specification given in (9.3.P1) — (9.3.P9) and the specification of the controller
given in (9.3.C1) — (9.3.C6). In this chapter, we have done a verification by us-
ing Algorithm 5.3.1 in Chapter 5 and Procedure 6.4.1 in Chapter 6. It turns out
that the simulation results are same as Thistle’s results; and it proves the correct-
ness of our approach and Thistle’s work. If the required behavior is chosen to be
different from Thistle’s, then the controller designed by Procedure 6.4.1 will be
different from Thistle’s. In this thesis, we can get not only the same results as
those of Thistle’s work but also the probabilistic feature which is more than what
Thistle’s method can do. In practical problems, Thistle’s axdomatic inductive
proof may not be feasible but our simulation may still work it out. Moreover, in

this section we simulated this example while there was no such simulation in [105].

9.3.5 The Optimization

Figure 9.10 shows that there are more than one path from one state to an-
other state, for instances, from S0 to 519 and to $54, from 510 to S6, from S16
to 519, from 523 to 5§88, and so on. For this manufacturing system, it is obvious

that the costs might be different through different paths from the same initial
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state to the same final state. Thercfore, it is of great significance to find out the
path which has the minimum of the costs and then to generate the corresponding

sequence of events that drives the system along that path.

Now the costs of events for this example are given according to the costs of
operations in the machine-shop, as listed in Table 9.1. To use the A" algorithm
to solve the optimization problem, the heuristic index will be needed. The state

preference indexes of the manufacturing system are given in Table 9.2.

events e |l e; | ez €Ca|Ci|€es| €0 ey | e1s | ex

costs@ [[1 2121111215

[} ]

Table 9.1: Costs of events.

states s; | So | Sy [ S2 [ Si|Ss|Ss!| Sl Sis| Sis | Sas Sat | Ssq | Srs | Ses

indez(s;) || 0 | 1
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Table 9.2: Indexes of states.

Let the heuristic function
h(s;, 55) o lindezx(s;) — indez(s;)|

Then it is a semi-metric functior: and there holds



Please enter the start node: SO
Please enter the end node: S54
s¢ =(0,0,0,E,0) S54 =(W,0,0,b,0)
The optimal path (in backward order):
S54 £=13 g=9 e54
523 £=T g=4 e23
S6 £=5 g=3 @6
S1 £=2 g=1 el
S0 £=0 g=0 (null)

The end of optimization!

Figure 9.11: An example of optimization

R(si, ;) = | I R(sk) — R(seen)]]

< TiTHR(se) = h(sin)| = D12 0(erprns si) = 6(es, si)

We choose some states from the reachability set of the closed-loop system as
the initial states and the final states. An example of the simulation of finding the
minimum-cost paths by the simulator is given in Figure 9.11 and the complete

simulation results are shown in Section 3 of Appendix A.
Figure 9.12 gives the optimal trajectories and the corresponding sequences of

events for the initial state Sy and the final state Si9, and for the initial state S,

and the final state Sg4, respectively.
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In the production control system of [3], the routine of parts is controlled by
a dispatcher in a kind of optimal way to the scheduled production plans and the
available resources. No explicit optimization procedure was presented there. In

[88], there was no discussion of any optimization.

9.4 Conclusion

The simulation results of three examples have been presented to demonstrate
that our software package has the functions: the logic evaluation and reasoning,
the reachability analysis, the controller design and synthesis, and the optimiza-
tion. These results have matched the theoretical results developed in Chapters 3
— 7; and therefore we have verified that they are correct. Comparisons with the
related works are made through out the chapter to show the advantages of our

software package.
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Chapter 10

Summary, Discussions, and

Suggestions

As the final chapter of this thesis, we first briefly summarize the contributions
we made in both theoretical results and applications. We then compare our results
with related works to show the advantages of our approach. Finally, we give

suggestions for further research.

10.1 Contributions of the Thesis

Discrete event systems are receiving attention for their applications in com-
puter science and control systems. As a part of the continuing research work in
this area, the analysis and synthesis of discrete event systems have been addressed
in this thesis by a temporal logic approach. The contributions of this thesis are

as follows.
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Based on theories and methods established both in computer science and
in control system theory, a temporal logic framework has been developed
to provide a language for the specifications and verification, a facility for
the modeling and analysis, and a procedure for the controller design and

synthesis.

A temporal logic model has been defined including the probability distribu-
tions, and a generalized temporal logic language has been formulated with
adding the certainty operators to handle the probabilistic features of the
DES:s.

With a system of proof rules, the generalized temporal logic framework has
been applied to the specifications and verification of properties for the control
problem of DESs.

The dynamics of DESs has been analyzed, the relationship between reach-
ability of states and validity of formulas has been established, and an algo-
rithm has been developed for computing the reachability set and constructing

the reachability graph.

By applying a process algebra, the composition and synthesis of processes
have been investigated through the process homomorphism; and a procedure

has been proposed for the controller design and system configuration.

A semi-metric space has been defined, the optimization problem of discrete
event systems has been discussed and solved by the A* algorithm via a

“heuristic search.
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o Within such a framework, a software package has been developed for the
temporal logic evaluation, reasoning about and simulating discrete event
systems, The software has been designed in an object-oriented approach
and implemented in Objective-C. The simulation results have been reported
in terms of the logic evaluation, temporal logic reasoning, and discrete event

system simulation.

e The examples of applications such as flexible manufacturing systems, data
link protocols, computer read-write processes, and packet-switched commu-
nications networks, have been also given to convey and motivate the theo-

retical discussions.

Comparisons with related works have been made through out the thesis to
illustrate the advantages of our results. In the next section, we will do more com-

parisons and also highlight some of them that we did in the previous chapters.

10.2 Comparisons with Related Work

In this section, we discuss the comparison of our results with some of related
works. Firstly, we talk about the qualitative reasoning approaches which are nei-
ther for DESs nor in temporal logic but related to our reasoning. Secondly, we
discuss some of the approaches of DESs other than temporal logic. Thirdly, we
compare our results with other proposals in the temporal logic approach. After

all, our results are seen in many cases to outperform these approaches.

[
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10.2.1 Qualitative reasoning

In Chapter 3, we have defined a temporal logic model to the DES with the
probability distributions known, and extended a temporal logic language to in-
clude certainty operators. With a system of proof rules, the verifications have
been qualitative in proving closed-loop specification formulas from the plent and
the controller. We have shown 2 qualitative analysis for a class of probabilistic
systems, and that this analysis may be completed without any need to use the
sophisticated probability theory. In the following, we compare our work with some

other qualitative reasoning approaches.

In {50,51], B. Kuipers presented a qualitative reasoning method for predicting
the behavior of systems characterized by continuous time-varying parameters. The
structure of a system is described in terms of a set of parameters and constraints
that hold among them: essentially a quelitative differential equation (QDE). The
qualitative behavior description consists of a discrete set of time points, at which
the values of the parameters are described in terms of ordinal relations and di-
rections of change. The behavioral description is derived by two sets of rules:
propagation rules which elaborate the description of the current time point, and
prediction rules which determine what is known about the next qualitative distinct
state of the system. This derivation process has been embodied in 2 constraint-
filtering algorithm called QSIM which generates the tree of the possible behaviors

following from a given initial state and a QDE.

With the gquasi-equilibrivm assumption that the system is always in, or in-
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finitely close to the equilibrium, the effect of changes to such a system can be
deduced simply by solving the equilibrium equations for the new state. This is

essentially the inference method used by de Kleer and Brown [18].

As a model building process for qualitative reasoning, qualitative process
theory by Forbus [26] has two fundamental types of description: individual views,
which represent objects or sets of objects viewed in a particular way, and processes ,
which represent active changes taking place. All changes are considered to emanate
from processes. The model building process can be summarized as follows.

1). Each individual view and process checks various conditions about the
world to determine whether it should have one or more active instances.

2). The active view and process instances are grouped into sets of mutually
consistent elements, called view-process structures.

3). Each view or process in a view-process structure contributes fragments,
called direct or indirect influences to the constraint model.

4). The Closed World Assumption is applied with in each view-process struc-
ture. This makes it possible to determine tﬁe set of all influences, direct or indirect,
applying to any given quantity, so the influences can be translated to constraints.

5)- Then the resulting constraint model can be simulated.

The qualitative reasoning approaches mentioned above would not on their
own have been sufficient for setting up a framework for modeling and control of
their system. The qualitative process theory emphasizes on model building while

QSIM emphasizes simulating. Comparing these approaches with ours, the crucial
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Now the state transitioms of the U-tube system are:

The root: SO =(AMAX,0)
ei=(ebegin 1) ---> S1 =(Ax,By)

The root: S1 =(Ax,By)
e2=(end 1) -==> §2 =(AE1,BE)
e3=(end 2) --=> 83 =(AE2,BMAX)

Figure 10.1: The behavior of the U-tube system.

control issue is not addressed and no formal proof systems are supplied in their

approaches.

Our software is able to do the simulation that QSIM can do. For example, the
U-tube in [50,51] can be simulated in our software and the qualitative behavior of

the U-tube system is given by Figure 10.1.

Here Az, AE1, AE2, AMAX (By, BE, BM AX) stand for the values of
amount of water in tank A4 (B, respectively) with AE1, BE for those when the
U-tube reaches equilibrium for the case that B is not full and with AE2, BMAX

for the case B is full or overflows; and there hold
0< AE2 < AFl < Az < AMAX < 400

0<By<BE<BMAX < +oo

If we decompose the above reachability graph, then the behavioral graphs of tanks
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A and B are as shown in Figure 10.2. These are the exactly same as the behavioral

graphs given by QSIM.

10.2.2 Other approaches of DESs

Comparing with other approaches for the modelling of DESs, the examples
we used so far have shown that the proposed temporal logic approach leads to eas-
ily understandable high-level specifications and to a formal verification procedure.
Although temporal logic might be cumbersome for extremely large systems, for
relatively small systems (practically we always decompose the large system into
2 number of smaller systems), translating a natural language specifications into
temporal logic is more straightforward than the process of finding the correspond-
ing grammar in the formal language and automata approach [95] which has been
proved useful in theoretical analysis of DESs. Another approach to be compared is
Petr: nets. Although Petri nets have the advantage of a graphical representation,
it lacks satisfactory verification methods for liveness properties as shown in the
examples in [21] where an additional language is needed to express the required

behavior over a sequence of states.

Among related works on the optimal control problem of DESs, the closest to
ours is that of Passino and Antsaklis [89]. We use the temporal logic model while
they use the abstract logic model. We emphasize on the optimization procedure
while they on the heuristic function. Besides, the semi-metric space we defined is
mofe general than their metric space to handle the case that the event cost func-

tion 6(e;;) may be different from 6(e;;). By using a non-symmetric semi-metric,
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we can chose 2 heuristic function to close the non-symmetric cost function. The
standard dynamic programming may also solve the optimization problem if it can
find a solution since its optimal condition is only a necessary condition. We use
the 4" algorithm as a sufficient condition for optimality which has the advantages

of uniform scarching techniques over the standard dynamic programming.

10.2.3 Other proposals in temporal logic

The Interval Temporal Logic (ITL) of Moszkowsli [80] extends ordinary tem-
poral logic with additional operators such as chop, which is used to divide the time
interval into two adjacent intervals. ITL is more expressive than ours in sore as-
pects but it does not have a system of proof rules. Furthermore, since intervals
are finite sequences of states, the infinitely often property of temporal logic can

not easily be expressed.

For real-time DESs, Ostroff introduced a Real-Time Temporal Logic (RTTL)
in [85] with an extended state machine models. RTTL is more expressive than
ours in real-time aspects whereas ours is more expressive than RTTL in dealing
with probabilistic features of DESs as shown in this thesis. The difference between
these two systems is that RTTL is not strongly sound and ours is not strongly

~complete. This is resulted from adopting the Insertion Rule in RT'TL but not in
ours. As a result, state formulas are interpreted with respect to the initial state

of a sequence in ours, and to all states of a sequence in RTTL,
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From a control perspective, Thistle and Wonham used a linear-time temporal
logic framework in [105] for the specifications and verification of control systems.
In Thistle’s work, a notion is set to a sort of temporal logic for system events.
This allows for an easy reference to events when specifying the properties of the
system. A disadvantage of Thistle’s approach is that the full plant-controller must

be available before the verification can proceed.

Comparing our work with Thistle’s, we have extended Thistle’s temporal
logic to a generalized temporal logic which includes the modal operators about
certainty to handle the case where the point probability distributions are known.
Our method of introducing certainty operators is both simple and at same time
expressive enough to assert the probabilistic properties. QOur result on the relation-
ship between reachability of states and validity of the corresponding logic formulas
allows for an early verification: we may verify the specification of 2 DES’s plant
by the reachability algorithm before a controller is available. Furthermore, our
composition and synthesis theory provides a procedure for designing and synthe-
sizing a controller into the system. The optimization of DESs generates a sequence
of events which produées an optimal path with the minimum cost. Finally, our

software tools simulate and verify our results.

10.3 Suggestions for Further Research

This thesis provides a temporal logic approach to the analysis and synthesis -

of discrete event systems. There are still many interesting open problems in this
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approach. Some suggestions for further research work are discussed below.

1. Applications of our temporal logic framework to the AI problem solving,
Although many of the basic issues in AI problem solving are well understood
[81], they have not been adequately formally described in 2 mathematical logic
framework. Hence there is a need to develop a foundation of a temporal logic
framework for modeling, analysis and design of AI problem solving. Our temporal
logic framework can be used as such a fundamental logic framework. In [65], we
have tried to compare our temporal logic model with a production system, and to
develop a reasoning mechanism based on a forward chaining procedure. In [64],
we have used 4" algorithm for searching a space of configurations in a way similar
to that we did in Chapter 7. These initial attempts have been encouraging, and
further steps are needed to be taken to turn the temporal logic framework into a
formal method useful on the Al problem solving. Examples of open problems for
further research are the computational complexity of the 4 algorithm and the
selection of a heuristic function. In addition, there is a need for temporal logic

reasoning in Al applications such as planning systems and expert systems [44].

2, 'I-‘he analysis of the computational complexity of the verification process
for the generalized temporal logic framework is an open problem. Due to the com-
plexity of the verification process, the literature has avoided approaches that can
handle nondeterminism. For example, the verification of the behavioral equiva-
lence of two nondeterministic finite automata is Pspace-complete. Qur conjecture

is that the computational complexity of the verification process is Pspace-hard.
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3. The existence of a controller, controllability, and optimal control problem.
The relationship between controllability and reachability defined in this thesis
should also be investigated. Moreover, the open problems for the optimal con-
trol problem of DESs include: The uniqueness of solutions to the optimal control

problem of DESs; and the case of a set of final states instead of only one final state.

4. Extension of our temporal logic framework to describe the real-time fea-
tures. There are two possible extensions of our temporal logic to deal with real-
time aspects of DESs. The first is to add a global clock as an explicit variable to
which the specification may refer as Ostroff did [85]. To do this, we need adapting
the Insertion Rule into our proof system then adding universal quantifier to for-
mulas containing free global variables. The syntax, semantics, and proof system
of the language need to be modified. It is also possible to extend Ostroff’s work
to deal with the probabilistic features. The second way is to add metric operators
with qualitative versions as Koymans did [46]. In this case, the syntax, semantics,

and proof system of the language may have to be reconstructed.

5. Use of the internal eveuts and external events to describe the system be-
havior. Some of events do not have any effect on the outcome of the system. These
events can be named as internal events. Og the contrary, external events can be
used to name those events that come from outside as inputs to the system and
those that do have effects on the outcome of the system. When we analyze within

the system, both internal and external events are important. On the other hand,
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when we investigate the communication between systems, it is a good idea to hide
the internal events and deal only with the external events. Further classification
of events could also be useful. For example, controlled events, spontaneous events,

shared events, local events, simple events, component events, and so on.

The above suggestions for the future research also imply that a lot of .work
needed to be done for DESs in a temporal logic approach. We cannot hope for
significant and durable advances in this approach without resting our theories
on some firm foundations. This dissertation is offered as a step towards attain-
ing such a steady basis, so that our theories may be well-defined and evaluable.
Undoubtedly, further investigations in this approach will suggest advances in the
framework developed in this dissertation. In the spirit of the dissertation, we look

forward to seeing these advances in the near future.



Bibliography

(1] N.U. Ahmed, Elements of Finite Dimensional System and Control Theory,
Pitman Monographs and Surveys in Pure and Applied Math., vol. 37, Long-
man Scientific and Technical, U.K. John Wiley, New York, 1988S.

(2] J.F. Allen, “Towards a general theory of action and time,” Artificial Tntelli-
gence, vol.23, pp.123-154, 1984,

[3] R. Aveyard, “A boolean model for a class of discrete evént systems,” IEEE
Trans. Syst. Man and Cyb., vol. SMC-4, pp.248-258, 1974.

[4] F. Baccelli and A.M. Makowski, “Queueing models for systems with synchro-
nization constraints,” Proceedings of IEEE, vol.77, no.l, pp.138-161, 1989.

[5] M. Baldassari and G. Bruno, “PROTOB: An object oriented methodology
for developing discrete event dynamic systems”, Computer languages, Vol.186,
no.l, pp.39-63, 1991.

[6] J. Beauquier and M. Nivat, “Application of formal language ltheory to prob-
lems of security and synchronization”, Formal Laguage Theory, ed. R.V.
Book. Academic Press, New York. 1980. pp.407-454.

[7] R. Bellman, Dynamic Programming, Princeton Univ. Press, NJ, 1957.

[8] G. Birkhoff and J.D. Lipson, “Heterogeneous algebras”, Journal of Combina-
~ torial Theory, vol.8, pp.115-133, 1970.

[9] G.V. Bochmann, “Hardware sa?eciﬁcation with temporal logic: an example,”
IEEE Trans. Computers, vol.C-31, no.3, pp.223-231, 1982.

[10] M.C. Browne, E.M. Clarke, D.L. Dill, and B. Mishra, “Automatic verification
of sequential circuits using temporal logic,” IEEE Trans. Computers, vol.C-
35, no.12, pp.1035-1044, 1986.

[11}] B.C. Bruce, “A model for temporal references and its application in 2
question-answering program”, Artificial Intelligence, vol.3, pp.1-25, 1972.

[12] B.A. Carre, “An algebra for network routing problems,” J. Inst. Math. Appl,
vol.7, pp.273-294, 1971,

[13] C.G. Cassandras and S.G. Strickland, “On-line sensitivity analysis of Markov
chains,” IEEE Trans. Automat. Conir., vol.AC-34, no.1, pp.76-86, 1989.

235



[14] R. Cieslak, C. Desclaux, A.S. Fawaz. and P. Varaiya, “Supervisory control
of discrete-event processes with partial observations.” JEEE Trans. Automat,

Contr., vol.33. no.3, pp.249-260, 1988.

[15] E.ML Clarke. E.A. Emerson. and A.P. Sistla. “Automatic verification of finite-
state concurrent systems using temporal logic specifications,” ACM Trans.
Programming Languages and Systems, vol. 8. no.2, pp.244-263, 1936.

[16] G. Cohen, D. Dubois. J.P. Quadrat, and M. Viot, “A linear- system-theoretic
view of discrete-event processes and its use for performance evaluation in
masnufacturing,” IEEE Trans. Automat. Contr., vol. AC-30, no.3. pp-210-220,
1985.

[17] R.A. Cuninghane Green. Minimez Algebra. Springer-Verlag, New York, 1979.

(18] J. De Kleer and J.S. Brown, “A qualitative physics based on confluences”,
Artificial Intelligence, vol.24. pp.7-83, 1954.

[19] T.L. Dean, “Using temporal logic hierarchies to efficiently maintain large
temporal data base”, Journal of the Association for Computing Machinery,
vol.36, pp.687-718, 1989.

(20] T.L. Dean and D. McDermott. “Temporal data base management”, Artificiel
Intelligence, vol.32, pp.1-533, 1987.

[21} M.J. Denham, “A Petri-net approack to the control of discrete-event sys-
tems,” Advanced Computing Concepts and Techniques in Control Engineer-
ing, NATO ASI Series, Vol. F47, ed. M.J. Denham and A.J. Laub, Springer-
Verly, Berlin, 1988, pp.191-214.

[22] DPN-100 Reference Handbook, Northern Telecom, 1992,

[23] H.A. Enderton, 4 Mathematical Introduction to Logic, Academic Press, New
York, 1972.

(24] G.W. Evans, G.F. Wallance, and G.L. Sutherland, Simulation Using Digital
Computers, Prentice-Hall, Englewood Cliffs, 1967.

[25] W. Feller, An Introduction to Probebility Theory and Its Applications, John
Wiley, New York, 1957.

[26] K.D. Forbus, “Qualitative process theory”, Artificial Intelligence, vol.24,
pp.7-83, 1984.

[27] A. Fusaoka, H. Seki, and K. Takahashi, “A description and reasoning of
plant controllers in temporal logic,” Proc. §th Int. Joint Conf. on ArtiEcial
Intelligence, pp.405-408, 1983.

[28] A. Galton, Temporal Logics and Their Applications, Academic Press, London,
1987.

[29] P.W. Glynn, “A GSMP formalism for discrete event systems”, Proceedings of
the EEE, vol.77, no.1, pp.14-23, 1989.



[30] C. Golaszewski and P.J. Ramadge. “Control of discrete event rocess with
forced events”, Proc. 26th IEEE Conf. Decision & Control, Los Angeles, Cal-
ifornia, Dec.9-11, 1987, pp.247-251.

[31] F. Halsall, Data Communications, Computer Networks and OSI, Addison-
Wesley, New York, 1988.

[32] ;\I.Séiennessy, Algebraic Theory of Processes, The MIT press, Massachusetts,
1988.

[33] Y.C. Ho, “Performance evaluation and perturbation analysis of discrete event -
d:.'namiscal systems,” JEEE Trans. Automat. Conir., vol.AC-32, no.7, pp.563-
572, 1987.

[34] Y.C. Ho, X.R. Cao, and C.G. Cassandras, “Infinitesimal and finite perturba-
tion analysis for queueing networks” Automatica, vol.19, pp.439-445, 1983.

[35] C.AR. Hoare, Commaunicating Sequential Processes, Prentice-Hall, New
York, 1985.

[36] L. E. Hollowway and B.H. Kro%:x, “Efficient synthesis of control logic for a
%ag o{ gdsiscrete event systems,.” Proc. 1989 American Control Conf., pp.2672-
2677, .

[37] G.E. Hughes and M.J. Cresswell, An Introduction to Modal Logic, Methuen
& Co, London, 1973.

[38] K. Hwang and F.A. Briggs, Computer Architecture and Pargllel Processing.
McGraw-Hill, New York, 1984,

[39] A. Ichikawa and K. Hiraishi, “Analysis and control of discrete event systems
represented by Petri nets,” Discrete Event Systems: Models and Applications.
ecgl.s.?. Varaiya and A.B. Kurzhanski. Springer-Verlag, New York, Pp.115-134,
1987.

[40] K. Inan and P. Varaiya, “Finitely recursive process models for discrete event
systems,” JEEE Trans. Automat. Contr., vol.33, no.7, pp.626-639, 1988.

' [41] K. Inan and P. Varaiya, “Algebras of discrete event models,” Proceedings of
IEEE, vol.77, no.1, pp.24-38, 1989.

[42] D. Ionescu and J.-Y. Lin, “A supervisor design procedure for discrete event
systems in a temporal logic framework with applications”, to be presented
at JEEE Symposium on New Directions in Control Theory & Applications,
Crete, Greece, June 21-23,1993.

[43] D. Jonescu, J.-Y. Lin, and H.S. Hwa.ng,. “Specification of intelligent con-

trollers for discrete event systemsin a temporal logic framework”, Proceedings
of IFAC Algorithms and Architectures for Real-Time Conirol, Seoul, Korea,
1992, pp.237-242.

[44] P. Jackson, H. Reichgelt, and F. van Harmelen, Logic-Based Knowledge Rep-
resentation, The MIT Press, Massachusetts, 1989.

[45] K. Kahn and G.A. Gorry, “Mechanizing temporal knowledge”, Artificial In-
telligence, vol.9, pp.87-108, 1977.

237



[46] R. Koymans, “Specifying real-time properties with metric temporal logie,”
Real-Time Systems, vol.2, pp.255-299, 1990.

[47] R. Koymans, R.K. Shyamasundar, W.P. de Roever. R. Gerth, and S.
Arun-Kumar, Compositional Semantics for Real-time Distributed Computing,
LNCS 193, Springer-Verlag. June 1985.

[48] E. Kreyzig, Introductory Functional Analysis with Applications, John Wiley,
New York, 1978.

[49] F. Kroger, Temporal Logic of Programs, Springer-Verlag, New York, 1987,

[50] B. Kuipers, “Qualitative simulation”, Artificial Intelligence, vol.29, pp.289-
338, 1986.

[31] B. Kuipers, “Qualitative reasoning modeling and simulation with incomplete
knowledge”, Automatica, vol.25, pp.571-385, 1989.

(52] L. Lamport, “The temporal logic of action™, unpublished paper, 1991.

{33] D. Lehmann and S. Shelah. “Reasoning with time and chance,” Information
and Control, vol.53, pp.165-198, 19S2.

[54] Y. Li and W.M. Wonham, “Controllability and observability in the state-
feedback control of discrete-event systems,” Proc. 25th IEEE Conf. Decision
& Control, pp.203-208, 1988.

[35] F. Lin, “A note on optimal supervisory control”, Proc. 1991 IEEE Int. Sym.
on Intelligent Control, Arlington, pp.227-232, 1991

[56] F. Lin and W.M. Wonham, “On observability of discrete event systems”,
Information Sciences, vol.44, pp.173-198, 1988.

[57] J.-Y. Lin and D. Ionescu, “Output feedback control for a class of nondeter-
ministic discrete event systems,” Proceedings of the 1990 American Control
Conference, San Diego, California, May 23-25, 1990, Vol. 1, pp.20-25.

[58] J.-Y. Lin and D. Ionescu, “Asyx;ptotic behavior of a class of nondeterministic
discrete event systems,” Proceedings of the 5th IEEE International Sympo-
stum on Intelligent Cunirol, Philadelphia, Pennsylvania, Sept.5-7, 1990, vol.
2, pp.993-998.

[59] J.-Y. Lin and D. Ionescu, “A temporal logic model for a class of nondetermin-
istic discrete event systems”, Proceedings of the 1990 Canadian Conference
on Electrical and Computer Engineering, ttawa, Ontario, September 3-6,
1990, Vol.1, pp. 2.4.1-2.4.4.

[60] J.-Y. Lin and D. lonescu, “A generalized temporal logic approach for control
problems of a class of nondeterministic discrete event systems,” Proceedings
of the 29th IEEE Conference on Decision and Control, Honolulu, Hawaii,
Dec.5-7, 1990, pp.3440-3445.

[61] J.-Y. Lin and D. Ionescu, “Asymptotic behavior of output feedback for a class

of nondeterministic discrete event systems,” International Journal of Control,
vol.44, no.4, pp.903-920, 1991.

238



(62] J.-Y. Lin and D. Ionescu, “A temporal logic approach to the control of dis-
crete event systems”, Proceedings of the 1991 American Conirol Conference,
Boston, Massachusetts, June 26-28, 1991, Vol.3, pp.2934-2935.

[63] J.-Y. Lin and D. Ionescu, “Reasoning of discrete event systems in temporal
logic,” Preprints of IFAC Int. Symposium on Distributed Intelligence Systems,
Arlington, Virginia, August 13-15, 1991, pp.13-48.

(64] J.-Y. Lin and D. lonescu, “Artificial intelligence planning problems in a tem-
poral logic framework”, Proceedings of 1991 Canadian onference on Elec-
tricsaf4 and Computer Engineering, &uebec, P.Q., Sept.25-27, 1991, pp. 41.3.1-
41.3.4.

[65] J.-Y. Lin and D. Ionescu, “A controller awroach for reasoning in a temporal
lo%ic framework,” in Proceedings of The World Congress on §xpert Systems,
Orlando, Florida, Dec.16-19, 1981, Vol.3, pp.1609-1616.

[66] J.-Y. Lin and D. fonescu, “Verifying a class of nondeterministic discrete event
systems in a generalized temporal logic,” IEEE Transactions on Systems,
Man and Cybernetics, vol.22, no.6, pp.1461-1469, 1992.

[67] J.-Y. Lin and D. Ionescu, “Optimization of controller design for discrete event
systems in a temporal logic framework,” Proceedings of the 1992 American
ontrol Conference, Chicago, Illinois, June 24-26, 1992, pp.2819-2823.

(68] J.-Y.Lin and D. Ionescu, “Analysis and synthesis procedures of discrete event
systems in a temporal logic framework”, Proceedings of the 1992 IEEE Inter-
netional Symposium on Intelligent Conirol,

[69] J.-Y. Lin and D. Ionescu, “A simulation language for discrete event s tems
ina temgoral logic framework”, Proceedings of the 1992 Canadian onfer-
ence on Llectrical and Computer Engineering, oronto, Sept.13-16, 1992, pp.
MM6.3.1-MM6.3.4. '

[70] J.-Y. Lin and D. Ionescu, “A temporal logic approach to computer com-
munication process,” Workbook of the 4th International IEEE Workshop on
Compuier-Aided Modelling, Anclysis and Design of Communication Jﬁnfcs
and Networks, Montebello, Quebec, Sept. 29-Oct. 2, 1892,

[71] J.-Y. Lin and D. Ionescu, “A reachability synthesis procedure for discrete
event systems in a temporal logic framework”, submitted to JEEE Transce-
tions on Systems, Man, and Cybernetics. (submitted on Sept.22, 92).

[72] Z. Manna and A. Pnueli, “Verification of concurrent programs: A temporal
roof system,” Foundations of Computer Science IV, Mathematical Centre
s 159, Mathematish Centrum, erdam, pp.163-255, 1983,

[73] Z. Manna and A. Pnueli, “How to cook a temporal proof system for your
et language,” Proc. 10th Annual ACM Symp. on Principles of Programming
%anguage.s, pp.141-154, 1983.

[74] Z. Manna and A. Pnueli, “Proving precedence properties: the temporal

way”, Automata, Languages and Programming, Lecture Notes in Computer
Science 154, pp.491-512, 1983.

239



75] Z. Manna, and P. Walper, “Synthesis of counnunicatinf processes from tem-
poral logic specifications,” ACM Trans. Programming Languages & Systems,
vol.6, nol, pp.68-93, 1984.

[76] A. Martelli, “On the search complexity of admissible search algorithms,” Ar-
tificial Intelligence, vol.8, pp.1-13, 1977.

[77] D. McDermott, “A temporal logic for reasoning about processes and plans”,
Cognitive Science, vol.6, pp.101-155, 1982,

[78] G. Milne and R. Milner, “Concurrent processes and their syntax,” J. Assoc.
Comput. Mack., vol.26, pp.302-321, 1979.

79] H. Mortazavian and F. Lin, “Foundations of a logical theory of modeling
and control of discrete event system,” Preprints of IFAC Int. Symposium
on Dis‘;trz'buted Intelligence Systems, Arlington, Virginia, August 13-13, 1991,
pp.19-24.

[80] B.C. Moszkowslkd, Ezecuting Tempore! Logic Program, Cambridge University
Press, London, 1986.

[81] N.J. Nilsson, Principles of Artificial Intelligence. Palo Alto, California, 1982,

[82] G.J. Olsder, J.A.C. Resing, R.E. de Vries, M.S. Keance, and G. Hooghiemstra..
“Discrete event systems with stochastic processin§ times.” Proc. 27th IEEE
Conf. Decision & Control, Austin, Texas, pp.214-919, 1988.

[83] G.J. Olsder and R.E. de Vries, “On an analogy of minimal realization in
conventional and discrete-event dynamic systems,” Discrete Event Systems:

Models and Applications. ed. P. Varaiya and A.B. Kurzhanski. Springer-
Verlag, Mew York, pp.149-161, 1987.

[84] J.S. Ostroff, “Deciding properties of timed transition models,” IEEE Trans.
Parallel and Distributed Systems, vol.1, pp.170-183, 1990.

[85] J.S. Ostroff, Temporal Logic for Real-Time Systems, John Wiley, New York,
1989.

[86] J.S. Ostroff, Real-Time Computer Control of Discrete Event Systems Modelled
by Eztended State Machines: A Temporal Logic Approach, Ph D. thesis, Dept.
Electrical Engineering, University of Toronto, 1987.

[87] J.S. Ostroff and W.M. Wonham, “A framework for real-time discrete event
control,” IEEE Trans. Automat. Control, vol.35, pp-386-397, 1990.

[88] S.D. O’Young and W.M. Wonham, “Object-criented computation and simu-
lation of large-scale discrete-event systems”, Proceedings Co{f the 27th Annual
Allerton Conference on Communication, Control, and omputing, Monti-
cello, Illinois, Sept.27-29, 1989, pp.945-954.

[89] K.M. Passino and P.J. Antsaklis, “On the optimal control of discrete event
systems,” Proc. 28th IEEE Conf. Decision and Conirol, pp.2713-2718, 1989.

{90] J.L. Peterson, Petri Net Theory and the Modeling of Systems, Prentice-Hall,
Englewood Cliffs, 1981.

240



[91] C.A. Petr, “Communication with automata”. Ph. D. dissertation, Univ.
Bonn, 1962, translated by C.F. Green, Applied Data Research Inc., Tech
Report RADC-TR-65-377, 1965.

[92] L.J. Pinson and R.S. Wiener, Objective-C: Object-Oriented Programming
Techniques. Addison-Wesley, New York, 1991.

[93] A. Pnueli, “The temporal semantics of concurrent programs,” Theoret. Com-
put. Sei., vol.13, pp.45-60, 1981.

{94] A. Pnueli and E. Harel, “Applications of temporal logic to the specification
of real-time systems,” Proceedings of a Symposium on Formal Technigques
in Real-Time and Feult-Tolerant Systems, ed. M. Joseph. Lecture Notes in
Computer Science, vol.331. Springer, Berlin. pp.84-98, 1988.

[95] P.J. Ramadge and W.M. Wonham, “Supervisory control of a class of discrete
event process,” SIAM J. Contr. Optimaz., vol.25, no.1, pp.206-230, 1987.

[96] P.J. Ramadge and W.M Wonham, “Modular feedback Iog;c for discrete event
systems,” SIAM J. Conir. Optimaz., vol.25, no.5, pp.1202-1218, 1987.

[97] N. Rescher and A. Urquhart, Temporal Logic. Springer-Verlag, 1971.

(98] R. Righter and J.C. Walrand, “Distributed simulation of discrete event sys-
tems,” Proceedings of the IEEE, vol.77, no.1, pp.99-113, 1989.

[99] R.L. Schwartz and P.M. Melliar-Smith, “From state machines to temporal
logic: specification methods for protocol standards”, IEEE Transaections on
Communicetions, vol.COM-30, pp.2486-2496, 1982,

[100] R. Sengupta and S. Lafortune, “Optimal control of a class of discrete event
systems”, Preprints of IFAC Int. Symposium on Distributed Intelligence Sys-
tems, Arlington, Virginia, August 13-15, 1991, pp.25-30.

[101] A.C. Shaw, “Software descriptions with flow expressions”, IEEE Trans. Sofi-
ware Engineering, vol. SE-4, pp.242-254, 1978.

[102] Y. Shoham, Reasoning about Change: Time and Cousation from the Stand-
point of Artificial Intelligence, The MIT Press, Massachusetts, 1988.

[103] Special Issue on Dynamics of Discrete Event Systems, Proceedings of IEEE,
vof??, no.l, 1989.

[104] D. Teichroew and J.F. Lubin, “Computer simulation: discussion of the tech-
nique and comparison of languages”, Commun. Ass. Comput. Mach., vol.IX,
pp-723-741, 1966.

[105) J.G. Thistle and W.M. Wonham, “Control problems in a temporal logic
framework,” Int. J. Control, vol.44, pp.943-976, 1986.

[106] USA National Science Foundation, “Challenges to Control, A Collective

View” (Rep. of the Workshop at Santa Clara Univ., Sept. 18-19, 1986), IEEE
Trans. Automet. Contr. vol.AC-32, no.4, pp.275-285, 1987.

[107]) J. Walrand, Commaunication Network: A First Course. IRWIN, Boston,
1991. :

241



[108] A. Wilansky, Functional Analysis, Blaisdell Publishing Company, New York,
1964.

[109] G. Winskel, “Event structures.” Petri Nets: 4 pplications and Relationships
to Other Models of Concurrency, ed. W. Brauger. W. Reisig and G. Rozen-
berg. Springer-Verly, Berlin, pp.325-392, 1937.

[110] W.M. Wonham. “A control theory for_discrete-event systems,” Advanced
Computing Concepts and Techniques in Control Engineering, NATO ASI Se-
ries, 5/'01. 1;‘47, ed. M.J. Denham and A.J. Laub, Springer- Verly, Berlin, 1988,
pp.129-169.

[111] W.M. Wonham, Linear Multivariable Control: A Geometric Approach,
Springer-Verlag, New York, 1979.

[112] W.M. Wonham and P.J. Ramadge, “On the supremal controllable sublan-

guage of a given language”, SIAM J. on Control and Optimization, vol.25,
pp.637-659, 1987.

242



Appendix A
Outcomes of Simulation

In this appendix, we print out the outcomes of the three examples of sim-
ulation performed in Chapter 9: an example of logic evaluation, a gun shooting
example to show the logic reasoning, and an example of a flexible manufacturing
system to demonstrate the reachability analysis, the controller design, and the

optimization.

A.1 An Example of Logic Evaluation

The following is the outcome on screen display of the simulation of the logic

evaluation.

Would you like to use the logic evaluator?(y/an)y
Enter the Maxnum of facts:6

The factNum is 0
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Do you want to enter

Enter a fact: time

factlum is 0

Do you want to enter

Enter a fact: time

factNum is 1

Do you want to enter

Enter a fact: time

factNum is 2

Do you want to enter

Enter a fact: time

factNum is 3

Do you want to enter

Enter a fact: time

factNum is 4

o

[y

.0'

4

w

[

a

4

[y

fact? (y/n)y

5 friend tom,cathy 1

fact?(y/nl)y

9 friend tom,smith 0

fact?(y/n)y

9 has tom,car 1

fact?(v/a)y

8 great x,y 1

fact?(y/n)y

8 less y,z 1



Do you want to ewnver a fact?(y/n)y

Enter a fact: time 1 9 equal y,10 1

factNum is 5
Do you want to enter a fact?(y/a)n
Start to evaluate?(y/a)y
Enter the max-length of the statements.24
Do you want to evaluate a statement?(y/n)y
Enter the statement.
( and ( time 2 5 ( friend tom,cathy ) )
( time 4 6 ( next‘( has tom,car ) } } )
Statement is True.

To evaluate a statement without change Max-Len?(y/n)y

Enter the statement.
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( and ( time 2 5 ( friend tom,cathy ) )

( not ( time 4 6 ( has tom,car ) ) ) )

Statement is False.

To evaluate a statement without change Max-Len?(y/n)y

Enter the statement.

(or ( time 5 8 ( friend tom,smith ) )

( time 1 3 ( next ( friend tom,cathy )} ) ) )

Statemert is True.

To evaluate a statement without change Max-Len?(y/m)n

To evaluate with another Max-Len?(y/n)y

Enter the max-length of the statements.45

Do you want to evaluate a statement?(y/n)y

Enter the statement.
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(and (or ( time 57 ( great x,y ) ) ( time 2 6 ( equal z,9 ) ) )
(and ( time 1 3 ( less y,z ) ) ( time 1 4 ( equal y,10 ) ) ) )

Statement is True.

To evaluate a statement without change Max-Len?(y/m)y

Enter the statement.

Cor (and ( time 5 7 ( great x,y ) ) ( time 2 6 ( equal z,9 ) ) )
(or ( time 13 (less y,z) ) ( time 1 4 ( equal y,20 ) ) ) )

Statemert is True.

To evaluate a statement without change Max-Len?(y/n)n

To evaluate with another Max-Len?(y/n)n

To make another logic evaluation?(y/m)n

A.2 A Gun Shooting Example

The following is the outcome on screen display of the simulation of the gun

shooting example.



Would you like to use the logic evaluator?(y/n)n

Would you like to enter the rule file? (y/n 2 --> end)y

Please enter the file name gunrule.dat

Please enter the number of the rulesS

Would you like to change to another file?(y/m n - continve)n

Please enter the number of the facts 6

Would you like to enter the fact file? (/2 n -=> end)y

Please enter the file name gunfact.dat

Would you like to change to another file?(y/n n - corntinue)n

Would you like to get results and then stop? vy

Events:

el=(enfir 1)

e2=(enfir 2)
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e3=(enfir 3)
ed4=(enfixr 4)

eS5=(efire 5)

Conclusions:

Process 1=(loadEd 1)
Process 2=(loadEd 2)
Process 3=(loadEd 3)
Process 4=(loadEd 4)
Process 5=(loadEd 5)

Process 6=(noisE 6)

A.3 An Example of Simulation

The following is the outcome on screen display of the simulation of the

manufacturing system.

Would you like to use the logic evaluator?(y/a)n

Welcome to simulation of dyrnamics of systems

Please enter the specifications of the system

2s the rules and the facts to two files
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following the instructions given in example.sho

Then enter dimension of the system (2 or )3

Would you like to enter the rule file? (y/n n =--> end)y

Please enter the file name data2.dat

Please enter the number of the rulesii7

Would you like to change to ancther file?(y/n n ~ continue)n

Please enter the number of the facts120

Would you like to enter the fact file? (y/a n --> end)y

Please enter the file nanme fact2.dat

Would you like to change to another file?(y/n n - continue)n

din=3

Please give specifications of the required behavior by rules
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Would you like to enter the rule file? (y/n n --> end)y

Please enter the file name DesiRule.dat

Please enter the number of the rulesh

Would you like to change to another file?(y/n n - continue)n

Would you like to get results and then stop? n

The state transitions of the uncontrolled system are:

The root: s0=(0,0,0)

el=(ecav 1) --=> s1=(W,0,0)
e2={ecav 2) ---> s2=(0,W,0)
e3=(earr 3) ---> s3=(0,0,0)=s0

ed=(eara 3) ---> s4=(0,0,1)

The root: s1=(W,0,0)
e5=(ecsp 1) --~> s5=(P,0,0)
e6=(ecav 2)=e2 ---> s6=(W,¥,0)

e7=(earr 3)=e3 ---> s7=(W,0,0)=s1
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e8=(eara 3)=e4¢ --->

The root:

s2=(0,W,0)

e9=(ecav 1)=el --->

e10=(ecsp
ell=(earr

el2={eara

The root:
el3=(ecav
eld4=(ecav
el5=(earr
el6=(eara

el17=(eand

The root:
e18=(ecnp
e19=(ecav
e20=(earr

e21=(eara

The root:

2) ——=>
3)=e3 --->

3)=e4 ===>

s4=(0,0,1)

l)=el --=>

2)=e2 --->
3)=e3 --=>
3)=e4 --->

3) -——>

sS=(P,0,0)

1)

2)=e2

-—
—-—
3)=e3 ———>

3)=ed --->

s6=(W,¥,0)

s8=(W,0,1)

s9=(W,W,0)=s6

s10=(0,P,0)
s11=(0,¥,0)=s2

s12=(0,W,1)

s13=(¥,0,1)=s8
s14=(0,W,1)=s12
s15=(0,0,1)=s4
s16=(0,0,2)

s17=(0,0,0)=s0

s18=(0,0,0)=s0
s19=(P,W,0)
520=(P,0,0)=s5

s21=(P,0,1)

e22=(ecsp 1)=e5 ---> s522=(P,W,0)=s19

e23=(ecsp 2)=el0 ---> s23=(W,P,0)
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e24=(earxr

e25=(eara

The root:
e26=(ecsp
e27=(ecav
ae28=(earr
e29=(eara

e30=(eand

The root:
e3l=(ecav
e32=(ecnp
e33=(eazr

eld4=(eara

The root:
e35=(ecav
e36=(ecsp
e37=(earr
e38=(eara

e39=(eand

The root:

3)=e3 -==> s524=(N,W,0)=s6

3)=e4 ---> £25=(W,W,1)

s88=(W,0,1)

1)=e5 ---> s26=(P,0,1)=s21

2)=e2 ---> 3527=(W,W,1)=s25

3)=e3 ---> s28=(W,0,1)=s8

3)=e4 ---> s29=(W,0,2)

3)=el7 --=> s30=(W,0,0)=s1
s10=(0,P,0)

1)=el ---> s31=(W,P,0)=s23

2) --=> s32=(0,0,0)=s0

3)=e3 ---> s33=(0,P,0)=s10

3)=e4 ---> s34=(0,P,1)
s12=(0,W, 1)

1)=el —--> s35=(W,W,1)=s25

2)=el10 ---> s36=(0,P,1)=s34

3)=e3 -—-> s37=(0,W,1)=s12

3)=e4 ---> s38=(0,¥,2)

3)=el7 ---> s39=(0,¥,0)=s2

s16=(0,0,2)

253 .



e40=(ecav
edl=(ecav
ed42={earr

e43=(eand

The root:
e44=(ecnp
e45=(ecsp
e46=(earr

e47=(eara

The root:
e48=(ecnp
ed9=(ecav
e50=(earr
eS1=(eara

e52=(eand

The root:
eS53=(ecsp
e54=(ecnp
e55=(earr

eS56=(eara

1)=el --=> 340=(W,0,2)=s29
2)=e2 =--> 341=(0,W,2)=338
3)=e3 ~--> s42=(0,0,2)=s16

3)=el7 ~--> s43=(0,0,1)=s4

s19=(P,W,0)
1)=e18 ~--> s544=(0,W,0)=s2
2)=el0 ---> s45=(P,P,0)
3)=e3 ~--> s46=(P,W,0)=s19
3)=ed --=> s47=(P,W,1)
s21=(P,0,1)
1)=e18 ---> s48=(0,0,1)=s4
2)=e2 ~--> s549=(P,W,1)=s47
3)=e3 ---> s50=(P,0,1)=s21
3)=e4¢ --~> s51=(P,0,2)

3)=el7 ---> s52=(P,0,0)=s5

s23=(W,P,0)

1)=e5 ---> 553=(P,P,0)=s45
2)=e32 ---> s54=(W,0,0)=s1
3)=e3 ---> s55=(W,P,0)=s23
3)=e4 ---> s56=(W,P,1)

254



The root:
e57=(ecsp
e58=(ecsp
e59=(earr
e60=(eara

e61=(eand

The root:
e62=(ecsp
e63=(ecav
e64=(earr

e65=(eand

The root:
e66=(ecav
e67=(ecnp
e68=(eaxrr
e69=(eara

e70=(eand

The root:
eT1=(acav
e72=(ecsp

e73=(earr

s25=(W,W,1)
1)=e5 ---> s57=(P,W,1)=s47
2)=el0 ---> s58=(W,P,1)=s56
3)=e3 --=-> 3559=(W,W,1)=s525
3)=ed ---> s60=(W,W,2)

3)=el17 ---> s61=(W,W,0)=s6

529=(W,0,2)
1)=e5 —-;> s62=(P,0,2)=s51
2)=e2 =---> 3563=(W,W,2)=s60
3)=e3 ---> s64=(W,0,2)=s529
3)=el7 ---> s65=(W,0,1)=s8
s34=(0,P,1)
1)=el ---> s66=(W,P,1)=s56
2)=e32 ---> s67=(0,0,1)=s4
3)=e3 ---> s68=(0,P,1)=534
3)=e4 ---> s69=(0,P,2)

3)=ei7 =--=-> s70=(0,P,0)=510

s38=(0,W,2)
1)=e1l —-=> sT1=(W,,2)=s60
2)=e10 ---> s72=(0,P,2)=s69

3)=e3 ---> s73=(0,W,2)=s38

255



a74=(eand

The root:
e75=(ecnp
e76=(ecnp
e77=(earr

e78={eara

The root:
e79=(ecnp
e80=(ecsp
eB8l=(earr
e82=(eara

e33=(eand

The root:
e84=(ecnp
e86=(ecav
e86=(earr

e87=(eand

The root:
e88=(ecsp

e89=(ecnp

3)=el7 --=> s74=(0,W,1)=s12
s45=(P,P,0)
1)=el8 ~=--> s75=(0,P,0)=s10
2)=e32 --=> s76=(P,0,0)=s5
3)=e3 ---> s77=(P,P,0)=545
3)=e4 ---> s78=(P,P,1)
s&7=(P,W,1)
1)=el18 ---> s79=(0,W,1)=s12
2)=el0 ---> s80=(P,P,1)=s78
3)=e3 -=~> s81=(P,W,1)=s47
3)=e4 ---> s82=(P,W,2)
3)=el7 ---> s83=(P,W,0)=519
s51=(P,0,2)
1)=el8 =-~-> s84=(0,0,2)=s16
2)=e2 ---> s85=(P,W,2)=582
3)=e3 ---> s86=(P,0,2)=s51
3)=el7 ==--> s87=(P,0,1)=521
s56=(W,P,1)
1)=e5 ---> 88=(P,P,1)=s78

2)=e32 -~-=> 389=(W,0,1)=s8
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e90={earr
ed1=(eara

e92=(eand

The root:
€93=(ecsp
e94=(ecsp
e95=(earr

e96=(eand

The root:
e97=(ecav
e98=(ecnp

eS9=(eaxr

el100=(eand 3)=el7 --->

The root:

el0i=(ecnp 1)=el8 --->

3)=e3 ---> s80=(W,P,1)=s56
3)=e4 ---> s91=(W,P,2)
3)=el7 ---> 592=(W,P,0)=s523
s60=(W,W,2)
1)=e5 --=> s93=(P,W,2)=s82
2)=e10 ---> s94=(W,P,2)=sS1
3)=e3 ---> s95=(W,W,2)=s60
3)=el? ---> s96=(W,W,1)=s25
s69=(0,P,2)
1)=el ~-=> 597=(W,P,2)=s91
2)=e32 ~---> s98=(0,0,2)=s16
3)=e3 ---> s99=(0,P,2)=s69

s78=(P,P,1)

e102=(ecnp 2)=e32 ---> s102=(P,0,1)=s521

el03=(earr 3)=e3 --->
elf04={eara 3)=ed --->

el05=(eand 3)=el7 --->

The root:

s103=(P,P,1)=s78

s104=(P,P,2)

s82=(P,W,2)

[
(] ]
-]

s100=(0,P,1)=s34¢

s101=(0,P,1)=s34

5105=(P,P,0) =545



e106=(ecnp
e107=(ecsp
el08=(earr

el109=(eand

The root:

el10=(ecsp
elli=(ecnp
el12=(earr

ell3={eand

The roct:

el14=(ecnp
el15=(ecnp
elié=(eazxr

eli17=(eand

1)=el8 ---> s106=(0,W,2)=s38

2)=el0 ---> s107=(P,P,2)=s102
3)=e3 ---> 3108=(P,W,2)=s82
3)=el7 ---> s109=(P,W,1)=s47
s91=(W,P,2)
1)=eS ---> s110=(P,P,2)=s104
2)=e32 ---> s111=(W,0,2)=s29
3)=e3 ---> s112=(W,P,2)=s91
3)=el7 --~> $113=(W,P,1)=s56
5104=(P,P,2)
1)=e18 ---> s114=(0,P,2)=s69
2)=e32 ---> s115=(P,0,2)=s51
3)=e3 ---> s116=(P,P,2)=5104

3)=el7 --->

s117=(P,P,1)=s78

According to the specifications of the required behavior

Event e3 should be disabled at state sO !

Event eB8 should be disabled at state st !
Event el2 should be disabled at state s2 !
Event el13 should be disabled at state s4 !

Event e14 should be disabled at state s4 1

Event el5 should be disabled at state s4 ¢
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s21 should not be reached! Event e21 should be disabled at state s§

Event e25 should be disabled at state s6 !

s26=(P,0,1)=521 Sco event e26 should be disabled at state s8 !

Event e27 should he disabled at state s8 !

Event e28 should be disabled at state s8 !

Event e29 should bhe disabled at state s8 !

Event e30 should be disabled at state s8 !

s34 should not be reached! Event e34 should be disabled at state s10

Event e35 should be disabled at state 12 !

s36=(0,P,1)=s34 So event e26 should be disabled at state s12 !

Event e37 should be disabled at
Event e38 should be disabled at
Event e39 should be disabled at
Event e40 should be disabled at
Event e4l should be disabled at

Event e42 should be disabled at

s45 should not be reached! Event e45 should be disabled at state

state

state

state

state

state

state

12

12

12

i6

16

16

i
H

819

847 should not be reached! Event e47 should be disabled at state s19

Event e48 should be disabled at state 21 !

849=(P,W,1)=s47 So event e49 should be disabled at state s21 !
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s50=(P,0,1)=s21 So event €50 should be disabled at state s21 !

351 should not be reached! Event e5i should be disabled at state s21

Event e52 should be disabled at state 21 1!
s53=(P,P,0)=545 So event e53 should be disabled at state s23 !

s56 should not be reached! Event e56 should be disabled at state s23

s57=(P,W,1)=547 So event e57 should be disabled at state s25 !
s58=(W,P,1)=s56 So event e58 should be disabled at state 25 !
Event e59 should be disabled at state 25 !
Event e60 should be disabled at state 25 !
Event e61 should be disabled at state 25 !
s62=(P,0,2)=s51 So event e62 should be disabled at state 529 !
Event e63 should be disabled at state 29 !
Event e64 should be disabled at state 29 !
Event e65 should be disabled at state 29 !
s566=(W,P,1)=s56 So event e66 should be disabled at state s34 !
Event e67 should be disabled at state 34 !
568=(0,P,1)=s34.So event e68 should be disabled at state s34 !

s69 should not be reached.! Event e69 should be disabled at state s34

Event e70 should be disabled at state 34 !
Event e71 should be disabled at state 38 !

s72=(0,P,2)=s69 So event e72 should be disabled at state s38 !
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Event e73 should be disabled at state 38 !
Event e74 should be disabled at state 38 !
Event e75 should be disabled at state 45 !
Event e76 should be disabled at state 45 !
s77=(P,P,0)=s45 So event e77 should be disabled at state s45 !

s78 should not be reached! Event e78 should be disabled at state s45

Event €79 should be disabled at state 47 !
s80=(P,P,1)=s78 So event e80 should be disabled at state s47 !
s81=(P,W,1)=s47 So event e81 should be disabled at state s47 !

s82 should not be reached! Event e82 should be disabled at state s47

Event e83 should be disabled at state 47 !
Event e84 should be disabled at state 51 !
s85=(P,W,2)=s82 So event e85 should be disabled at state s51 ¢
s86=(P,0,2)=s51 So event e86 should be disabled at state s51 !
s87=(P,0,1)=s21 So event e87 should be disabled at state s51 !
s88=(P,P,1)=s78 So event e88 should be disabled at state s56 !
Event e89-should be disabled at state 56 !
s90=(W,P,1)=s56 So event e90 should be disabled at state s56 !

s91 should not be reached! Event e391 should be disabled at state s56

Event €92 should be disabled at state 56 !

s93=(P,W,2)=s82 So event €93 should be disabled at state s60 !
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$94=(W,P,2)=591 So event e94 should be disabled at state s60 !

Event e95 should be disabled at state 60 !

Event e96 should be disabled at state 60 !

s97=(W,P,2)=s91 So event 97 should be disabled at state s69 !

Event e98 should be disabled at state 69 !

899=(0,P,2)=s69 So event e99 should be disabled at state s69 !

s100=(0,P,1)=s34 So event e100 should be disabled at state s69 !

s101=(0,P,1)=s34 So event el101 should be disabled at state 378 !

s102=(P,0,1)=s21 So event e102 should be disabled at state s78 !

$103 should not be reached! Event €103 should be disabled a* state
sT8 !

s104=(P,P,2)=s103 So event e104 should be disabled at state s78 !

s105=(P,P,1)=578 So event el105 should be disabled at state s78 !

Event e106 should be disabled at state 82 !

s107=(P,P,2)=s103 So event 107 should be disabled af state s82 !

s108=(P,W¥,2)=s82 So event e108 should be disabled at state s82 !

$109=(P,W,1)=s47 So event e109 should be disabled at state s82 !

Event e110 should be disabled at state 91 !

5111=(W,P,1)=s56 So event el11 should be disabled at state s91 !

Event el12 should be disabled at state 91 !

$112=(0,P,2)=s69 So event el12 should be disabled at state s103 !

s113=(P,P,2)=5103 So event el113 should be disabled at state s103 !}

$114=(P,P,0)=s45 So event el14 should be disabled at state s103 !

s8 may not be a root!

[
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12 may not be a root!
821 may not be a root!
325 may not be a root!
s$29 may not be a root!
s34 may not be a root!
538 may not be a root!
s45 may not be a root!
s47 may not be a root!
s51 may not be a root!
s56 may not be a root!
s60 may not be a root!
s69 may not be a root!
s78 may not be a root!
582 may not be a root!
s91 may not be a root!

s103 may not be a root!

Then the set of states which should not be reached are:

s21=(P,0,1) s34=(0,P,1) s45=(P,P,0) s47=(P,¥,1) s51=(P,0,2) s56=(W,P,1)

s69=(0,P,2) s78=(P,P,1) s82=(P,V¥,2) s91=(W,P,2) s103=(P,P,2)

Now design a supervisor by giving rules and facts

following the instruction in example.sho
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Then enter dimension of the supervisor (2 or )2

Would you like to enter the rule file? (y/m n --> end)y

Please enter the file name manRule.dat

Please enter the number of the rules?8

Would you like to change to another file?(y/n n - continue)an

Please enter the number of facts30

Would you like to enter the fact file? (y/a n --> end)y

Please enter the file name manFact.dat

Would you like to change to ancther file?(y/n n - continue)n

cDim=2

Enter the max number of events in the event’s sets 5



The transitions in the

The root:
el={ecav

e2=(ecav

1)

2)

e3=(eara 3)

The root:
ed=(ecav
e5=(ecav
e6=(ecsp
e7=(ecsp
e8=(earr
The root:
e9=(eand
el0=(eara
The root:
eli=(earr
el2=(ecsp
e13=(ecsp
The root:
el4=(earr
eiS=(ecnp

el6=(ecnp

15
2)
1)
2)

3)

3)

3)

3)
1)
2)

3)
1)
2)

co =(E,0)
-—=>
-—=>
-—=>
€1 =(a,0)
-—>
-—=>
-—=>
-—=>
-—=>
€3 =(E,1)
—=>

-—->

C1

c2

c3

Cc4

C5

C6

c7

C8

C9

Ci0

€4 =(ab,0)

——>
~—>
-—->

Cé =(a,0)
~—~—>
-—=>

-—=>

C11

Ci2

Ci3

Ci4
Cis

Ci6

=(4,0)

=(a,0)

=(E,0)

contreoller are:

=(a,0)
=(a,0) = C1

=(E,1)

=(ab,0)
=(ab,0) = ca

=(4,0)

ce

1951

co

=(E,2)

=(ab,0)

ca
=(4b,0)

Ci2

It

=(Ab,0)

=(4,0) = C6

{l

=(E,0) = CO

=(E,0) = CO



el17=(acav
el8=(ecav
The root:
el15=(eand
The root:
e20=(earr
e21=(ecnp
e22=(ecnp
The root:
e23=(e;sp
e24=(ecsé
e25=(eaxr
The root:
e26=(ecnp
e27=(ecnp

e28=(earr

1) --=> C17 =(ab,0)

Ci12

Ci12

[}

2) =---> (18 =(ab,0)
C10 =(E,2)

3) ---> C19 =(E,1) = C3
€12 =(Ab,0)

3) =--=> €20 =(ab,0) = Ci2

1) =--=> 21 =(b,0)

2) =--=> (22 =(b,0) = C21
€21 =(b,0)

1) =--=> (€23 =(B,0)

2) -~=> (24 =(B,0) = C23

3) -==> €25 =(b,0) = C21
€23 =(B,0)

1) =--=> €26 =(E,0) = C0

2) --=> 27 =(E,0) = CO

3) ---> 28 =(B,0) = C23

Now the state tramsitions of the closed-loop system are:

The dimension of the closedloop system is 5

The root:

S0 =(0,0,0,E,0)

el=(ecav 1) ---> 81 =(¥,0,0,2,0)

e2=(ecav 2) ---> 82 =(0,%,0,a,0)
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ed4=(eazra 3) --=-> 54 =(0,0,1,E,1)

The root:

e5=(ecsp

S1 =(w,0,0,2,0)

1) ---> 85 =(P,0,0,4,0)

eb=(ecav 2)=e2 ---> S6 =(W,W,0,2b,0)

e7=(earr 3)=e3 ---> S7 =(w,0,0,a,0)=S1

The root:
e9=(ecav
el0=(ecsp

ell=(earr

The root:
elé=(eara

el7=(eand

The root:
e18=(ecnp
el9=(ecav

e20=(earr

The root:
e22=(ecsp

e23=(ecsp

s2 =(0,W,0,2,0)
1)=el ---> 59 =(W,W,0,ab,0)=S6
2) ~==> S10 =(U,P,0,A,0)

3)=e3 ---> S11 =(0,W,0,a,0)=52

s4 =(0,0,1,E,1)
3)=eq4 ---> 816 =(0,0,2,E,2)

3) ---> 817 =(0,0,0,E,0)=S0

S5 =(P,0,0,4,0)
1) ---> 818 =(0,0,0,E,0)=S0
2)=e2 ---> 819 =(P,¥,0,Ab,0)

3)=e3 ---> 520 =(P,0,0,4,0)=S5

S6 =(W,W,0,2b,0)
1)=e5 ---> $22 =(P,W,0,4b,0)=519

2)=el0 ---> 3523 =(W,P,0,4b,0)
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e24={earr

The root:
e31={ecav
e32=(ecnp

e33=(earr

The root:

e43=(eand

The root:
e44=(ecnp

e46=(earr

The root:
e54=(ecnp

e55=(earr
The root:
e10=(ecsp

eli=(earr

The root:

3)=e3

S10
1)=el
2)

3)=e3

516

~=~=> 8§24

=(0’P’03Al

---> 831

-—=> 832

=-==> 833

=(0,0,2,E,

=(W,W,0,ab,0)=s6

0)
=(W,P,0,Ab,0)=523
=(0,0,0,E,0)=S0

=(0,P,0,4,0)=510

2)

3)=el7 ---> 843 =(0,0,1,E,1)=84

$19 =(P,W,0,4b,0)

1)=e18 ---> 3544 =(0,¥,0,b,0)

3)=e3 ---> 546 =(P,W,0,4b,0)=518

523 =(W,P,0,4b,0)

2)=e32 ---> 354 =(W,0,0,b,0)

3)=e3 ---> 8§55 =(W,P,0,Ab,0)=523

544 =(0,H,0,b,0)

2)=el0 ---> 8§75 =(0,P,0,B,0)

3)=e3 ---> 576 =(0,%,0,b,0)=S44

554 =(¥,0,0,b,0)

e5=(ecsp 1)=e5 ---> 588 =(P,0,0,B,0)
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e7=(earr 3)=e3 ---> 589 =(W,0,0,b,0)=554

The root: 875 =(0,P,0,B,0)
e32=(ecnp 2)=e32 ---> S101 =(0,0,0,E,0)=S0

e33=(earr 3)=e3 ---> 5102 =(0,P,0,B,0)=875

The root: s8s8 =(pr,0,0,B,0)

ei8=(ecnp 1)=e18 ---> 5110 =(0,0,0,E,0)=S0

e20=(earr 2)=e3 =---> S111 =(P,0,0,B,0)=588

The Reachability Set:

$0 =(0,0,0,E,0) s1 =(¥,0,0,a2,0) S2 =(0,W,0,a,0) sS4 =(0,0,1,E,1)

S5 =(P,0,0,4,0) S6 =(W,W,0,ab,0) S10 =(0,P,0,4,0) Si6 =(0,0,2,E,2)

S19 =(P,W,0,Ab,0) S23 =(W,P,0,4b,0) Sa4 =(0,%,0,b,0) S54 =(W,0,0,b,0)

s7s =(0,P,0,B,0) sss8 =(p,0,0,B,0)

Please enter the number of the costs 9

Would you like to enter the fact file? (y/m n --> end)y

Please enter the file name manCost.dat

Would you like to change to another file?(y/n n - continue)n



Please enter the number of the hints 14
Would you like to enter the fact file? (y/n n --> end)y
Please enter the file name manKint.dat
Would you like to change to another file?(y/n » - continue)n
Would you like to make optimization? (y/n n -=-> end)y
Please enter the start node: S0
Please enter the end node: S19

S0 =(0,0,0,E,0) S19 =(P,W,0,4b,0)

The optimal path

(in backward order):
S19 £=7 g=4 e19

S5 £=3 g=2 e5

51 £=2 g=1 e1



S0 £=0 g=0 (null)

End of optimization!

Would you like to make another path? (y/mn n --> end)y

Please enter the start node: S10

Please enter the end node: S6

s10 =(0,P,0,4,0) S6 =(W,W,0,2ab,0)

The optimal path

{(in backward order):

S6 £=10 g=8 e6

S1 £=7 g=6 el

SO £=5 g=5 e32

S10 £=3 g=0 (null)

End of optimization!



Would you like to make another path? (y/n n --> end)y

Please enter the start node: S0

Please enter the end node: S54
so =(0,0,0,E,0) S5¢ =(W,0,0,b,0)
The optimal path
(in backward oxder):

554 £=13 g=9 e54

523 £=7 g=4 e23

S6 £f=5 g=3 e6

S1 £=2 g=1 el

S0 £=0 g=0 (null)

End of optimization!

Would you like to make another path? (y/m n --> end)y
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Please enter the start node: S16

Please enter the end node: S19

si6 =(0,0,2,E,2) S19 =(P,¥,0,4Db,0)

The optimal path

(in backward order)-

519 f=11 g=8 el$

S5 {=7 g=6 e5

S1 £=6 g=5 el

SO £=4 g=4 e17

S4 £=4 g=2 e43

S16 £=3 g=0 (aull)

- End of optimization!

Would you like to make another path? (y/n 2 --> end)y

S
(-]



Please enter the start node: 523

Please enter the end node: S88

523 =(W,P,0,Ab,0) s88 =(P,0,0,B,0)

The optimal path

(in backward order):

588 f=11 g=6 e88

S54 £=9 g=5 e34

$23 £=3 g=0 (pull)

End of optimization!

Would you like to make another path? (y/n n --> end)n

Good Bye!!

S
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