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CHAPTER 1

Introduction

The aim of the work described in this dissertation is to reduce the complexity and
improve the ease with which supervisory controllers are designed for discrete-event
systems (DES). These goals are achieved by proposing methodologies that design
controllers modularly and that employ abstraction. The details of these proposed
approaches will be described and their correctness proven. The complexity reduc-
tion provided by these approaches will also be demonstrated through application to

illustrative examples.
1.1 Introduction to Discrete-Event Systems and Supervisory Control

DES are dynamic systems characterized by discrete states and event-driven evolu-
tion. Care is taken to distinguish DES from digital or discrete-time systems. Whereas
digital systems are continuous systems sampled at discrete intervals of time, DES
are fundamentally discrete. The state of a DES could be a buffer being empty or
full, a machine being idle or busy, or a transmission being in second or third gear.
Furthermore, DES evolve according to events, like a part arriving at a machine or a
continuous signal entering some range of values.

Figure 1.1 shows an example of a generic, isolated machine modeled as a DES using
a finite state automaton [77]. The modeled states represent the machine being Idle
(I), Working (W) or Broken (B), as opposed to perhaps more customary continuous
states like the position or cutting force of a tool bit. Transitions between these
discrete states are indicated by the events start (s), finish (f), break (b), and repair
(r), as opposed to evolving according to time.

A DES model of a system such as a milling machine or an automobile can be



Figure 1.1: Simple DES example

surprisingly useful in answering many questions about its behavior. A DES model is
appropriate for designing the high-level coordinating control for a complex system,
or for answering questions that are fundamentally discrete such as, “has this machine
experienced a fault?”

The development and implementation of logic controllers, and the analysis of
DES in general, traditionally has been handled in a rather ad hoc manner. When
designing a factory, for instance, it may seem that the control of the flow of parts
through a series of machines would be very simple: supply part to machine A, when
machine A finishes its operation, move part to machine B, and so forth. In this
day and age, however, much more complex and flexible types of operation are often
required of systems. For example, it may be desired that the same machine perform
operations on several different types of parts in order to maximize utilization of
the factory, or that multiple instances of the same type of part be processed by a
factory in various stages of completion at the same time. In these situations, it is
possible that a machine can finish multiple parts before the next machine in the
process is ready, thereby causing a buffer to overflow, possibly damaging the parts
or a machine. Another possible problem could be that a machine gets starved of
parts that it needs, either due to a fault upstream of the machine or just due to poor
design. This kind of situation could cause the whole factory to reach a deadlock,
wasting precious production time and ultimately, money.

While again it may seem that these types of problems should be easily avoided
just by the common sense of the designer, one might be surprised just how quickly
the complexity of a system grows beyond the designer’s comprehension. Problems
encountered in one’s everyday life, like a desktop PC crashing or a car’s check engine
light coming on for no apparent reason, help to indicate just how difficult the control

and analysis of DES can be. It is with these problems in mind that academia has



begun to look at developing tools that are capable of making theoretical guarantees
about the operation of DES. For example, it is desirable to know that when a factory
commences operation, it is not going reach a deadlock during its operation. Or if a
sensor on a car fails, then the diagnostic system will be able to recognize the failure
within a certain amount of time.

In recent years, a substantial body of work has been built up to provide a theoret-
ical framework for answering questions about DES. References [5] and [77] provide
a good introduction to the field. At its most basic level, a controller for a discrete
system is just another DES model that runs in parallel with the plant. A typical
control specification usually can be generated heuristically. For instance, a specifica-
tion might model the desired flow of a part through a factory or the desired sequence
of operations of some machine. Difficulties arise, however, when the desired control
specification cannot be achieved or if multiple goals conflict with each other. With
this in mind, most of the theoretical results in DES control have focused on the
supervisory control framework introduced by Ramadge and Wonham [58]. Super-
visory control is characterized by restricting the operation of a system to prevent
undesirable events from happening, rather than commanding events to happen. In
this sense, a supervisory controller works on top of a DES and disables events to
keep a system safe and live. Safety means that the controlled behavior of the sys-
tem is kept within a desired set of behaviors. Liveness means that the system will
never reach a deadlock. Nonblocking is a type of liveness which indicates that the
system can always reach some “goal” state. This usage of the term blocking is differ-
ent than typically used in manufacturing. In traditional manufacturing terminology,
blocking rather means that a machine cannot advance to the next state at that mo-
ment in time. Therefore, in manufacturing blocking is a temporal property, while in
supervisory control blocking means that the system can never reach a goal state.

Another goal common to supervisory controller design is controllability, which
guarantees that the proposed control actually can be implemented, that is, the con-
troller does not require events to be disabled that cannot be controlled. It is also
desirable that the resulting control be optimal. In this context, optimal means that
the controlled behavior is as large as possible. In other words, the control is maxi-

mally permissive.



1.2 Motivating Problem: State-Space Explosion

Despite all the advancements that have been made in the area of DES theory,
application to real-life systems has been somewhat slow. A significant hurdle to
the adoption of these methods is the state-space explosion that occurs in modeling
systems of the size most commonly found in industry. Consider two instances of
the machine shown in Fig. 1.1 where the event labels are appended by a “1” for
the first machine and a “2” for the second machine. Since each machine has three
states and since the machines are completely independent, an automaton model of
their concurrent operation will need 3 x 3 = 9 states. Figure 1.2 offers a model of
the operation of the two machines where each state is given by a pair (¢1, ¢2) where
the first element represents the state of the first machine and the second element
represents the state of the second machine. From this example one can see that the

state space grows exponentially with the number of components in the system.

Figure 1.2: Model of concurrent operation of two machines

Consider the slightly larger Flexible Manufacturing System (FMS) example shown
in Fig. 1.3 consisting of six machines and five buffers, where it is desired that the
buffers never underflow or overflow [9]. For now, we will assume that each machine
model has three states and each buffer model has two states. Here each buffer has
the capacity to hold a single part and its states are empty and full. A more in-depth
explanation of this example can be found in Section 3.4. The traditional approach to

this control problem is to build a single monolithic supervisor for the entire combined



system. The maximum possible size of the controller for this simple system is then
23,328 states (3% x 2°). Since these components are not independent, the number of
reachable states of the controlled monolithic system will be less than this number.
One can, however, imagine the difficulty that arises for systems of an even more

realistic scale.
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Figure 1.3: Flexible Manufacturing System (FMS) example

1.3 Prior Work

Most problems of interest in the field of DES suffer from this same problem of
complexity, no matter the particular framework or approach taken. As a result,
a significant portion of the work being done in the area attempts to address the

state-space explosion problem.

1.3.1 Hierarchical supervisory control

One possible solution to the problem of complexity is to apply a hierarchical ap-
proach to supervisory controller design. In this approach, the supervisor is designed
based on an abstracted version of the monolithic system. By abstracting away de-
tails of the system, less computation is necessary if the design or analysis can be
performed on the simplified version of the system. The challenge of this approach
is to be able to provide consistency between the desired control designed for the ab-
stracted “high-level” system and its effect on the actual, unabstracted plant at the

“low-level.”



The concept of hierarchical supervisory control was initially proposed by [80]. This
work introduced a formal notion of hierarchical consistency which guaranteed that
the control designed on the high-level system could be implemented on the actual
low-level plant. This work also introduced a notion of output-control-consistency that
can be employed to guarantee optimality of the behavior achieved at the low-level.
The theory of hierarchical supervisory control was then extended by [75]. This work
demonstrated conditions on the controller structure and abstraction that provide
hierarchical consistency. This work also introduced the notion of an observer which
can be used to guarantee that the property of nonblocking is preserved between levels
of the hierarchy. Related work proposes a hierarchical approach that aggregates
states of an automaton model to generate a reduced order model [4] [30].

A drawback of these hierarchical approaches to control is that they require that
the monolithic system be built before the abstraction is applied. Yet, due to the
state-space explosion problem, the monolithic system may be too large to build in
the first place. Furthermore, generating the abstraction for such a large system
can be computationally prohibitive, even if the monolithic system can be generated.
Another limitation of these works is that the requirements on the abstractions em-
ployed can be quite stringent and can limit the amount of model reduction that can

be achieved.

1.3.2 Modular supervisory control

Another approach for reducing the complexity associated with supervisor design
is to employ a modular approach to control. In modular supervisory control, a
series of smaller supervisors that each meet a single component specification are
constructed, rather than building a single monolithic supervisor that satisfies all
specifications simultaneously. The work of [57] introduced this approach and builds
each supervisor with respect to the full global plant. In contrast, the work of [§]
builds a local modular supervisor with respect to the subset of the full plant that
is relevant to the given specification. For the FMS example first shown in Fig. 1.3,
each modular supervisor would be built to monitor a single buffer. The partitioning
shown in Fig. 1.4 demonstrates the subplants that each modular supervisor would
be built with respect to under the approach of [8].

The advantage of modular supervisory control is that it avoids building the full
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Figure 1.4: Modular control of the FMS example

monolithic system, thereby avoiding the state-space explosion problem. These modu-
lar approaches to control are able to provide safety, but do not guarantee nonblocking
unless the modular supervisors are shown a priori to be nonconflicting. Unfortu-
nately, verifying nonconflict typically is as computationally expensive as building
the monolithic system [5]. If the modular supervisors are nonconflicting, then the
behavior achieved by their conjunction is also optimal.

Work also exists for constructing modular supervisors in the case where a global
specification is not given in a component-wise manner [23] [32] [33]. These works,
however, do not address blocking. The work of [2] also addresses the synthesis of
modular supervisors without addressing blocking.

Decentralized supervisory control is another approach that is similar to modular
supervisory control. In this approach, a series of smaller supervisors are built for
each component specification with respect to an abstraction of the global plant.
This approach to control was introduced by [45]. As was the case with modular
supervisory control, a set of decentralized supervisors will not guarantee nonblocking

behavior when acting in conjunction unless they are nonconflicting.
1.3.3 Incremental and modular verification

As noted in the previous section, a major limitation of modular and decentral-
ized approaches to supervisory control is that they do not guarantee nonblocking

unless the component supervisors are nonconflicting. With this in mind, results



have been generated to help reduce the complexity associated with verifying non-
conflict [21] [54]. Both of these approaches essentially construct the global system
incrementally using abstraction in order to reduce the complexity of verification.
In particular, the work of [54] employs an abstraction with the observer property
introduced by [75] that preserves observation equivalence, while [21] employs an ab-
straction that preserves conflict equivalence.

Other works exist that verify controllability incrementally [2] [20]. The work [20]
in particular focuses on the nuances of verifying controllability when the event sets

of the component languages are different from one another.
1.3.4 Conflict resolution

In recent years, research has emerged that attempts to combine aspects of the
hierarchical, modular, and incremental approaches of earlier works. In particular,
the work of [76] introduced an approach to control that builds modular supervisors
then adds another level of control to resolve the conflict among the supervisors. Ab-
straction is employed to further reduce the complexity of the approach. Nonblocking
control is achieved by requiring the observer property of the abstraction and opti-
mality is achieved by additionally requiring output-control-consistency. This work
provides very general results, but it is rather theoretically complex and computational
tools do not exist for carrying out the proposed methods. The results of [17] address
some of these limitations by generating similar results specifically for the framework

of supervisory control with natural projection employed as the abstraction.

1.3.5 Structural decentralized supervisory control

When the notion of decentralized supervisory control was introduced in Sec-
tion 1.3.2, it was noted that the property of nonconflict guarantees that the de-
centralized supervisors will not block one another if they are individually nonblock-
ing. Other work has been developed which proposes a different set of conditions on
the synchronization of two local subsystems that will also result in the controlled
subsystems not blocking one another [42]. This work is referred to as structural
decentralized control and has been extended by [60] [61] to employ abstraction to
further reduce the computational complexity of the approach. These works do not,

however, specify how to construct components that possess the required structural



properties.
1.3.6 Interface-based supervisory control

The work of [38] [41] offers another approach to modular verification where con-
trollability and nonblocking are verified by introducing interfaces that limit the in-
teraction between components. In this approach, all events that are shared between
a pair of components must be included in the event set of their interface and each
of the shared events is classified as either a “request” or an “answer.” The intuition
behind this is that one of the components is the “high level” that requests an action
and the other component is the “low level” that answers when the requested action
has been completed. An aspect of this work that distinguishes it from some other
approaches is that the high level is not just an abstracted version of the low level.
Rather, the two levels operate concurrently and the order of their common events is
synchronized through their interface.

If the system consisting of the high level, the low level, and the interface meets a
series of conditions that qualify it as being interface consistent, then controllability
and nonblocking can be verified modularly without constructing the full monolithic
system. This approach to verification is different than the other approaches intro-
duced earlier that verify nonconflict in that it is truly modular. The other works are
efficient in the way that they incrementally build a system using abstraction, but
ultimately they are building the global system. Those works therefore are limited
in the amount of reduction in computational complexity they are able to achieve by
the abstraction they employ. In addition to reducing the complexity of verification,
the use of interfaces also allows for components to be replaced in the system without
reanalyzing and redesigning the entire system.

One drawback is that the structure imposed on the system limits the flexibility
and optimality of the control. Additionally, since the architecture consists of only
two levels and the analysis requires that the high-level module be composed with
all the interfaces simultaneously, exponential growth of the state space still occurs,
though generally at a reduced rate. Another limitation of this work is that it does not
provide a method to generate these interfaces. The examples to which this approach
has been applied have had their interfaces constructed in an ad hoc manner. Work

has been done, however, that develops algorithms to construct component supervisors
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that are optimal with respect to a given set of interfaces [39].

Similar work that also applies a structured interface to assist with modular veri-
fication is presented in [11]. In this work, a modified version of finite state machines
termed modular finite state machines are employed to model the system components.
Furthermore, there is no high level or low level, interfaces just exist between each
of the components that interact, that is, which share events. It is shown that this
structure allows for the modular verification of some properties, though nonblocking

is not one of them.
1.4 Contributions

As can be seen from the previous section, addressing the state-space explosion
problem with regard to the analysis and control of DES is an active area of re-
search. The work of this dissertation specifically proposes three new approaches
that similarly aim to reduce the overall computational complexity of generating safe,
nonblocking supervisory control. The inspiration for the approaches developed in
this dissertation derives from many of the works mentioned in the previous section.
The three approaches of this dissertation also share some interesting similarities with
some of the previously mentioned works that were developed independently over the

same approximate time frame.
1.4.1 Approach I: Incremental Hierarchical Supervisor Construction

The first approach to controller design provides a unique procedure for construct-
ing a set of modular supervisors that provide safe, nonblocking control without having
to construct the unabstracted monolithic system and without having to verify non-
conflict. This approach will be referred to as Incremental Hierarchical Supervisor
Construction (IHSC) and its details have been presented in a paper at the Interna-
tional Workshop on Discrete-Event Systems [26] and in a paper in the International
Journal of Control [27].

The modular supervisors of this approach are constructed incrementally so that
each successive supervisor is built with respect to a larger portion of the global plant.
Figure 1.5 illustrates how the subsystems could be generated for the FMS example
introduced earlier. Each time a new supervisor is constructed, an abstraction with

the observer property is applied to abstract away those elements of the current sub-
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system that are not needed for any of the specifications that have not yet been
addressed. This incremental approach with abstraction allows global information to
be obtained without constructing the full unabstracted monolithic system. Addi-
tionally, nonconflict never has to be verified since in this approach the supervisors

are built to be nonconflicting by construction.
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Figure 1.5: IHSC approach to partitioning the FMS example

Through application to some illustrative examples, this approach to supervisor
construction is demonstrated in many cases to greatly reduce the size of the automata
that must be constructed as compared to existing approaches. This reduced state
size indicates that the computational complexity of constructing the supervisors has

been reduced.

1.4.2 Approach II: Equivalence-Based Conflict Resolution

The second approach to control proposed in this dissertation has a similar struc-
ture to the work of [17], where modular supervisors are constructed along with an ad-
ditional level of control to resolve conflict among the supervisors. The work presented
here, however, is unique in that it employs a different type of abstraction. Specifi-
cally, an abstraction that preserves conflict properties rather than an observer-type
abstraction is employed. In this work, requirements for achieving safe, nonblocking
control are provided and an algorithm for designing the conflict-resolving control is

proposed. This approach will be referred to as Equivalence-Based Conflict Resolu-
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tion (EBCR) and its details have been presented in a paper at the American Control
Conference [28].

The EBCR approach incrementally composes modular supervisors applying ab-
straction each time a new module is added. At each step if the resulting composition
is blocking, then a coordinator is constructed to resolve the conflict. The abstraction
employed in this approach generates a greater reduction in model state size than the
observer-type abstraction employed by other works. The EBCR approach is able to
employ this less restrictive abstraction because it is solely trying to capture enough
information to identify conflicts among modules. In most existing work, the abstrac-
tion needs to be coarse enough that a supervisor can be designed to satisfy a given
specification without blocking based on the abstracted system. A detailed analysis
of these abstractions can be found in [49].

The algorithm developed for constructing the conflict-resolving control is also a
new approach to solving the general state avoidance problem. The algorithm pro-
duces a new covering-based approach to control that is shown to be less restrictive
than any state-feedback methodology that currently exists in the literature. Further-
more, this covering-based control can be applied to nondeterministic and partially-

observed systems and is constructed with polynomial complexity.
1.4.3 Approach ITII: Multi-Level Interface-Based Control

In the third approach of this dissertation, the two-level hierarchical interface-based
approach to supervisory control developed in [38] [39] [41] is generalized to multiple
levels. The more general multiple-level architecture is advantageous because it allows
a system to be partitioned into smaller pieces, thereby further improving the advan-
tage in complexity and reconfigurability offered by an interface-based approach to
control. In this dissertation, a promising methodology for constructing the interfaces
required of this approach is also developed. This overall approach will be referred to
as Multi-Level Interface-Based Control (MLIBC) and its details have been presented
in a paper at the American Control Conference [25].

In the THSC and EBCR approaches, the monolithic system is essentially built
incrementally using abstraction. By constructing the system in this manner, global
information can be obtained without constructing the full, unabstracted monolithic

system. The reduction in complexity provided by these approaches is, therefore,
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dependent on the amount of abstraction that can be achieved at each step of the
process. If insufficient abstraction can be achieved for a given system, then the state
space will still grow exponentially, though at a possibly reduced rate compared to
building the unabstracted monolithic system. In the MLIBC approach, the use of
interfaces allows analysis and design to be performed locally, thereby avoiding the
possibility of exponential growth that comes with building the global system.

One drawback of an interface-based approach is that the additional structure im-
posed on the system can lead the resulting control to be suboptimal. The exchange
of optimality for a reduction in computational complexity is an element common
to all three approaches of this dissertation. Often this trade-off is acceptable since
the primary goal is to meet the controller specifications without blocking; optimality
is of secondary importance. Another limitation of an interface-based approach to
control is the problem of actually generating the interfaces. In this work a method-
ology is proposed by which the interfaces and component supervisors are synthesized
simultaneously such that the interfaces end up being abstractions of the controlled
modules. In applying this methodology for interface construction, the MLIBC ap-
proach begins to resemble the IHSC approach. The difference here, however, is that
the abstraction does not need the observer property and hence can often achieve a
greater reduction than the abstraction used in the IHSC approach. In a sense, using
this approach adds extra requirements on the structure of the component supervisors

in exchange for less requirements on the abstraction.
1.5 Outline

The organization for the remainder of this dissertation is as follows. Chapter 2
will provide some theoretical background and notation that is common to the whole
document. Chapters 3, 4, and 5 provide the details of the IHSC, EBCR, and MLIBC
approaches respectively. Chapter 6 summarizes the contributions of this dissertation
and proposes some directions for future work. The Appendix includes the proofs for
some results presented in the body of the dissertation. The FMS example of Fig. 1.3
will be referred to throughout this dissertation to help compare and contrast the

different approaches proposed herein.



CHAPTER 2

Discrete-Event System Background

2.1 Modeling of DES

DES are commonly modeled graphically using a formalism such as automata or
Petri nets. In this work DES will be modeled by possibly nondeterministic au-
tomata like the one pictured in Fig. 1.1 and represented by the five-tuple G =
(Q,%:,9,q0,Qm), where @ is the set of states, ¥, = X U {7} is the set of events
including the silent event 7, § : Q x ¥, — 29 is the state transition function, ¢y € Q
is the initial state, and @),, C @ is the set of marked states representing successful
termination of a process. In Fig. 1.1, states are shown by circles with an arrow
marking the initial state and double circles indicating marked states. Transitions
between states are marked by arrows with a label indicating the event name. Let ¥
be the set of all finite strings of elements of X, including the empty string €. The
function § is extended to § : Q x ¥* — 29 in the natural way. The notation §(q, s)!
for any ¢ € Q and any s € ¥* denotes that d(g, s) is nonempty. The notation ¥g(q)
will represent the set of feasible events of state ¢ in automaton G, that is, those
events o € ¥, for which (g, 0)!. A string s € ¥* will be said to be accepted by an
automaton G if 6(qo, s)!.

The set of strings of events generated by an automaton model is called a language
and serves as another representation of the behavior of a DES. We will assume that
languages are constructed without use of the silent event 7. Let us now define the
concept of a language formally. Let P, : ¥*¥ — ¥* be the natural projection which
erases the silent event 7 from strings s € X*. The general natural projection operator
is defined later in equation (2.2). The generated and marked languages of G, denoted
by L(G) and L,,(G) respectively, are defined by L(G) = {P,(s) € X* | 6(qo, )!} and

14
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L,(G) = {P;(s) € £* | §(qo,$) N Qp, # 0}. For the string s = ru € X% formed
from the catenation of the strings r and u, r is called a prefix of s and is denoted
r < s. The notation K represents the set of all prefixes of strings in the language
K, and is referred to as the prefiz-closure of K. The following eligibility operator
will be employed to denote which events in the set X are enabled in the language L
following the occurrence of a string s € ¥*, Elig; (s) .= {oc € ¥ | so € L}.

An automaton is said to be monblocking when from all of its reachable states
a marked state can be reached. From a language point of view, this is defined as
L,,(G) = L(G). If an automaton enters a state from which it cannot reach a marked

state, the automaton is said to have blocked.
2.2 Supervisory Control

Supervisory control of DES requires that the event set X, be partitioned into
controllable and uncontrollable events, ¥, = 3,UX,,, where controllable events can be
disabled and uncontrollable events cannot. Traditionally, the theory of supervisory
control [58] has been developed for application to deterministic automata models
that do not include the silent event 7 and are characterized by the fact that any
string can take the automaton to only a single state, that is, d(g, s) has only a single
element for a given state ¢ and string s. Nondeterministic automata can arise due to
abstraction where events are hidden by replacing them by the silent (uncontrollable)
event 7. Let X;, C ¥ represent the set of events that have been hidden. Most of the
work of this dissertation will assume deterministic automata. The EBCR approach
to supervisory control discussed in Chapter 4 is an exception in that the abstraction
it employs can lead to nondeterminism. Note that languages are not sufficient for
capturing nondeterministic behavior.

We will define a supervisor, denoted S, to be a mapping that, upon observation
of a string generated by a plant GG, outputs a list of events to be enabled. Since
uncontrollable events must always be enabled, the mapping S : £L(G) — 2% implicitly
includes all uncontrollable events. It is the goal of supervisory control to restrict the
behavior of the uncontrolled plant to meet some given specification. This type of
language-based formulation of supervisory control is very common in the DES field
and implements an event-feedback law. An event-feedback law is characterized by

the fact that the control action it generates depends not on the current state of the
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plant automaton G, but rather on the history of events that brought the system to
that state. A less common formulation of supervisory control implements a state-
feedback law that bases its control only on the plant’s current state. This type of
control will be addressed as part of the EBCR approach presented in Chapter 4.
Given a set of allowed behaviors K C £,,,(G) and the set of uncontrollable events
Y. € X, the existence of a language-based supervisor that can successfully restrict the
operation of the plant within the behavior allowed by the specification is guaranteed

by satisfaction of the following language controllability condition [5]:
KX, NL(G)CK (2.1)

If the above expression holds, it is said that the language K is language control-
lable with respect to the language £(G). Note, language controllability is fundamen-
tally a property of a language’s prefix closure. At times the above property will also
be referred to as X,-controllability in order to distinguish the set of uncontrollable
events being employed.

The operation of two automata together is captured via the synchronous compo-
sition (parallel composition) operator, denoted by ||. By representing the supervisor
mapping S as an automaton S, and the open-loop plant as a separate automaton
G, the closed-loop or supervised behavior of the system can be modeled using the
synchronous composition operator, S||G. Throughout this dissertation we assume
all automata have the same event set >.. When two automata operate concurrently
they will synchronize on all events except 7, as specified by the following definition

of synchronous composition.

Definition 2.1. The synchronous composition of two automata G, and G, where
G1 = (Q1,%+,61,q01, Qm1) and Gy = (Q2, X+, b2, qo2, Qma2) is the automaton

G1||G2 = (Ql X 2,27, 0, (%176102); Qm1 X sz)
where the transition function § : (Q; x Q9) x ¥, — 2@1X@2) i5 defined for ¢, €
@1,q2 € Q2 and 0 € X as:
foro =71, §((q1,q2),0) =
4
0 (q1,7) X {g2} if 01(q1, 7)! and —d2(gqo, 7)!
{a} x d2(q2, 7) if =61(q1,7)! and d(g2, 7)!

(01(q1,7) X {@2}) U {1} X 02(q2, 7)) if 01(q1,7)! and da(ga, 7)!

\
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foro €3, 0((q1,q2),0) =
01(q1,0) X 92(qe, 0) if 61(q1,0)! and d5(qq, 0)!
else 0((q1,q2),0) is empty. ©

In terms of generated languages, £(G1)||L£(G2) = L(G1)NL(G3). In some cases we
will assume that languages are defined over different event sets. In order to precisely
define the synchronous composition in this case, we will define the natural projection

operator, P; : ¥* — X7, as follows:

Pi(e) = ¢
e, ec; CY
Pi(e) = (2.2)
g, € ¢ Zz cXx
Pi(se) = Pi(s)Pi(e),s € X e€ X

Given a string s € ¥*, the projection P; erases those events in the string that are
in the alphabet ¥ but not in the subset alphabet ;. We can also define the inverse
projection as follows:

PHt) = {s € " : P(s) =t} (2.3)

i

The effect of the inverse projection P, ' is to extend the local alphabet 3; to X.
In terms of automata, this is represented by adding self-loops at every state for each
event in the set (X — X;). These self-looped events are in essence enabled at every
state and as such do not meaningfully restrict the behavior of the system. With this
in mind, we will refer to these events as being irrelevant and will not count them
when talking about the total number of transitions in an automaton and will not
draw them in figures. If an event is not self-looped at every state then it is logically
referred to as being relevant. The notation ¥(G) will be employed to denote the
relevant event set of the automaton G. The same notation will be used to denote
the relevant event sets of languages also. The following is taken from [2] and defines

the notion of an irrelevant event in terms of languages.

Definition 2.2. [2] For a language L C ¥*, an event o € 3 is said to be irrelevant

for L, if we have for all s, t € ¥*
st € L if and only if sot € L.

Otherwise o is called relevant for L. ¢
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The projection definitions given by equations (2.2) and (2.3) can be naturally
extended from strings to languages and then applied to give a formal definition of

the synchronous composition for languages defined over different event sets. In the
following, P; : ¥* — X7 where X = UY;.

Lif| Lol -+ | Lo := Py (L) N Py H(Lo) N 0 P (L) (2.4)

Also note that || is a commutative and associative operation. In addition to
determining the existence of a supervisor that can achieve a given specification, it is
also desirable that the controlled system be nonblocking. If and only if K C £,,(G)
is £,,(G)-closed (K = KNL,,(G)) and X,-controllable with respect to the language
L(G), then a nonblocking supervisor exists such that the supervised behavior exactly
equals the admissible language K, and the set of marked behaviors exactly equals
K. If it is desired to implement a marking nonblocking supervisor, then only the
Y.,-controllability condition is necessary [77]. A marking supervisor can in essence
unmark states of the uncontrolled plant G.

In the case that the controllability condition of equation (2.1) does not hold, and
a supervisor able to provide the behavior of K does not exist, it is desirable to find
the largest sublanguage of K for which such a supervisor does exist. This supremal
controllable sublanguage is denoted by K = sup C(K, L) C K. This is thought of as
the optimal solution of the supervisory control problem in the sense that it is least
restrictive.

In this dissertation the plant GG and specification E are modeled by deterministic

finite state automata given in the following component-wise manner:
G=G| - ||Gyand E = Ey|--- || E,

In terms of languages, the plant and specification are defined respectively:

Lm - Lm,l” T ”Lm,n and Kspec - Kspec,l” T ||Kspec,p (25)

One way in which we will reduce the complexity of supervisor construction will
be to build a series of modular supervisors, one for each specification, rather than a
large monolithic supervisor that addresses all specifications simultaneously. As stated
earlier, modular supervisors will not block one another if they are nonconflicting.

A set of automata Hy, Hs, ..., H, is nonconflicting if the synchronous composition
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Hy||Hs|| ... ||H, is nonblocking. A set of automata being nonconflicting implies its
corresponding set of marked languages Ky, K, ..., K, is also nonconflicting. Non-

conflict of a set of languages is defined as Ki1NK,N...NK, =K, NK,N...NK,. In

words, if nonconflicting languages share a prefix, they must share a string containing
that prefix.

Another way in which we will reduce complexity is through the use of abstraction.
In particular, we will employ language-based abstractions based on the natural pro-
jection operation defined earlier. We will also employ equivalence-based abstractions
that act to merge equivalent states of an automaton to generate a reduced-order

model.
2.3 Language-Based Abstraction

One type of abstraction that will be employed in this dissertation is the language-
based natural projection operation defined by equation (2.2). In particular, we will
employ the natural projection abstraction as part of the IHSC approach that will be
presented in Chapter 3. The idea with this approach is that if an event is not relevant
to any of the remaining specifications, then we do not necessarily need to keep track
of it and hence it can be considered for erasure from our models. However, it is
possible that erasure of some of these events can hide some aspect of the behavior of
the system that is relevant to the remaining specifications. The natural projection
operation will also be employed in the construction of the interfaces employed in the
MLIBC approach detailed in Chapter 5.

Since the growth of the state space comes as a result of the composition of the
modules, we would like to apply our abstraction incrementally on each module before
a composition is performed. A result that will be helpful to us in this regard is that
the projection distributes across the synchronous composition operation if no events
relevant to more than one component are erased. This fact is expressed by the

following property from [63], where I represents a set of indices:
Proposition 2.3. [63] For i € I let L; C ¥* and L = ﬂjele. Let Yoo =
U{E(L;) N X(L;) | i,5 €l N i#j}. Then

Ecom g Ek = Pk<L) = mPk(L])

Jj€l
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A restriction on the projection operation that will be needed later is that the
projection also be an L,,-observer. From [73], a characterization of the L,,-observer

property is given by the following:

Definition 2.4. [73] Let there be a natural projection P; : ¥* — ¥f with languages
L, CLC3* Then P, is an L,,-observer for L if:

(Vs € L)(Vt € ) Py(s)t € P(Ly,) = (Ju € ¥¥)
such that su € L,,, and P;(su) = P;(s)t ©

If in the above L,, is replaced by L, then it is said that P; simply has the observer
property [75]. Intuitively, to have the observer property means that any branching
of the system can be observed in the abstracted version of the system. The idea
behind the observer property is that any control based on the abstracted model has
the same intended effect on the actual plant. Strictly speaking, a projection P; could
hide a branching and still have the observer property if all paths of the branching
had the same observed future. In this manner, even though there was branching
the control action would be the same no matter which branch was taken. The L,,-
observer property requires that not only does any branching in the marked language
have the same observed future, but also that the futures have the same marking.

It is known that in the worst case the projection of a DES can lead to an ex-
ponential growth of the state space, thereby indicating the time complexity of the
operation is at worst exponential. However, it has been demonstrated in [72] that a
projection with the observer property is guaranteed to result in an abstracted sys-
tem that is no larger than the original system. Furthermore, [72] demonstrates that
under these conditions the complexity of generating the projected model is at worst
polynomial in time. As far as finding a projection that possesses the observer prop-
erty, [15] presents a polynomial time algorithm for finding an extension of the set of
observable events for a projection such that the projection is an observer.

The observer property is maintained across synchronous composition in the same
manner that the projection operation distributes across synchronous composition.

The following result is taken from [54]:

Theorem 2.5. [5/] Using the definitions of Proposition 2.3, if the natural projection
Py is an Ly, j-observer for L; for each j € I and if Yeom C Xi, then Py is an Ly,-
observer for L = (\;c; L;j where Ly, := (;c; Linj-

jer
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2.4 State-Based Abstraction

A second approach to abstraction that will be employed in this dissertation reduces
the size of an automaton model by merging equivalent states. Many types of relations
can be employed for identifying equivalent states. Specifically, in the EBCR approach
of Chapter 4 we will generate reduced models that preserve conflict properties, a

notion introduced in [50].

Definition 2.6. [50] Two automata H; and H, are said to be conflict equivalent
if for any third automaton 7', H; and T are nonconflicting if and only if Hy and
T are nonconflicting. If the automata H; and H, are conflict equivalent we write,

Hl X conf HQ. &

Note that conflict equivalence respects the property of blocking. Also, two lan-
guages can be defined as conflict equivalent in a similar manner to Definition 2.6.
Using the fact that nonconflict of two automata implies their marked languages are
nonconflicting means that Hy ~ .,y Hy implies L,,,(H1) ~cons L1 (Hz). The converse,
however, does not hold since the automaton representation of a given language is not
unique. Specifically, two automata can generate the same language and not be con-
flict equivalent. This is demonstrated by the example presented in Fig. 2.1. In the
figure, automata G; and G5 generate the same language, but Gy conflicts with G

while G5 does not.

Figure 2.1: Ilustrative example of nondeterminism

More generally, when nondeterministic automata models are considered, language
equivalence is insufficient for capturing certain system properties. A very strong
equivalence relation for states of automata is bisimulation equivalence [51]. In the
following, we will use the notation ¢ - ¢’ to represent that state ¢’ is reached from

state ¢ by the event o € X,
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Definition 2.7. Let there be two (possibly nondeterministic) automata
G1 = (Q1,%7,61,q01, @m1) and Gy = (Q2, X7, 62, qo2, @m2). An equivalence relation
~ on the states of these automata is said to be a bisimulation equivalence if for any
g1 € Q1 and ¢o € @2, q1 ~ ¢ implies that for any o € X;:

(i) if g1 = ¢ then 3¢, such that ¢ = ¢} and ¢} ~ ¢b;

(41) if g2 = ¢ then 3¢} such that ¢ = ¢} and ¢} ~ ¢b;
(1i1) ¢1 € Q1 if and only if g2 € Qpa. o

Bisimulation equivalence of two states can be thought of as the two states having
the same future behavior (including the silent event 7). Two automata are said to be
bisimulation equivalent if their initial states are bisimulation equivalent ¢g; ~ qgo. If
two automata are bisimulation equivalent, most properties of interest are consistent
between the two, including blocking.

Another equivalence relation called weak bisimulation or observation equivalence [51]
exists where states are considered equivalent if they have the same “observed” fu-
tures. That is, their futures must be the same when the silent event 7 is projected
away. The notation ¢ = ¢ will be employed to denote that there exists a string
s € ¥* such that ¢ > ¢’ and P,(s) = 0. This concept of observation equivalence is
similar to the notion of the observer property employed in [17] [26] [54] [76]. Refer
to [49] for a more detailed examination of the relationship between conflict equiva-
lence, observation equivalence, and projections with the observer property.

Conflict-equivalent abstraction in general provides a greater reduction in the state
size of a model than either an observation-equivalent abstraction or a projection with
the observer property [49]. A drawback of a conflict-equivalent abstraction is that it
is not as straightforward to implement; it is implemented via heuristics and a select

set of rules [19] [21]. Also, a unique minimal reduction does not exist in general.



CHAPTER 3

Incremental Hierarchical Supervisor Construction

The Incremental Hierarchical Supervisor Construction (IHSC) approach proposed
in this chapter addresses the problem of complexity in supervisory control by adopt-
ing some of the elements of existing hierarchical and modular approaches, while at
the same time avoiding some of their weaknesses. Specifically, it is desired to build
a set of nonblocking modular supervisors while avoiding construction of the unab-
stracted monolithic system, as is required by traditional hierarchical approaches,
and without having to verify that the component supervisors are nonconflicting, as
is required by traditional modular approaches to control.

With the THSC approach, construction of the unabstracted monolithic system
will be avoided by building the global system incrementally using abstraction. Ver-
ification of nonconflict will be avoided by taking advantage of special cases where
nonconflict occurs by construction. Specifically, languages are nonconflicting if they
are disjoint or if they are subsets of one another. We will define disjoint to mean that
the languages do not share any relevant events. It will be assumed in this work that
the global plant and specification are given modularly as in equation (2.5), and that
the specification languages are prefix-closed. It will be further assumed that each
of the component plants have been organized such that they do not share relevant
events. This situation is referred to as a product system [58]. The automata models
of this chapter will also be deterministic, that is, they do not include the silent event
7 and any given string can only take an automaton to a single state.

For the Flexible Manufacturing System (FMS) introduced in Chapter 1, a possible
partition generated by our proposed approach is shown in Fig. 3.1. The systems in
each of the two inner dashed blocks are supervised by their own supervisor and the

outer dashed blocks represent the systems supervised by the third, fourth, and fifth

23
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supervisors. Nonconflict of the set of the supervisor languages is guaranteed since
the two modules on the first level of the hierarchy are disjoint, and the behavior
allowed by the supervisors on subsequent levels are each a subset of the behavior
allowed by the supervisors on the previous levels. The problem one might recognize
is that the fifth supervisor acts on the full system, which is counter to the goal of
a modular approach. The solution is to perform an abstraction on the supervised
systems in the inner blocks before moving up a level of the hierarchy to design
the remaining supervisors. If an aspect of a lower level component is not relevant
to any of the remaining modular specifications, then it can be abstracted away.
In this way, abstractions are performed incrementally, rather than on the entire
system at once. Also, a greater level of abstraction can be achieved than if the
abstraction were performed on the monolithic system at the very end. For instance,
even though the highest level supervisor is built with respect to the full plant, a
significant amount of reduction over the abstracted monolithic solution is achievable
in most cases. This is because the last modular supervisor is only trying to guarantee
the additional satisfaction of the last specification, rather than all of the specifications

simultaneously.

Con2 (B2) Robot AP AM
2/

Figure 3.1: IHSC approach to partitioning the FMS example

The outline of the rest of this chapter is as follows. Section 3.1 uses a small
example to demonstrate the IHSC approach to generating modular supervisors. Sec-

tion 3.2 demonstrates that when no abstraction is employed, the resulting supervisors
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provide maximally permissive control. Section 3.3 shows that when abstraction is
employed, the conjunction of the resulting supervisors will be controllable and non-
blocking, though not optimal. Section 3.4 discusses the strengths and weaknesses
of the approach of this chapter and offers some heuristics for its implementation
through application to two moderately large examples. Section 3.5 summarizes the

contributions of this chapter and outlines some areas for further investigation.
3.1 Supervisor Construction Algorithm

In this section we will outline the procedure by which the set of modular super-
visors is generated through application to a portion of the FMS example introduced
in Chapter 1 and shown here in Fig. 3.2. The plant consists of a Robot, a Con-
veyor (Con3), a Painting Machine (PM ), and an Assembly Machine (AM). The two
buffers connecting the various machines, B7 and BS, serve as the specifications for

the system where it is desired that the buffers do not underflow or overflow.

Figure 3.2: Portion of the FMS example

The automata models for the different machines are shown in Fig. 3.3. Note that
each of the starting events, s;, are controllable, and each of the finishing events, f;,
are uncontrollable. Also recall that all automata have the same alphabet, though
irrelevant events are not pictured in the figures. The finite state automata models for
the buffers are shown in Fig. 3.4. These buffer models are marked for states for which

the buffer is full because our approach requires that the specification languages be
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prefix-closed, that is, the supervisor cannot change the marking of the uncontrolled
plant. If it is necessary to ensure that the system reaches a state where the buffers

are empty, another specification could be added.

Robot: PM:

Figure 3.4: Automata models of each buffer in FMS portion

We will first present the procedure, and then go through the example. Each series
of languages will be indexed sequentially. This procedure and the proofs to follow
will also assume only one specification is addressed per level of the hierarchy in order

to simplify the notation.

Algorithm 3.1. Incremental Hierarchical Supervisor Construction

Input: L1, ..o Loy Kspeeas - - - s Kspeeyp

Step 1: Choose an initial specification - Pick a specification Kgpe.1 and group it
with all plant submodules {L1, Lo, ..., L; } with which it shares a relevant event.
We will assume that all plant submodules have already been organized such that
they do not share relevant events with each other; all interaction takes place through

the specifications. Composing system components so that the plant submodules are
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disjoint from one another can lead to exponential growth, though in most cases on
a much smaller scale than building the monolithic system. Figure 3.5 illustrates
an example relationship between the relevant event sets of the various plant and

specification components in the context of the global event set 3.

2

2 (L) =)
E(Kspec,l) Z:(I<spec,2)

2(L2) B(Ly)

Figure 3.5: Example relationship between relevant event sets

Step 2: Perform abstraction - Perform a projection on the languages generated by
the plant submodules from the previous step. The subscript a is used to represent
these abstracted languages; specifically, let L; , = Pi(L;) and Ly, ; o = Pi(Ly,,;) where
i€ {1,2,...,41}. Only those events that are not relevant to any specifications on
the current or remaining levels of the hierarchy may be considered for erasure. Also,
the respective L,, ;-observer property must be maintained for each of the subplants
on the current or remaining levels of hierarchy.

On the first level of the hierarchy, P, is therefore defined to maintain the observer
property with respect to all L,,;, that is, for all ¢ € {1,...,n}. This means that
all events that are relevant to only a single component and that do not violate the
respective observer properties will be erased by P;. In practice, however, in this
first step we will actually only consider those languages with indices in {1,2,...,4;}.
Those events that do not qualify for erasure make up the set ¥; and the associated
projection is defined P, : ¥* — ¥j. Since we have not examined those languages
outside the set {L1, Lo, ..., L; }, we do not yet know the exact composition of ¥;.
Step 3: Compose subplant members - Perform a synchronous composition of all ab-

stracted plant submodules on this level of hierarchy:.

L/l,a - Ll,a ||L2,a

’ HLiha
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Since no relevant events are shared among the individual L;, the projection P;
distributes across the synchronous composition by Proposition 2.3. Therefore, L} , =
lier, Pr(Li) = Pi(|lier, Li), where I = {1,2,...,i1}. Furthermore, L}, = Pi(L})
where L} = |[jcr, Li- The projection P; also possesses the L, -observer property by
Theorem 2.5, where L;, | = |lics, Lini- Both L} and L, ; have alphabets equal to the
global event set > and all abstracted languages on this level of the hierarchy have
alphabets equal to ¥.

Recall, there are some events in ¥; which are as of yet unknown. These events,
however, are not relevant to L}, and as such do not cause a violation of the L;, ;-

observer property if they are projected away.

!/
1,a’

The same projection P; used in generating the abstracted modular plant L , is
also used to generate the corresponding abstracted specification, Kgpec1.a = Pi(Kspee,1)-
In our approach, events are only considered for abstraction if they are not relevant
to the current or remaining specifications, therefore, P; erases only irrelevant events

from Kipe.1. A representation of the event set X can be seen in Fig. 3.6.

2

b (L 1 ) » (L3)
2 (Kspec,l) 2 (Kspcc,Z)
2
2] 1 E(Ly)

Figure 3.6: Example relationship between relevant event sets; 3, is the shaded region

Step 4: Build supervisor for abstracted module - Following the traditional tech-
niques for supervisor construction, build a nonblocking supervisor for the abstracted

plant /specification pair. The component allowable language is defined as K| =
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Kpeeq N Ly, 1 and its corresponding abstraction is denoted K7 ,.

Kj, =supC(K],, L} ,)
(3.1)

! T /
where KLa = Kspec1,a N L

m,1,a

!

1> the projection distributes across the intersection be-

In the expression for K
cause P; does not erase any relevant events from m.

In the worst case, the resulting supervisor can be the empty set. However, this
supervisor is not guaranteed to be optimal because of the abstraction. Therefore,
it is possible that a less restrictive supervisor can be found by erasing fewer events
(by making ¥; larger). A discussion of how to choose which events to retain can be
found at the end of Section 3.3.

Step 5: Lift abstracted supervisor to the global level - In order to apply a supervisor
generated in Step 4 to the global plant, a default control is implemented that enables
all events that had been previously projected away. This is accomplished by the
inverse projection operation and is represented by P, 1(%)

Step 6: Move up to the next level of the hierarchy - In order to address those speci-
fications for which a modular supervisor has not yet been built, we now move up to
the next level of the hierarchy and repeat Steps 1-5. The language representing the
closed-loop behavior of the subsystem from the previous level K {@ becomes a sub-
plant on this level. For example, the allowable language K} for specification Kgpec 2
will be designed with respect to a “plant” Lj, that is composed of K{a from the
first level as well as the subplants L; that were not employed in the first level and
that share relevant events with Kpe.2. Even though on this level K {7a is treated as a
subplant, we will still refer to it in terms of its original name which is more consistent
with its role on the first level as an allowable language.

Before the synchronous composition is performed, it is again necessary to perform
an abstraction P, : ¥* — X3 on each of the submodules such that the observer
properties are maintained with respect to any of the plant components on the current
or remaining levels of hierarchy. In practice, however, we will again only consider

those languages {L;, 11, ..., L;, } on this level of the hierarchy. Therefore, we end up
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with a set consisting of abstracted languages L; , = Py(L;) where i € {i1+1,...,is}.

Ly, = Py(K{ )| L5,

(3.2)
where Ly, = L, 114l - - - | Lisa
Building our “plant” in this manner is useful in that it causes the new supervisor

to be nonconflicting with the supervisor from the previous level. Figure 3.7 redraws
Fig. 3.6 in terms of the newly defined L7 languages.

The subplants {L;, 11, ..., L, } that go into generating L , do not share any rele-
vant events with the specification from the first level. Also, by definition the projec-
tion P, does not erase events relevant to specifications on the current or higher levels
of the hierarchy. Therefore, the only relevant events P, erases from {L; +1,...,L;,}
are not relevant to any component specifications. More specifically, the relevant

events Py erases from {L; ,1,...,L;,} are the same events erased by P;, we just did

not know it at the time.

!/

The relevant events erased from the component, K Las

however, can be relevant to
the specification from the first level if they are not relevant to any of the remaining
specifications. Furthermore, events that are relevant only to {Ly, Lo, ..., L; } that
violated the respective observer property on the first level can also be reconsidered
for erasure. As such, each time we move up a level of the hierarchy more abstraction
is possible, that is, ¥y C ¥;. Figure 3.7 shows how the set >, fits into the larger
picture.

2
(L = %(L7) (%)

E (Kspec,z)
¢ 2

Figure 3.7: Example relationship between relevant event sets; ¥o is the darkly shaded region

1

The behavior allowed by the supervisor on this level of the hierarchy is determined

in the same manner as equation (3.1), f(éa =supC(Ky,, Ly ,).
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The logic outlined above tells us that the set of relevant events erased from
{Li 41,..., L} by P, is disjoint from the set of relevant events erased from P; ! (E)
This disjointness will be used in the proofs of Section 3.3 to define the projection
P, as occurring in two stages. Additionally, since all the components making up L)
have disjoint sets of relevant events, the projection still distributes by Proposition 2.3.
Therefore, L) , = P(Ly) where:

Ly = &y |Ly = PO (RY,) N L

al

(3.3)
where Ly = L; 11| -+ || L

12

Furthermore, P possesses the L;, ,-observer property by Theorem 2.5, where
Lo = Pfl(Ki,a) N Lo and Ly, o = Lyl -+ [ Lo
Step 7: Repeat until finished - Continue to repeat this process until there are no more
specifications left.

Output: K’ ...,[A({’p o

1,a>

Now we illustrate the procedure through a brief FMS example.

Example 3.2.

Step 1: Choose an initial specification - We will choose Lgg = L(B8) to be our
first specification where the subplants that it shares relevant events with are Lgog =
L(Con8) and Lpy; = L(PM). Note, the order in which we address specifications
and the controlled behavior that results is not unique.

Step 2: Perform abstraction - All events relevant to the plant submodules comprising
the first level of the hierarchy, Con3 and PM, are also relevant to the current or
remaining specifications, thus Les, = Pi(Les) and Lpy, = Pi(Lpy) where Py
erases only irrelevant events from the languages. In terms of the automata, this
means only events that are self-looped at every state of Con3 and PM are projected
away. In practice, irrelevant events do not need to be projected or added. For the
purposes of the proofs to follow, however, it is useful to have sets of languages over
the same alphabet.

Step 3: Compose subplant members - Composing the individual subplants gives us
the plant and specification for our first module, L) , = Lesal|Lpaa and m =

Py (Lpg) respectively.
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Step 4: Build supervisor for abstracted module - The abstracted allowable language
for the first specification is Ki, = Lpga N Lim,c3a N L, pre- It turns out K, is
not X,-controllable and hence the supremal controllable sublanguage must be taken.
The resulting language is K{a =supC(K7,, L] ,)-

Step 5: Lift abstracted supervisor to the global level - This is accomplished by the
inverse projection operation. An automaton which generates K{a and represents
the first modular supervisor for our example is shown in Fig. 3.8. Since we do not
picture irrelevant events, the events added by the inverse projection are not shown

in Fig. 3.8.

Figure 3.8: Automaton representing the supervisor which marks the language K la

Step 6: Move up to the next level of the hierarchy - For our example, we move up
a level of hierarchy to build a supervisor for the second specification Lg; = L(B7).
Our new grouping consists of the remaining machines, Lr = L(Robot) and Ly =
L(AM), as well as the supervised language from the first level K 1La- At this point,
those events not relevant to the remaining specification are s,, sq, S1, fi, f2, Sp, fps
ffe, and spe. It is interesting to note that the last four events in the above list were
relevant to the first specification and as such could not be considered for erasure on
the first level of the hierarchy. We must first, however, check to see if abstraction of
any of these events will cause a violation of the individual L,, ;-observer properties
that we need to guarantee nonblocking. Examination of Fig. 3.3 and Fig. 3.8 will
help us to do this.

Specifically, abstraction of the event s, causes a problem because it represents
a transition from a marked state to an unmarked state without an unobservable
string of transitions back to a marked state. In other words, if s, is unobserv-
able then Ps(s,) = ¢ is an element of P5(L,, ), but there is no string w such
that s,u € L, r and Ps(s,u) = e. Applying similar logic, event s,. cannot be
abstracted either. Therefore, ¥5 = {stc, foes Ste, Sry fry S2}. We also now know,

Y1 =3SoU{sp, fp, frc}- The resulting reduction of machine AM has a single state
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and generates the language Lanra = Pa(Lap). An automaton which generates the
reduction PQ(KLG) has 3 states and 3 transitions. The Robot subplant and spec-
ification B7 are not reduced by the projection P,. That is, Lr, = P2(Lg) and
Lp7. = P2(Lp7) where P, erases only irrelevant events.

Therefore, the plant for the second specification is Ly , = Pg(f({’a) NLgoNLara.

!
m,2,a"

Following Step 4, the abstracted allowable language is then K;, = Lpr, N L
This language again fails to be ¥,-controllable. Therefore taking the supremal con-
trollable sublanguage, the new allowable language for the second specification is
Kia = supC(Kj,, Ly,). A minimal automaton generator for this language has 8
states and 8 transitions. The final step again is to lift this abstraction up to the
global level. Specifically, the events s,, s1, fi, fa2, sp, fp, and ff. must be added.

Step 7: Repeat until finished - Since there are no specifications left, we are done. ¢

For the purposes of comparison, the monolithic solution of our example generates
a supervisor whose automaton representation consists of 68 states and 157 transi-
tions, while the two modular supervisors are significantly smaller. Specifically, a
minimal automaton which generates K 1. has 6 states and 6 transitions and a mini-
mal automaton which generates f(éa has 8 states and 8 transitions (irrelevant events
are not considered when counting transitions). Even though the highest level su-
pervisor is built in essence with respect to the full plant, it will almost always be
significantly smaller than the monolithic supervisor since it is built to address only
those strings relevant to the last specification, rather than the conjunction of all the
specifications. It will be shown in Section 3.4 the improvement in complexity can
be more dramatic in systems larger than the simple one used here for illustrative
purposes.

It is interesting to note that if the modular supervisor for B7 had been built first
and the supervisor for B§ been built second, the modular supervisors would have
had 8 and 10 states and 11 and 13 transitions respectively. Some guidelines for how
to best choose the ordering in which the specifications are addressed will be discussed
in Section 3.4.

In this case, it turns out that the behavior allowed by the two modular supervisors
is identical to the behavior allowed by the single monolithic supervisor and hence is
optimal. This will not be the case in general since each of the modular supervisors

were designed with respect to an abstracted plant. Some discussion of optimality
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can be found at the end of Section 3.3.

The procedure presented above assumed one specification is addressed per level
of hierarchy. This approach, however, is still valid if multiple specifications are
addressed per level, though it will be demonstrated later that in most cases it is
computationally advantageous to address only a single specification. If multiple
specifications are addressed within a level, then they must be chosen to address a

disjoint set of subplants. The disjointness is needed to provide nonconflict.
3.2 Optimal Control Without Abstraction

We will now consider the modular supervisors constructed by the algorithm of
the previous section without the use of any abstraction. Specifically, it will be shown
that the conjunction of the modular supervisors will provide the same behavior as
the monolithic supervisor. This implies that not only will the conjunction of modular
supervisors satisfy the given specifications in a nonblocking manner, but further, that
the provided supervision will be optimal in the sense of being least restrictive. In the
next section these arguments will be reconsidered with the addition of abstraction.

Before we get to the main result of this section, we must present some propositions.
The first proposition is a result from [2] which is useful in showing that if an allowable
language is Y,-controllable with respect to a subset of plant subsystems, it is X,-

controllable with respect to the full plant.

Proposition 3.3. [2] Let K, L C L' C ¥* be languages. Also let X, C 3. If K is
Yu-controllable with respect to L', then K is ¥,-controllable with respect to L.

This next proposition shows that the intersection of two nonconflicting ¥:,,-controllable
languages is itself X,-controllable. The result is in general well-known and can be

found in [57].

Proposition 3.4. [57] Let K;, Ky, L C ¥* be languages and let K = K1 NK,. Also
let ¥, C Y. If Ky and Ky are nonconflicting and ¥, -controllable with respect to L,
then K is Y,-controllable with respect to L.

Since we are building each successive level of allowable languages with respect to
an uncontrolled plant intersected with a controlled language from the previous level,

this next proposition is used to show controllability of the intersection of languages
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from successive levels of our hierarchy. The proof of this result follows from logic

presented in [2].

Proposition 3.5. Let Ky, Ky, L C ¥* be languages and let K = K1 N Ky. Also let
Yu € X and K1 and Ky be nonconflicting. If Ko is 3,-controllable with respect to
KN L, and K, is X,-controllable with respect to L, then K is X,-controllable with
respect to L.

Proof. See proof in Appendix. m

This next proposition is used to demonstrate L,,-closure of the intersection of

languages from successive levels of our hierarchy.

Proposition 3.6. Let Ky, Ky, Ly, 1, and L,,» € X* be languages and let Ky C K,
and Ly, = Ly, 1N Ly, 2. If Ky 1s closed with respect to K1MN Ly, 2 and Ky 18 Ly, 1-closed,
then Ky is L,,-closed.

Proof.

KQ — Eﬂ (Kl ﬂ Lm’2>
= KN (KN L) N L)
= Em(Lm71mLm’2):EﬂLm0

]

This next proposition is a result from [2] that will prove useful for showing opti-
mality for our incremental approach to supervisor construction when no abstraction
is employed. In the following, the requirement that (X(K)UX(L1))NE(L)NE, =0
means that neither K nor L; can share any relevant uncontrollable events with L.
Proposition 3.7. [2] Let K, Ly, Ly C X* be languages and let L = Ly N Lo.

Furthermore, let:

K = supC(K,L)

K, = supC(K, L)
IF(S(K)US(L)) NS(Ly) NSy =0, then K, 1L =K N L.

It is also desirable to extend the result of Proposition 3.7 to find an expression
in terms of the nonprefix-closed languages, K and K;. This is accomplished in the

following corollary.
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Corollary 3.8. Under the conditions of Proposition 3.7 with the additional require-
ments that K C L, and K be L,, 1-closed, Kl N Ly = KN Lo .

Proof. The result of Proposition 3.7 is K_lﬂ L=KnNL. Intersecting both sides with
L,, gives the result f(_l NL,= E N L,, where L,, = Ly, 1 N Ly, 2. Since K C Ly, 1,
the sup C operation preserves L, j-closure. Therefore, K and K, are L., 1-closed and
hence Kl N Lpyo = KN Ly,o. ]

With all of these propositions in place, we can now generate a lemma that will
allow us to show the main result of this section. Specifically, the lemma will allow
us to show that an incrementally built language can be supremal. The setup for
Lemma 3.9 is that there are two specifications that can interact through a common
subplant. Instead of building a monolithic supervisor directly, we build a modular
supervisor for one specification then build the second modular supervisor with respect
to a “plant” made up of the portion of the monolithic plant not addressed yet and
the modular supervised language just constructed. This lemma addresses the step

of our approach where we move up a level of the hierarchy.

Lemma 3.9. Let Ky, Ko, Ly, Ly C ¥* be languages and let K = K; N Ky and
L =LyNLy. Let each K; C Ly, ;. Also let Ky be L, 1-closed and:

K, = supC(Ky, Ly)
K, = K Nk,
L,y = KiNLpyy
Ly = L,

If (S(K1) US(L1)) N E(Ly) = 0 then Ly, = Ky N Ly and:
sup C(KY, L) = sup C(K, N Ky, Ky N Ly) = sup C(K, N Ky, Ly N Ly) = sup C(K, L)

Proof. (C) First we will show sup C(K}, L)) C supC(K, L).

Note, sup C(K}, L) € K C K. This containment provides that sup C(K7, L))
and K; are nonconflicting. Furthermore, by construction sup C(K}, L)) is control-
lable with respect to L),. L}, = m = K_l N Ly since K 1 and L,, o are nonconflicting
due to the given property that (X(K7) U X(L1)) N X(Le) = (. Therefore, Propo-
sition 3.3 gives us that sup C(KY, Lj) is controllable with respect to f(_l N L. By

construction, Kl is controllable with respect to L;. Therefore, f(l is controllable
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with respect to L by Proposition 3.3 also. These results along with Proposition 3.5
then provide that Ky Nsup C(K%, Lb) = sup C(K}, L) is controllable with respect to
L. Furthermore, supC(K}, L) C K} C K. Therefore, supC(K}, L}) € C(K, L) and
hence sup C(K}, L) C supC(K, L).

(2) Now we need to show that sup C(K3, L) D supC(K, L).
Since the supC operator is monotonic, K} C K, implies that supC(K}, L) C
sup C(Ky, L}). Furthermore, K}, = K, N Ky = Ky, N L, since it is given that

K3 C Ly2. Therefore, sup C(Ky, Ly) = supC(Ky N Ly, 5, L) and:
sup C(K}, L) = sup C(Ky, L) Nsup C(Ky N L, 9, L) (3.4)

Since K 1 is controllable with respect to L; by construction and L}, C K, C Lyt =
Ly, Proposition 3.3 gives us that K, is controllable with respect to L), also. Therefore,
sup C(K7y, L) = K. This result along with the fact that sup C(KyNL., ,, L) C K, C

m,2)

L,, 2, means that the expression in equation (3.4) is equivalent to:

sup C(K4, L) = Ky NsupC(Ky N L, 5, L) N Lio (3.5)

m,2)

The fact that K C K implies that supC(K,L) C supC(K,L). Furthermore,
supC(K,L) C supC(Ky,L) N Ly, since supC(K,L) C K C Ky C Ly,2. Apply-
ing Corollary 3.8, sup C(Ky, L) N Ly, = sup C(K7y, L1) N Ly, 2 since (X(K7)UX(Ly)N
Y(Lo)NE, =0and Ky C Ly, is Ly, 1-closed. Therefore:

supC(K,L) C Ky N Ly =L, (3.6)

The fact that supC(K, L) C K C K, along with equation (3.6), gives the result
that supC(K, L) € K»NL;,,. This implies that sup C(sup C(K, L), Ly) € sup C(K>N
Lo
L, = [A(_lﬁ Ly C LyNLy = L, Proposition 3.3 provides that sup C(K, L) is controllable
with respect to LY also. Therefore, supC(supC(K, L), L}) = supC(K, L), which

implies:

L}). Since supC(K, L) is controllable with respect to L by construction and

supC(K,L) CsupC(KoN L ,, L)) (3.7)

m,2)

Combining equations (3.6) and (3.7):

supC(K, L) € Ky NsupC(Ky N L, 5, Ly) O Ly

m,2)
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And finally noting equation (3.5) gives us our desired result:
sup C(K, L) C sup C(K3, L)

]

The languages employed in the following theorem use the same notation intro-
duced in Section 3.1. In this case, however, the languages are not equivalent to
their previously introduced counterparts because in this section no abstraction is
employed. The only exceptions are the languages L7 and Ly, ; because they were not
built with abstraction in Section 3.1 either. Also, the proof of this theorem assumes
that only a single specification is addressed per level of hierarchy in order to reduce
the complexity of the notation. The results of this and subsequent proofs, however,

still hold if multiple specifications are addressed on a given level of the hierarchy.

Theorem 3.10. The set of modular supervisors constructed by the procedure of Sec-
tion 3.1 without any abstraction will provide the same behavior as the monolithic

SUPETVISOT:

p p
(VK = [swpC(K), L)) = supC(K, L) = K (3.8)
j=1 j=1

Proof.

e Throughout this theorem, the following hold:
K, = Kgeej N Ly,
K;’ = Kopeey N Ly, ;

e Recalling the modular definitions of equation (2.5), where n corresponds to the total

number of subplants and p corresponds to the number of component specifications:

p
L = Lin--NL, =)L}
7=1
p
K = KupeeNLpn={ K]
j=1

e Now we will show by induction that KJ’ = sup C(("_; KV, _, L") and that [A(j’ is

J 7
i—1 Lim i-closed.
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e Beginning on the first level of the hierarchy, the allowable language is built with
respect to a subset of the full plant without any control included, that is, L;,, ; = Ly, ;.

Therefore, on the first level:
K| = supC(KY, L) (3.9)

e Hence K 1 is optimal with respect to its portion of the uncontrolled plant L}. Also
note, since K7 is by construction L, -closed, K/ is Ly, 1-closed too since the sup C
operation preserves closure.

e Moving up to successive levels of the hierarchy, each new allowable language is

constructed in a similar manner:

K = supC(Kj, L)) (3.10)

/

m,; consists of a plant subsystem as well as the controlled subplant

except now, L
from the first level.

e Building the allowable language with respect to an L], ; constructed in this manner

will prove useful since it results in each new allowable language K J’ being a subset of

the allowable language from the previous level.

KJ’- = SupC(KJ'-,L;.)

/ /
C K= Kooy NI,
/ -/ " -/

This logic can be repeated to show that:

j—1
K;c (K, (3.12)
=1

e Based on the induction hypothesis, we will assume that:

-1 -1
IA(J'-_I = sup C(ﬂ K, m L) (3.13)
=1 =1

We will also assume that K 71 is closed with respect to N, Ly, .
e The language Ly, ; does not share any relevant events with any of the f({ and L!

from the previous levels. Also, equation (3.12) and the fact that K7 C Ly, ; provide
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that K iy C NZ; Ly, C N/Z{ L. If we additionally consider equation (3.13) and
the fact that IA(]’-fl is (N} Ly, ;-closed, Lemma 3.9 can be applied to show:

A

K; = supC(Kj, L))

J

= supC([A(‘;_1 NK7, [A(J’;l NLY)

j-1 j-1
= supC(ﬂ K;’ﬁK;’,ﬂL;’ﬂL;’) (3.14)
i=1 i=1

e Noting equation (3.12), K/N.. .ﬁf(]’-_lﬂf(j‘ = f(j’ Therefore, equation (3.14) shows
that the conjunction of modular supervisors up to a given point is supremal with
respect to the associated subsystem. On this level, that means ﬂgzl f({ is supremal
with respect to (I_, L.

e By construction, K % 1is Ly, ;-closed. Examination of equation (3.11) and application
of the logic of equation (3.12), therefore, shows that K % is closed with respect to
N KN Ly, ;. Since M=} K/ is also ()Z; Ly, i-closed by the induction hypothesis,
Proposition 3.6 provides that K s N, Ly, i-closed.

e The above logic is repeated until all modular supervisors have been addressed.
Specifically, Lemma 3.9 is successively applied to show the optimality of a supervisor
when moving up a level of the hierarchy. Every time this lemma is applied, optimality
with respect to a larger portion of the system is shown. The end result is that the
conjunction of modular supervisors provides the same behavior as the monolithic

Supervisor:
p p

ﬁf(j = supC(m K7, ﬂL;’) =supC(K,L) = K

j=1 j=1 Jj=1

]

The above result states that the conjunction of the modular supervisors built
without abstraction will provide the same behavior as the monolithic supervisor.
Equivalence to the monolithic solution implies the conjunction of these modular su-
pervisors provides the optimal solution in the sense of being least restrictive. It
further implies that the conjunction of modular supervisors meets the given specifi-
cations in a nonblocking manner since the monolithic supervisor does. The problem
with this result is that if no abstraction is employed, the procedure essentially re-
quires that the full monolithic system be built. In the following we generate results

with abstraction included.
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3.3 Safe, Nonblocking Control With Abstraction

The motivation for applying abstraction is that by performing analysis and su-
pervisor design on a simplified version of a system, complexity is decreased and
understandability is improved. In the context of our approach, we would like to ab-
stract away those elements of our system that are not relevant to those specifications
being addressed at the current or higher levels of our hierarchy. For our abstraction,
we will simply apply the natural projection operation defined earlier by equation
(2.2), where it is further required that each projection P; possesses the L;n’j—observer
property. The L, -observer property is needed for maintenance of nonblocking, but
does not provide for optimality.

In order for the supervisor corresponding to the abstracted language to be ap-
plied to the global plant, it is necessary to incorporate a default control that perma-
nently enables all events that had been previously hidden. From an implementation
standpoint, this can be achieved by the inverse projection, K ;= Pj_l(a) In the
definitions given below, the restriction to K j—1 N L7 is added to reflect the actual
behaviors of the system that can occur and to assist with the proofs that are to
follow. In practice, however, these restrictions do not have to be implemented be-
cause strings outside the uncontrolled behavior of the plant and outside the behavior

allowed by other modular supervisors will not occur anyway.

K; = PNK,)NK;.,NL

J

Kp; = Pil([/\(‘;',a) N f~(m,j—1 N LZM' (3.15)

J

In the proofs that follow, it is necessary to show that if an abstracted admissible
language Kj,a is 3, j-controllable with respect to P;(L%), then the lifted version
[?j is X,-controllable with respect to the unabstracted language L;. Note, Y, ; =
¥, N Xj. Furthermore, we need to show that if the supervisor for the abstracted
system provides nonblocking control, then the lifted supervisor provides nonblocking
control of the actual system.

From examination of the definition of the lifted languages in equation (3.15), one
can see that they are contained in one another, thereby maintaining nonconflict by

construction. Furthermore, it can be shown IN(m,j =K ;0 Ly,
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In demonstrating these results, we will find the following properties of the natural

and inverse projections helpful [§]:

Property 1 P(tu) = P(t)P(u).

Property 2 P(L) = P(L).

Property 3 P! (tu) = P71 (t) P! (u).

Property 4 P~1(L) = P~(L).

Property 5 L C P7'(P(L)).

Property 6 If L; C L, then P(Ly) C P(Ly) and P~Y(L;) C P~Y(L,)
Property 7 Let Ly, Ly C X% Py:X* — X5 Then, Py (L) N Py t(Ly) =
Py YLy N Ly).

Property 8 For alphabets ¥y C X3 U XYy, let Ly C X7, Ly C 33 and

Py : (31 UXs) — X§. Then, Py(Ly||L2) € Po(Ly)||Po(Le) and the equality
holds provided that >, N Xy C 3y (Proposition 2.3).

We will also need some additional propositions. The following proposition will
be used in showing the maintenance of controllability properties between abstracted

and lifted languages. It is proven using logic taken from [45].

Proposition 3.11. Let P : ¥* — X be a natural projection and let L C ¥* and
K, C X} be languages. Also let K,, = P YK,)NL, 2, CY and Xyo =S, NYy. If
K, is ¥, 4-controllable with respect to P(L), then l?m 18 2y -controllable with respect
to L.

Proof. See proof in Appendix. n

The proposition given below is employed to show nonblocking of the abstracted
system implies nonblocking of the lifted system. The result follows closely from logic
in [75].

Proposition 3.12. Let P : ¥* — X be a natural projection and let L,, = L C X*
and K, C ¥ be languages. Also let K = P7Y(K,)N L and K, = P~Y(K,) N L. If
the projection P possesses the L,-observer property and K, C P(L,,), then I?m =K.

Proof. See proof in Appendix. ]

This next proposition demonstrates that if the marking of an abstracted language
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is consistent with the marking of P(L,,), then the marking of the lifted language will

be consistent with the marking of L,,.

Proposition 3.13. Let P : ¥* — X be a natural projection and let L,, = L C X*
and K, C X be languages. If K, is P(L,,)-closed, then P~Y(K,) N L,, = P~Y(K,) N
Ly,.

Proof.

K,NP(Ly,) = K,

PE, N P(L,) = PNK,)
PY(K,) NP Y (P(Lp) = P7(K,)
P E)NP N P(L) N Ly = P7(K,)N L,
P YK,)NL, = PYK,)NL,

]

This final proposition is quite important and will be used to show that languages

from successive levels of our hierarchy are nonconflicting.

Proposition 3.14. Let P : ¥* — X* be a natural projection and let K;, Ky C X*
be languages. Also let ¥(Ky) C X,. If P(Ks) C P(Ky) and P has the K;-observer

property, then K1 and K5 are nonconflicting.

Proof. Let there be a string s € ¥* such that s € K; N K5. We must then show
that K; and K, share a completion of this string. Since 3(Kjy) C ¥,, 3t € ¥*
such that st € Ks. Also since X(K,) C X, P(s)t € P(K;) C P(K;). By the K;-
observer property, Ju such that su € K; and P(su) = P(s)t. It then follows that
su € P7Y(P(su)) C P~} (P(K,)) = K, since X(K>,) C %,. Therefore, K; and K, are

nonconflicting. O]

The propositions provided above will be used to prove the main results of this
chapter. Before we demonstrate these results, however, we need to examine the
exact manner in which our languages are projected and then lifted back to the global
alphabet.

In the procedure of Section 3.1, the projection operation P, : ¥* — X% was

defined. This projection was constructed so that it maintained the observer property
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with respect to each of the elements that went into constructing L), specifically, with
respect to K{a as well as each of the elements of {L;, 11, ..., L;,}. Since each of these
component languages have disjoint sets of relevant events, P has the L}, ,-observer
property by Theorem 2.5. It was also stated that P, does not erase any relevant
events from the language L) = L; 11| ... || Li, that would not also be erased by the
projection P; : ¥* — Xj. Furthermore, the events erased by P, which are relevant
to K 1o are disjoint from those which are relevant to Lj.

These facts are true for the projection P; : ¥* — Y7 in general. As such, in the
proofs of the following lemmas it will be assumed that each projection P; will be
performed in two stages. That is, the projection P; will be performed first erasing
the relevant events of L;’ followed by a projection P]’ = Y] — X7 which erases the
events relevant to K %o 1t is well known that the natural projection satisfies a chain
rule property such that P; = PJ’ o P;. The proofs to follow will also implement
the inverse projection Pj_1 using the same two stages. Specifically, P;_l will be
applied throughout the proofs to generate an intermediate lifted language K, ,. The
remaining events will be added separately via the P, operation at the end leading
to K g

By Proposition 2.3, projection distributes across synchronous composition if no

shared relevant events are abstracted away. Since the L7, ; do not share any rel-

evant events, we can, therefore, define Ea = P;(L) and Em,a = P (Ly). Two
other languages projected to the alphabet ¥; are defined Z;n’m = Pi(L;,;) and
Eth = Pi(L}, ;). These newly defined languages can also be interpreted as versions

of the abstracted languages with alphabets equal to X; lifted to the event set X,
rather than all the way to the global alphabet . Figure 3.9 helps to illustrate the
relationship between these newly defined languages.

In a similar manner to the expressions of equation (3.15), restrictions have been
added to the following definitions of K o in order to assist with the proofs that are

to follow.

~

Kj,a - Pj{il(K]Qa) N Rj—l,a N Z;'/,a
Kmja = PIHK)NEKyj1.0 L

(3.16)

7]7a m?j7a

Iteratively expanding the terms for the lower level supervisors, K j—1,a, leads to the
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A A N =
2 F]1(Kj1a) = Lm] —>Lml
4 1 P
Py P Fr i Pr i
1 i \/ \/
PR A > L = L
21 j 1(Kj-1.2) > Ltmja > Lnja
A :
1 i o
Pia | R P R P R
> I Ki1a
v Iq A | A v/
2, P (P4(K1.0) > Lrja————> Lnia

Figure 3.9: Diagram representing the relationship between various languages and alphabets

following:

J
Ko = (FU(KL) ﬂ Ly,
i=1
N j
Km,jya = ﬂPl ! K, ﬂL;’;’L,’L,a (317)
i=1
Also note the following definitions of L . and L’m . that also correspond to their

unabstracted counterparts.

L, = POUK),,)NL],
L;n,j,a = P]I:}(K ) L// m,J,a
It then follows that L/, o= L’ since P} (K i 1.4) and L .o are nonconflicting

since they do not share any relevant events. Additionally, since each K, is by

construction L/ . -closed, where L/ = P! (L’ ), each f(; is also P (L’ )-

m,j,a m,j,a m,j,a m,j,a

closed since the sup C operation will maintain the closure. Therefore, Proposition 3.13

can be applied iteratively to the above expression for K m.j.a b0 generate the following:

Kpja = P;_I(Kj/',a>ﬂ}?m,j—la L// (3.18)

’.7’

Now noting that K;_;, C P 1(KJ’ la

) and ij 1a C P’ 1(K’

’ 1.4), equation
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(3.16) can be expressed:

Ky = PN Km0 PR )N I,
pa— 71 2 K
= PV K )NEK;j1.NL,
Km,j,a = Pj{_l(f(]/}cJ N Km,]—l,a N le:i(KJ, 1 “) N L/T/n’j’a
= PR N Ryjra N L (8.19)

The expressions of equation (3.19) will prove useful in the following lemmas.

By definition, P, has the L, -observer property for all j € {1,...,m}. It then
follows that since P; does not erase any shared relevant events, it will also possess
the L,,-observer property by Theorem 2.5. Furthermore, since P; erases only irrel-

evant events from Pj_}l(f( ' 1.4), Pj will have the observer property with respect to

1

m.j.a 16 also

P]'j(f( ]’-,La). Since in addition P; erases only irrelevant events from L

!/

possesses the L;, .,

-observer property again by Theorem 2.5.

We will now present the first main result of the chapter, Lemma 3.15. This
lemma shows that the behavior allowed by the conjunction of modular supervisors
constructed by the procedure of Section 3.1 is nonblocking. This will be proven by
induction, where the induction step shows that the intersection of a sequential set
of languages that represent the supervised behavior of each module is nonconflicting

with the supervised behavior from the next level of the hierarchy.

Lemma 3.15. The conjunction of modular supervisors constructed by the procedure
of Section 3.1 is nonblocking if such a set of nonempty modular supervisors exists,

that is

KpmiNKpa.. . NKpy,=KiNK,N...NK,

Proof.
e The first step of this proof is to show that [ [~(m7j7a = [?j,a
e On the first level of the hierarchy, L =L

mla m.1q- Furthermore, since P is the

Tn >
= L1, Therefore, Kj , =
PY(K},) and L! ,, are nonconflicting and K,,,, = K;, as built in equations

(3.16) and (3.18):

projection employed on the first level, f({a c L’

m,l,a

PN K )NLY = PR N,

m,l,a

e Moving up to successive levels of the hierarchy, each L now consists of a

m,},a

plant subsystem as well as the controlled subplant from the previous level. Since
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L’m] =L and K}, CL, ., = P’(L’mj ), we can apply Proposition 4.7.
-1/ _ pi-1(fp T/
Pj (K]/, ) A L’/ITL] a P] (K]/',a) N Lj7a
e Intersecting both sides of the above with [?m,j_lﬂ = Nj_La gives us:
PR ) N Ly O Kpjora = POYES )N L N K1, (3.20)

e [t is now necessary to show that P;’l(f( Ga )ﬂLin o and km,j_m are nonconflicting.

e First note the following relation which comes from examination of expressions that

are analogous to equations (3.1) and (3.3).

K;',a g K]/ C le]a = P/(L;n]a) C P/(L;,nja)
e Also recalling that each P] erases only irrelevant events from L;;1 j.a» the following
result holds:
—“1/f -1
PN (KG,) € PP L 0)) = Lisa (3.21)

e taking the prefix-closure of both sides of the above provides the following additional

result,

PN K C Ll =T, (3.22)

m,j,a

e Since K7, is by construction P (L’ )-closed, K !

m.j.a is also P’(L” )-closed since

,a m,j,a

the sup C operation will maintain the closure. Therefore, Proposition 3.13 and equa-

tion (3.21) can be employed to transform P]'_l(f(]’ YN L. . into:

m,j,a

P]{_l(f(]/', )ﬂL/m]a ]D;_l(K;, ) (P/ 1(K3/ 1,a

~1(7 1
)mL{rlrL]a) P]/ (KJI,)OP/ (K]/ 1a)
(3.23)
Likewise employing equation (3.22),
PRy ) 0 = PR 0 (PR ) 0T = P (RG) 0 PELR] )
(3.24)
Referencing equation (3.17) and repeating the logic of equations (3.23) and (3.24):

j—1
m] La — ﬂPl 1 ﬂ ﬂLmza ﬂlji/_l(f(z{,a) (325)
=1
_ i1 S L S S _
Kjva = (VBN KL) 0 () L, = () P (K) (3.26)
=1 =1 =1
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e Employing equations (3.23), (3.24), (3.25), and (3.26), equation (3.20) becomes:

PN K, ,) NPT ,) ﬂp’ NKL,)

ij—l(fq )N PR, ,) N ﬂP’ Y (3.27)

o Now note that K, C L, ., C Pj(K/_, ). Therefore, P}(P/"'(K?,)) C
P{(P;~ Y(K’_, ). Furthermore, Z(P{’l([%]’-,a)) C %;. Also since P} has the observer

j—La
property with respect to P/~ (K’

(K}, ,), we can apply Proposition 3.14 to get the

following;:

PR N PR ) = P (R 0 PR )

e Since in general, P;_; (e
(N

i=j— k—l—lP/ I(K/ )) C Pl k+1(P (K], ka))

P~ 1(K’ )) € ¥j k41, and P}, has the observer property with respect

i=j—k+1
to P’ 1(KJ’ k.a)» We can repeatedly apply Proposition 3.14,
J - J A
(VP (KL) = () PR (3.28)
i=1 i=1

e Comparing the result of equation (3.28) to equation (3.27), therefore, shows that
P;’l(f(J’ )N L and I?m,j,l,a are nonconflicting. And hence equation (3.20) be-

m,j,a

comes:

PG ) 0 Lo 0 K10 = PRGN LG N K 1

m,j,a

e Then applying Proposition 4.7 once more,

PN N Lo O Kogora = PENE) N Dy N K (3.29)

m,j,a

Comparing the above to equation (3.19) demonstrates that in general, [?m,j,a =
Kjva'
e Furthermore, l?md’m K j-1as -, K1, are nonconflicting since l?m’m - Km,j—l,a -

. C [N(m717a by definition. Therefore,

KmiaN.o - NKppa=KiaN...NKpq (3.30)

e The only step left is to address those events abstracted away by P;.
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e Using the definitions in equation (3.17), we get the following:
_ p

(Kia = (127
j=1 j=1
p

s
j=1

p

KJ’.’G) NL,
Kmja = )N L

K} )N Lo (3.31)

7=1

Therefore, ﬂ§:1 Ko C Ling = Pi(Ly).
e Since it is further known that P; possesses the L,,-observer property and L, = L,

Proposition 4.7 gives us that:

p
P1_1(ﬂ Km,j,a) N Lm = Pl_l(ﬂ Km,j,a) nL (3-32)
j=1

e Recalling equations (3.17), (3.30), (3.31) and the fact that L,, C L C P, '(P,(L)) =

P;(L,), we can show the following:

p p
P () Kmga) N Lon = Pr () Kja) N Lin
j=1 j=1
p A
=P (P (Kju) N La) N Ly,
L (3.33)
= m Plil( ]{71([%3',(1)) N Plil(La> N L,
j=1
p _ p _
= (P (Kja) N Lin = [ Koy
Jj=1 7j=1
e Similarly, we can show
p » p »
P () Kmju) NL=()K; (3.34)
j=1 j=1

e Examining equations (3.32), (3.33), and (3.34), we have shown our desired result,

KpiNEKpsN.. .NKpy=KNKyN...NK,. O

Lemma 3.16 is the second main result of this chapter; it shows that the conjunction
of languages representing the supervised behavior of each of the modules is X,-
controllable with respect to L. The proof of this result follows the same type of

induction logic used in proving Lemma 3.15.
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Lemma 3.16. The conjunction of modular supervisors constructed by the procedure
of Section 3.1, IN(mJ N f(mg Nn...N }N(myp, 15 2y -controllable with respect to L if such

a set of nonempty modular supervisors exists.

Proof.

e The first step of this proof is to show that () lN(m,m is 3, 1-controllable with respect
L, =P (L).

e Beginning on the first level of hierarchy, Z;n = L;;L 14- Therefore according to

equation (3.18), K1, = P (K},) NL!
o Furthermore since P is the projection employed on the first level, P~} (K la) =

andL = Ly, 1, Therefore, Kmla—K{aﬂL
o By construction, K is ¥, 1-controllable with respect to Ly, = Z’{a Further-

more, since K|, C L” — I K' and L”

m,1l,a m,1l,a’ 1,a m,1,a

m,1,a

m,l,a m,l,a

are nonconflicting. Therefore,
Proposition 3.4 provides that Km,1,a is 2, 1-controllable with respect to Z’l’a

e Furthermore, since L, C L Proposition 3.3 provides that I?ml is 3, 1-controllable

La»
with respect to L.

e Moving up to higher levels of the hierarchy, each f( L. 1s X, j-controllable with
respect to L, = P (Z' .) by construction where it is now the case that L/, ga P

L Each P]{_l(f( fa) N L is then ¥, -controllable with respect to Lj,a by

m,j,a" m,j,a

Proposition 3.11. Z;a is built to include a plant subsystem as a well as the controlled

subplant from the previous level, Z; = P~ 1(K 1) N E;{a.
e Applying Proposition 3.3, P]'_l(f(]’ )N L;n]a is Z%l-controllable with respect to
K;_140N L,. Furthermore, based on the logic of Lemma 3.15, 13;_1(1(’ )NL mj.a and

[N(mﬁ-,l’a are nonconflicting. Also from the induction hypothesis, Km,jq,a is 2y 1-
controllable with respect to L,. Therefore, Proposition 3.5 provides that PJ{_I(}A( i

L' mjal) ij 1,0 18 2, 1-controllable with respect to L.

e Examining equation (3.19), it can then be seen that each I?md’a is X, 1-controllable
with respect to L,. Furthermore, since f(m,j,a - [A(/'m’j,l’a - ...[?ml,a, the set of
modular supervisors are nonconflicting. Therefore, Proposition 3.4 provides that the
conjunction [ [}m,j,a is 3, 1-controllable with respect L,.

e The only step left then is to lift each [?m,j,a to the global alphabet.

e Recall, L, = P;(L). Since ﬂf?m,j,a is 3, 1-controllable with respect to Py(L),
Proposition 3.11 provides that P, ([ f(m%a) N L., is ¥,-controllable with respect to

L. Examination of equation (3.33), therefore, demonstrates that the behavior allowed
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by the conjunction of modular supervisors I~(m71 N km’g N...N [?m,p is ¥,,-controllable

with respect to L. O]

Lemma 3.15 and Lemma 3.16 then provide us with the overall desired result, that
the behavior provided by the supervisor languages constructed in Section 3.1 is safe
and nonblocking. Specifically, Lemma 3.15 demonstrates that the behavior is non-
blocking and Lemma 3.16 demonstrates that the control required by the supervisors

is realizable.

Theorem 3.17. The set of modular supervisors constructed by the procedure of Sec-
tion 3.1 will meet the given specifications in a nonblocking manner when acting in

conjunction if such a set of nonempty nonblocking modular supervisors exists.
Proof. Follows directly from Lemma 3.15 and Lemma 3.16. [

The result of Theorem 3.17 demonstrates that employing abstractions that pos-
sess the respective observer properties provides ,-controllability and nonblocking.
However, it does not necessarily lead to an optimal solution. This suboptimality
arises at least in part from the fact that if a relevant controllable event is abstracted
away, the ability to disable it as a means of preventing an uncontrollable continuation
is lost.

In the context of a single system, [80] introduced a property called output-control-
consistency (OCC) that addresses this situation. The presence of this OCC property
along with the observer property can be employed to demonstrate that the optimal
control generated for an abstracted system can be applied to the unabstracted system
and still achieve optimal supervision. Maintenance of the OCC property in modular
approaches, however, is less well understood. For our approach, we will leave the
problem of optimal supervision as an open problem. It is, however, understood that
abstracting away fewer controllable events will make the behavior allowed by our

approach less restrictive.

3.4 Implementation Examples and Discussion

In this section we will implement our procedure on two moderately large exam-
ples. The purpose of this exercise is to further demonstrate the strengths of our
approach, and to provide some heuristics for its implementation. Specifically, guide-

lines will be provided for how to choose the order in which the modular specifications
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are addressed. As was demonstrated in the example of Section 3.1, the order in which
the modular supervisors are built is not unique and can have a large effect on the

size of the resulting supervisors.
3.4.1 Ordering algorithm

Examining the partitioning of the FMS example shown in Fig. 3.1, one can see
that there are two disjoint modules on the first level of the hierarchy. In constructing
the supervisor languages for these modules, very little abstraction will be possible
since all of the component specifications are on the current or remaining levels of the
hierarchy. In moving up to the next level of the hierarchy, the two existing super-
visor languages will have to be composed leading to a multiplicative growth of the
state space. Since these two supervisor languages do not share any relevant events,
their composition did not increase the number of events that can be considered for
abstraction. Therefore, this partition is not very efficient because it unnecessarily
grows the size of the state space without helping to increase the amount of reduction
that can be achieved by the abstraction.

A more efficient approach is to address only a single specification per level. This
allows for more reduction since each time we move up a level of the hierarchy more
events become available for abstraction. This approach has been assumed in the
procedure of Section 3.1 and the proofs found throughout the paper.

Even with this improvement, we are still left with the question of which order to
address the modular specifications in. The guideline we will choose to adhere to here
is to maximize the amount of reduction possible at lower levels of the hierarchy. In
order to make application of this guideline more rigorous, we will adapt an algorithm
from [65].

In our approach, since each level of the hierarchy only addresses one specification,
= j+1<k§,a)|’L;;1,j+1,a' The decision

as to which specification to address next will be made based on the potential char-

: 13 7 /
each successive “plant” has the form L, .,

acteristics of the resulting subsystem K7, , = Kgecji1.allLy, ji1,- This evaluation
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will be made employing the following two metrics:

Aj+1 ‘ |K5p607j+1 “ ”LN J+1 } ’
HKW- Kol % [| L |
B = H Kpec,jt1 || |/|IL// m,j+1 H
\|Kspec7j+1|| IIL 1]
In the above, the notation ! } . ‘ | represents the cardinality of the automaton which

generates the associated language, that is, the size of the automaton’s state space.
In general, we will employ a minimal automaton to generate the given language.
Specifically, A,y is a measure of the potential size reduction due to some states
not being reachable in the composition, while B, is a measure of the potential for
reduction due to abstraction. The projection Pjyq @ X — Y7, erases those events
that are not relevant to the current or remaining specifications and that maintain
the associated observer properties. Since in choosing the next specification it may
not be possible to minimize both A, and Bj;, we will rather try and minimize

their product. This idea leads to the metric that we will ultimately use:

H spec,]JrlH aH 7J-i-l) H
H x ||L5,

Vi1 = Ajp1 - Bj =

I\Kspec,m\ gl

Therefore given the closed loop subsystem from the previous level K % a» the next
specification will be chosen based on which one minimizes ;;;. Since choosing
a specification that is disjoint from K %o Will not result in any additional events
becoming “local,” only those remaining specifications that “neighbor” the current
K %o Will be chosen from. This set of neighbors is defined as follows, N; = {k | [k >
3] A el (K gpee 1) Nrel (K7 ,) # 0]}, where it is assumed the indexing is sequential and
neighbors are defined as sharlng relevant events. One desirable element of the metric
141 is that it does not actually require computing the unabstracted automaton that
generates the language Kpee ;i1 ||K Gall Lt

Before the algorithm is begun, there is no K %o from the previous level and no
set of neighbors. Therefore, we will choose the first specification using the same
metric, but with the K j’»ﬂ term missing. Furthermore, since no specifications have
been addressed yet, we will use P, : ¥* — ¥ as the initial projection since it erases
only events that are not relevant to any specifications. A summary of this algorithm

is given below:
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Algorithm 3.18. Specification Ordering Algorithm
HPl(KSpeC,lHL',r:’L,I)H

1"
Kspes,l Lm71| ‘

Step 2: Follow procedure of Section 3.1 for building the first modular supervisor,

1S minimum.

Step 1: Initially, choose a specification such that ‘

x|

which generates K La-

Step 3: Choose next specification from the set of neighbors, Ny, such that s is
minimum.

Step 4: Follow procedure of Section 3.1 for building the next modular supervisor,
which generates Kéa

Step 5: Repeat steps 3 and 4 until there are no more specifications left to address.

3.4.2 Flexible Manufacturing System (FMS) example

The first example we will examine will be the FMS example first introduced in
Chapter 1 and shown in Fig. 1.3. The basic idea is that parts enter from the left
via the conveyor Con2. From Con2 the parts pass through buffer B2 to a handling
robot. This robot then passes parts, through buffer B/, to a lathe which can generate
two different types of parts. After the lathe has finished an operation and returned a
part to the robot, again through buffer B4, the robot then passes the part to either
buffer B6 or buffer B7 depending on the part type. If passed to B7, the part is then
sent to a painting machine PM via conveyor Con3 and buffer BS. Once the painting
operation is finished, the part is passed back through the same sequence by which it
arrived. From buffers B6 and B7, the two different parts are passed to the machine
AM for finishing.

The machines Con2, Robot, Lathe, Con3, PM, and AM can be thought of as
components of the open-loop plant. The automata models for these machines are
given Fig. 3.10.

The buffers B2, B4, B6, B7, and BS can be thought of as the component specifi-
cations for the system where it is desired that the buffers not underflow or overflow.
The automata models for these machines are given Fig. 3.11. In these automata odd
labels represent controllable events and even labels represent uncontrollable events.
Furthermore, all automata have the same event set, though only relevant events are
pictured. If a set of traditional modular supervisors are constructed in the sense
of [8], it is interesting to note that their conjunction will result in blocking.

Following Algorithm 3.1 of Section 3.1, the first step is to choose an initial spec-
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Figure 3.10: Automata models of each machine in the FMS example

ification. Employing the heuristic approach presented in Algorithm 3.18, we choose
B/ to be the first specification since it minimizes the following quantity, where the

associated subplant is composed of components Robot and Lathe.

|| P (Kspec,1 | L2 1 H HB4HROb0tHLathe||

= 0.375
[ Kopeca|| HL” oIl T1B4[] x [ Robot | Lathe]]

According to Algorithm 3.1, the next step is to abstract the plant submodules
associated with our first specification. Since these plant components do not have any
relevant events that are not relevant to the current or remaining specifications, the
projection P; does not abstract away any relevant events. The resulting supervisor
language for this module K 1o 1s generated by an automaton with 9 states and 10
transitions.

Moving up to the next level of the hierarchy, we again employ the heuristics of
Algorithm 3.18 to choose the next specification. Of the remaining specifications, B2,
B6, and B7 all share relevant events with the first module and hence are considered to
be neighbors. Of these, we choose B7 to be our next specification since it minimizes

the following expression. The “plant” for this module consists of the controlled
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Figure 3.11: Automata models of each buffer in the FMS example

system from the first level K7 . along with subplants AM and Cons.

1,a

[P (Rpecall K1l )| || BYIP(G ) IPo(AM) | Con3]|
K[| < (L0l | 1B7]] > |[KG ]| > [[AM]|Cons3 ||

hy = 0.296

ezl x|

At this level of the hierarchy, the set of events {34, 37,39, 51, 52,53, 54, 64,66} are
not relevant to any of the remaining specifications and hence can be considered for

abstraction. It turns out that the events 34, 52, 54, 64, and 66 can be projected

away without causing a violation of the associated L,,-observer properties. This set
of events leads to a reduction in state size of the automata used for generating K la
and AM. None of these events, however, are relevant to B7 or Con3 and hence P
erases only irrelevant events from the languages generated by these automata. The
resulting supervisor for this “plant” and specification Kg,a can be generated by an
automaton with 64 states and 189 transitions.

For the next specification, we choose buffer BS since it minimizes the quantity
3. The plant for this specification will consist of the controlled subsystem from
the previous level K5, and the machine PM. Of those events that are not relevant
to B8 or any of the remaining specifications, 30 and 74 can be projected away
without causing a violation of the associated L,,-observer properties. The resulting

supervisor language for this abstracted plant and specification K 3.4 can be generated
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by an automaton with 110 states and 315 transitions.

Moving up another level of hierarchy, we choose buffer B6 to be the next spec-
ification since it minimizes the quantity v,. For this specification, the plant will
simply consist of [A(g,a since all the subplants relevant to B6 were already included
in constructing earlier supervisor languages. At this point, the only events that are
not relevant to B6 or the other remaining specification B2 that do not cause a vio-
lation of the associated L,,-observer property are 71, 72, 81, and 82. The resulting
supervisor language for this module [A(47a can be generated by an automaton with 71
states and 149 transitions.

Now addressing the final specification B2, the plant for this module will consist of
the controlled subsystem from the previous level [%4,(1 and the only remaining plant
component Con2. Since there are no further specifications left, all events not relevant
to B2 are eligible to be considered for abstraction. It turns out, however, that only
events 37 and 38 can be abstracted without causing a violation of the L,,-observer
property. The resulting supervisor language [A(57a for this module can be generated
by an automaton with 165 states and 435 transitions. This is the largest automaton
used to generate any of the modular supervisor languages. Also, construction of
this supervisor language required building an automaton with 220 states and 609
transitions in an intermediate step. The details of each step of this example are
presented in Table 3.1.

For the purposes of comparison, the monolithic supervisor has 2256 states and
7216 transitions, while the composition of all plant and specification components
leads to an automaton with 13,248 states and 46,424 transitions. These numbers give
some indication of the reduction in complexity offered by this approach to supervisory
control. A drawback of this modular approach, however, is that it results in more
restrictive control. In this example, the modular solution is more restrictive than the
monolithic solution, though both solutions allow the FMS to process a maximum of
six pieces at a given time.

The modular solution with the buffers addressed in the order B4 — B7 — BS —
B6 — B2 presented above will be referred to as FMS Modular 1 in the complexity
discussion presented in Section 3.4.4. If the specifications had rather been addressed
in numerical order, B2 — B}, — B6 — B7 — B8, then a different set of modu-

lar supervisors would have been arrived at. This alternate solution, which we will
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Table 3.1: Application of Algorithm 3.1 to FMS example

Step Language States Notes
Constructed | (Transitions)

1 L(B4) 4(7) choose first specification, ¥, = 0.375
L(Robot) 4(6) associated plant components
L(Lathe) 3(4)

2 no relevant events can be projected away

3 L, 12(34) plant: L} , = L(Robot)||L(Lathe)

Ki, 18(23) allowable language: Ki , = L(B4)||L7,

4 K1, 9(10) supervisor language: K| , =supC(K} ., L} )

5 P (K 1.a) does not have to be performed in practice

6 L(B7) 3(4) move to next level of hierarchy, ¥o ~ 0.296

L(AM) 4(5) associated plant components
L(Con3) 3(4)
2 Py (K7 ,) 6(7) {34,52,54} projected away
Py(L(AM)) 2(3) {64,66} projected away
3 Ly, 6(17) Ly, = Py(L(AM))[|L(Con3)
Ly, 36(144) plant: Ly , = Pa(K7 )| LY,
K, 96(294) allowable language: Kj , = L(B7)| L5,

4 K}, 64(189) supervisor language: K4, = supC(K} ., L} ,)

5 Py YKL L) does not have to be performed in practice

6 L(B8) 3(4) move to next level of hierarchy, ¥3 ~ 0.547

L(PM) 2(2) associated plant component
2 P3(K3,) 50(149) {30,74} projected away
3 Ly, 2(2) L3, = L(PM)
L, 100(398) plant: L} , = P3(K3 ,)||LY,
Ki . 210(625) allowable language: K3 , = L(BS)|| L3,

4 K!, 110(315) supervisor language: K3 , =supC(K} ., L% )

5 Py (K3 ,) does not have to be performed in practice

6 L(B6) 2(2) move to next level of hierarchy, ¢, & 0.242

2 Py(K}% ) 40(99) {71,72,81,82} projected away

3 1a — no new subplant components

Ly 40(99) plant: L} , = Py(K} ,)
K}, 80(170) allowable language: K} , = L(B6)||L},

4 K}, 71(149) supervisor language: K} , =supC(K} ., L} )

5 P471(K4/17a) does not have to be performed in practice

6 L(B2) 2(2) move to next level of hierarchy
L(Con?2) 2(2) associated plant component

2 Ps (K} ,) 55(119) {37,38} projected away

3 Ly, 2(2) L5, = L(Con2)

L, 110(348) plant: LY , = P5(K} ,)|ILY,
Kz, 220(609) allowable language: Ky , = L(B2)| L,

4 K, 165(435) supervisor language: K. , =supC(K! ., Lt )

5 P YKL ) does not have to be performed in practice

6 no further subsystems left

7 procedure is finished

refer to as FMS Modular 2, actually results in smaller automata being constructed.

Specifically, the largest automaton that generates a modular supervisor language has



59

106 states and 270 transitions, and the largest intermediate automaton that is con-
structed in the overall process has 210 states and 516 transitions. It turns out these
two modular solutions produce the same behavior, though this will not be the case
in general. These examples give some indication of how difficult it is to determine a

“good” ordering with which to address the specifications.
3.4.3 Automated Guided Vehicle (AGV) example

We will now apply the supervisor construction approach of this chapter to a
system of automated guided vehicles (AGVs). The details of the component spec-
ification and plant modules employed here can be found in [77]. Specifically, there
are five plant modules {AGV}, AGV,, AGV3, AGV,, AGVs} representing each of five
AGVs. Also, there are a total of eight component specifications. Five of these
{Z1, 7y, Z3, Z4, IPS} represent areas of the factory that can only be occupied by
a single AGV at a time, thereby avoiding the collision of AGVs. The remaining
three specifications {W Sy, WSy, WS3} represent workstations and dictate the order
in which parts are unloaded from and loaded to the AGVs. The example presented
in [77] is modified from its original form in [29]. The monolithic supervisor built
for this system is represented by an automaton that has 4406 states and 11,338
transitions. Furthermore, when all component specifications and plant modules are
composed into a single automaton, that automaton has 22,784 states and 67,520
transitions. Note that traditionally constructed modular supervisors are pairwise
nonconflicting, but block when all are acting in conjunction.

One possible solution employing our approach addresses the specifications in the
order 2y — IPS — Zy - WSy — Z3 — WS35 — Z, — W.S;. This ordering was
chosen using Algorithm 3.18 introduced in Section 3.4.1. The largest resulting mod-
ular supervisor constructed by the IHSC approach is represented by an automaton
that has 96 states and 250 transitions. The largest intermediate automaton built
throughout this example has 144 states and 302 transitions.

The modular solution developed here turns out to be suboptimal. Specifically,
it is more restrictive in terms of which areas of the factory can by occupied by
AGVs at a given time than the monolithic solution which is maximally permissive.
However, both the modular and monolithic solutions allow all three workstations to

contain workpieces simultaneously. In the summary of numerical results presented
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in Table 3.2, this solution is referred to as AGV Modular 1. If the procedure of this
paper uses the same ordering of specifications, but chooses to not abstract away some
of the controllable events that could otherwise be erased, then it too provides optimal
control. The largest modular supervisor in this case is significantly larger in that it
is represented by an automaton with 576 states and 1700 transitions. Furthermore,
the largest intermediate automaton built in this process has 864 states and 2100

transitions. In Table 3.2, this solution is referred to as AGV Modular 2.

3.4.4 Complexity discussion

Assessment of the complexity advantage provided by the approach of this chapter
is difficult because in the worst case no abstraction is possible and the size of the state
space grows at the same exponential rate as the monolithic approach. As a result,
we cannot show a bound on complexity that is guaranteed to give an improvement as
compared to the monolithic solution. However, in most cases significant abstraction
is possible through the steps of this procedure resulting in a slowing of the exponen-
tial growth of the state space. The examples presented in this section specifically
give some indication of the level of reduction achievable in terms of the size of the
automata that are built. A table summarizing the results of each of the examples of

this section is given below.

Table 3.2: Summary of Results for IHSC Approach

case # states (f transitions) # states (f transitions)
in largest supervisor | in largest intermediate automaton

FMS monolithic (opt) 2256 (7216) 13,248 (46,424)
FMS modular 1 (subopt) 165 (435) 220 (609)
FMS modular 2 (subopt) 106 (270) 210 (516)

AGV Monolithic (opt) 4406 (11,338) 22,784 (67,520)
AGV Modular 1 (subopt) 96 (250) 144 (302)

AGV Modular 2 (opt) 576 (1700) 864 (2100)

Apart from the size of the resulting automata, it is also necessary to consider
the complexity of the additional operations required of the procedure of this paper,
including the process of applying a natural projection and the process of finding a
natural projection with the observer property. It is known that in the worst case the

projection of a DES can lead to an exponential growth of the state space, thereby
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indicating the time complexity of the operation is at worst exponential. However,
it has been demonstrated in [72] that a projection with the observer property is
guaranteed to result in an abstracted system that is no larger than the original
system. Furthermore, [72] demonstrates that under these conditions the complexity
of generating the projected model is at worst polynomial in time. As far as finding
a projection that possesses the observer property, [15] presents a polynomial time
algorithm for finding an extension of the set of observable events for a projection
such that the projection is an observer. Since the process of building a supervisory
controller also has polynomial complexity, the complexity of the monolithic and
modular approaches will both be dominated by a polynomial complexity operation
applied to the largest intermediate automaton that has to be built. Therefore, the
size of the largest intermediate automaton is a reasonable metric for the complexity
of generating supervisory control for a given system. Furthermore, the size of the
largest resulting supervisor provides a reasonable metric for the complexity of the
implementation of the control scheme.

It should be noted that the algorithm of [15] in many cases finds a reasonably small
extension of the observable event set, though it is not guaranteed to be minimal. This
fact, along with the problem of ordering, indicates that it is not possible to find the
minimal reduction of the state space. We can, however, use intuition and experience
to find reasonably good reductions.

One way to further improve the complexity of our approach is to combine it with
other techniques that exist in the literature. For example, the work of [18] pro-
vides results for certain commonly encountered types of systems. For these classes
of systems, it is shown that conditions on certain modules indicate that they will be
nonconflicting with the rest of the system. As such, these modules do not have to be
considered when trying to guarantee nonblocking of the global system. Reduction in
the number of components that must be considered directly results in less complexity
since the size of the state space grows exponentially in the number of components. It
is also possible that the approach of this chapter can be employed with more compu-
tationally efficient data structures than automata, like binary decision diagrams [3]
and state tree structures [46]. In [46] and [62] different data structures are com-
bined with variations of the supervisory control framework to improve complexity

and understandability.
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3.5 Chapter Summary

This chapter puts forth an incremental procedure for generating a set of modular
supervisors that are nonconflicting by construction. The conjunction of the modular
supervisors was shown to satisfy given specifications without blocking when natural
projections with the L,,-observer property are employed. It is also shown that in
many cases the set of modular supervisors provides suboptimal control. It is ar-
gued that this potential loss of optimality is worth the reduction in complexity this
approach provides.

Examples were presented in Section 3.4, with our modular solution showing sig-
nificant savings in size as compared to the monolithic solution. The approach to
supervisor design presented here is most often useful for systems where the coupling
between elements is well-distributed. If every specification of a system addresses
every plant module, then this approach will likely provide little improvement.

Overall this approach to supervisor construction shares similarities with the work
of [21] and [54], which were developed at approximately the same time and that verify
nonconflict by incrementally constructing the global system using abstraction. The
advantage of the IHSC approach is that it goes beyond just detecting nonconflict to
actually construct modular supervisors that are nonconflicting.

The IHSC approach also shares similarities with another work that was developed
around the same time [17]. This work similarly achieves safe, nonblocking modu-
lar control using an abstraction with the observer property to improve complexity.
In [17], however, the authors construct an additional level of control to resolve con-
flict among the modular supervisors. The modular supervisors constructed by the
IHSC approach are built so that they are nonconflicting by construction, hence an
extra level of control is not necessary. This makes the resulting controllers marginally
less complex to implement than those developed in [17]. Another disadvantage of the
approach of [17] is that their process leads to more interaction between the modules,
thereby limiting the amount of achievable reduction. For example, consider the par-
titioning of the FMS example shown in Fig. 1.4. Since the Robot subplant is shared
between multiple modules; the approach of [17] cannot abstract away any of the
structure of the Robot subplant until the conflict has been resolved between all the

modules that share that component. With the IHSC approach, only those aspects of
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the structure of the Robot subplant that are relevant to the remaining specifications
must be preserved. The THSC approach is also able to achieve a greater reduction
than [17] since it does not require that the abstraction be output-control-consistent.
By foregoing this property, however, the optimality of control that the approach
of [17] is able to achieve is sacrificed.

One way to improve the work of this chapter would be to relax some of the
requirements of the THSC approach. Namely, it could be worthwhile to explore
whether or not the requirement that the specification languages be prefix-closed could
be relaxed, or if reduced supervisors in the sense of [66] could somehow be employed.
It would also be useful if the approach of this chapter could be applied to systems that
do not have the structure of a product system. Looking in the opposite direction, it
would be useful if this approach to supervisor construction could synthesize control
that is maximally permissive by placing additional constraints on the abstraction
we employ. A specific abstraction property that could be investigated would be the
output-control-consistency property required by [17]. A final direction for this work
would be to further explore heuristics for choosing the order in which specifications

are addressed and for determining which events to abstract away.



CHAPTER 4

Equivalence-Based Conflict Resolution

Modular supervisory control is one approach for addressing the DES complexity
problem that is limited in application since modular supervisors can have conflicting
goals and hence can lead to blocking when working in conjunction. The Equivalence-
Based Conflict Resolution (EBCR) approach of this chapter addresses this problem
by proposing a methodology for constructing coordinating filters to resolve conflict
among modular supervisors when it is present. This approach incrementally com-
poses modular supervisors applying abstraction each time a new module is added.
At each step if the resulting composition is blocking, then a filter is constructed to
resolve the conflict.

This type of modular architecture with an additional level of coordinating control
has been employed in previous work, but our approach is unique in that it is the
first to employ a conflict-equivalent abstraction in the construction of the conflict-
resolving filters. Most existing works on supervisor construction that employ abstrac-
tion use an observer-type abstraction. Employing a conflict-equivalent abstraction
is advantageous because it is able to achieve a greater reduction in model size than
an observer-type abstraction [49]. A drawback of a conflict-equivalent abstraction is
that it can introduce nondeterminism into the model.

The work of this chapter, therefore, is developed for nondeterministic automata.
We specifically propose a set of novel requirements on the conflict-resolving filter
laws that, if met, guarantee safe nonblocking control when acting in conjunction with
traditionally built modular supervisors. We then present one possible approach for
constructing filters that meet these proposed requirements. The filter construction
algorithm itself represents a significant contribution in that it generates a covering-

based feedback law in the presence of nondeterminism that results in less restrictive

64
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control than can achieved by existing state-feedback approaches.

The outline of the rest of this chapter is as follows. Section 4.1 introduces some
technical preliminaries. Section 4.2 provides a procedure for resolving conflict as-
suming that filters exist, while Section 4.3 proves that deterministic filters meeting
the given language-based requirements provide safe nonblocking control. Section 4.4
then proposes a set of analogous state-based requirements that allow the determin-
istic filter laws to be represented by nondeterministic automata. These state-based
requirements are then shown to be satisfied by construction for the covering-based
approach to control introduced in Section 4.5. Section 4.6 applies these results to

the FMS example and Section 4.7 summarizes the contributions of this chapter.
4.1 Supervisor Construction and Abstraction

In the EBCR approach of this chapter, supervisors will be built in the sense of [§]
as shown in Definition 4.1. Let H; be an automaton realization of a closed-loop
subsystem S;/G’ consisting of a plant G} under the control of the supervisor ;.
The supervisor synthesis of Definition 4.1 provides that the automaton H; represents
both the closed-loop behavior of the i** module and its associated supervisor since
Si/G; = Hi||G} = H.

Definition 4.1.

Gi = |ljes Gj, where:
Ji = {je{l,...,n} | Eua(Gy) NEa(E;) # 0}
Ln(H;) = supC(L(E) N Ln(GY), L(GY))
L(H;) = Ln,(H;) ¢

In the above, the definition of the allowable language as L(E;) N L,,(G}) results in
a nonmarking supervisor. That is, the supervisor does not affect the marking of the
uncontrolled plant. Additionally, given that the uncontrolled plant is nonblocking,
L(G) = L(G"), this formulation will result in a nonblocking closed-loop subsystem.
The results of this paper will be stated in terms of the closed-loop modules, H;. Since
the results do not depend on the supervisor employed, supervisors can be constructed

in a manner different from Definition 4.1. If there are plant modules G, that do not

share relevant events with any of the specifications E;, they are treated as closed-loop
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modules H; on their own, without any additional supervision. Let {Hy, H, ..., H,}
be the resulting set of automata representing the closed-loop modules.

As the modular supervisors are composed, those events that are not relevant to
any of the remaining supervisors can be “hidden,” that is, they can be replaced by the
silent event 7. Hiding these events assists in achieving a greater reduction in model
size. Specifically, the abstraction that will be employed preserves conflict properties.
The notion of conflict-equivalence was introduced earlier in Definition 2.6. Conflict-
equivalent abstraction in general provides a greater reduction in the state size of
a model than either an observation-equivalent abstraction or a projection with the
observer property [49]. A drawback of a conflict-equivalent abstraction is that it is
not as straightforward to implement; it is implemented via heuristics and a select set
of rules [19] [21]. Also, a unique minimal reduction does not exist in general.

In this paper we will employ the notation G, to represent a conflict-equivalent
abstraction of the automaton . The abstracted automaton will specifically be

generated in the following manner:

Algorithm 4.2. Conflict-Equivalent Abstraction

Step 1: Given an automaton G, “hide” those events in the set ;. One approach
for constructing the set ¥, in the context of the approach of this paper is presented
within Algorithm 4.6 of Section 4.2. These events are hidden by replacing their
occurrences in the automaton G by the silent event 7 resulting in an intermediate
automaton G’.

Step 2: Apply the conflict equivalence preserving rules that will be identified in
Section 4.3.2 and are taken from [19] [21] to G’. The result of these rules is the

reduced automaton G,. <

Remark 4.3. By construction, the intermediate automaton G’ and the abstraction
G, are conflict equivalent per Definition 2.6. However, the original automaton G
and the reduced automaton G, are only guaranteed to be conflict equivalent with
respect to automata that do not have any relevant events that were hidden in the
process of generating G’. In the remainder of this paper, we will only hide events
in a manner consistent with this fact, that is, events are only hidden if they are
not relevant to any remaining automata. In a slight abuse of notation, we will still
write that G >~ G,. Note also that G' and G, are consistent with respect to the
property of blocking. <
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The software tool Supremica can be employed for generating conflict-equivalent
abstractions [1]. Since each automaton in this dissertation has the same event set >,
it is implied that any hidden events are self-looped at every state of the resulting au-
tomaton. However, we will not in general picture all of these self-looped transitions.

Example 4.4 demonstrates a conflict-equivalent abstraction.

Example 4.4. Consider automaton G in Fig. 4.1 where event f is not relevant to any
other automata. Since f is “local” to G, we can hide it by replacing all occurrences of
f by the silent event 7 resulting in a new automaton G'. In G’, states 1 and 2 are not
observation equivalent because state 1 has the observed continuation bc while state 2
does not. States 1 and 2, however, can be merged to achieve the conflict-equivalent
automaton G,. We will consider the abstraction G, to have the same alphabet as
G, namely Y., but will not picture an event (except 7) if it is not relevant to the
automaton. Therefore, one can imagine that (G, has the event f self-looped at every

state. A consequence of this abstraction is that (G, is nondeterministic. ©

Figure 4.1: Illustrative example of a conflict-equivalent abstraction

In order to make the conflict-equivalent abstraction useful, we need to show that
it is preserved under the synchronous composition operation ||. This result follows

from Proposition 4.5 which is a reformulation of a result from [50].

Proposition 4.5. Let G, G,, and H be automata. Also assume that any events
hidden in the process of generating G, (Algorithm 4.2) are not relevant to H, that
is, S(H)NXp =0. If G ~ong Gy then G||H ~onp Go||H. See Remark 4.3.

The above proposition can be used to show that if no relevant events shared
between G and G5 are hidden, then G1||Gs ~cpns G1,4]|G24. Analogous results can

also be shown for conflict-equivalent languages.
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4.2 Incremental Conflict Resolution Using Filters

The overall goal of this chapter is to generate a set of modular supervisors and
conflict-resolving filters that control the behavior of a given plant so that it satis-
fies a set of specifications in a nonblocking manner. A further goal is to limit the
computational complexity of constructing the supervisors and filters. In this section
we describe a procedure by which conflict is incrementally detected and resolved
among modular supervisors. Requirements on the conflict-resolving filters are pre-
sented in Section 4.3 and Section 4.4, while an algorithm for constructing the filters
is presented in Section 4.5.

In the following procedure, it will be assumed without loss of generality that the
modules H; are addressed sequentially, that is, each pass through the procedure the
next module added to the composition has index ¢+ 1. Additionally, the composition
for which the last module added was H; will be denoted H; where the index i,
therefore, indicates both the current composition of components as well as the most
recently added module. Since a filter is constructed to resolve conflict in a given
composition H; only when the composition is blocking, the index j on filters Hpy ;

increments independently.

Algorithm 4.6. Conflict Resolution

Step 1: Build modular supervisors according to Definition 4.1. Note that the super-
visors may be constructed in other ways as long as the closed-loop automaton H; is
employed in the subsequent steps. Any plant components that are not addressed by
a specification are treated as additional closed-loop modules. Let {Hy, Ha, ..., H,}
represent the resulting set of closed-loop modules. Section 4.3.4 identifies a special
case where the full closed-loop automaton H; need not be employed.

Step 2: For each supervised subsystem H;, generate a conflict-equivalent abstraction
H; , according to Algorithm 4.2. The set of hidden events in this step corresponds to
those events relevant to only a single H;, that is, X, = X — U#j(ZTel(Hi) NEe(Hj)).
Step 3: Choose an abstracted subsystem H;, with which to begin the procedure.
Let H], = H;, where i = 1 is the index for the individual closed-loop modules. Also
initialize the index for the filters, j = 1.

Step 4: Choose one of the remaining abstracted subsystems, H; 4, to compose with

H; ,. This operation is performed via synchronous composition, H; ,; = H; || Hi;1,4-
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Step 5: If the composition Hj,, is nonblocking, skip to Step 7, otherwise proceed to
Step 6.

Step 6: At this point a coordinating filter law Hypy; : L(H/ ;) — 2 must be
generated to resolve the detected conflict in the preceding blocking composition.
Otherwise stated, Hpy; is built so that the controlled system Hgpy ;/H! 41 1S non-
blocking. Specific requirements for this filter will be presented in Section 4.3 and
Section 4.4, and an approach for its construction will be proposed in Section 4.5.
After the filter is constructed, increment the filter index j.

Step 7: If all controlled subsystems have been addressed, then i = ¢ and the proce-
dure is finished. Otherwise, more abstraction is performed according to Algorithm 4.2
and this overall procedure is repeated beginning at Step 4. The abstraction is per-
formed in order to take advantage of the fact that some events are no longer relevant
to any remaining abstracted subsystems and hence can now be hidden. More pre-

cisely, the set of hidden events becomes

SheShU(E— | Sra(Hra) (4.1)
k>i+1
and Hj , = H]

mented before returning to Step 4. ¢

ollHit1,q is abstracted to generate H;,,,. The index ¢ is then incre-

The process in Step 4 to Step 7 of abstracting and composing subsystems and
adding filters as necessary to prevent blocking is repeated until there are no more
subsystems remaining. The work of [21] offers a sizable survey of heuristics for
determining the ordering with which subsystems are addressed. The end result of this
procedure is a set of filters that act in conjunction with the set of modular supervisors.
If the controlled subsystems are nonconflicting on their own, no filters are needed. If
a filter is generated that is the empty automaton, it is possible that a nonempty filter
can be found by abstracting away fewer details of the controlled subsystems, that
is, by making 3, smaller. A nonempty solution could also be found by addressing
the modules in a different order. This approach to conflict resolution is unique in
that it is the first to employ conflict-equivalent abstraction in the construction of
coordinating filters for conflict resolution. The details of this coordinating level of
control will be discussed in the following three sections. Section 4.3 provides a set of
language-based requirements that are sufficient to guarantee safe nonblocking control

when the filters are represented by deterministic automata. Section 4.4 then provides
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an analogous set of state-based requirements that allow the deterministic filter laws to
be represented by possibly nondeterministic automata, while Section 4.5 introduces

a methodology for constructing filters that satisfy these state-based requirements.
4.3 Language-Based Filter Requirements

In the preceding section, Algorithm 4.6 was presented for incrementally resolving
conflict among a set of supervised subsystems. In this section we will provide a set
of language-based conditions on these deterministic filter laws and prove they are
sufficient to provide safe nonblocking control when acting in conjunction with tradi-
tionally built modular supervisors. Within this process, we will examine the details
of how a conflict-equivalent abstraction is generated. At the end of this section, we
will also discuss how the closed-loop modules constructed as part of Algorithm 4.6
can be reduced to further improve the overall complexity of our approach.

In Algorithm 4.6, each filter law Hg ; is built with respect to a blocking composi-
tion of abstracted automata that have preceded it. Here we will denote the associated
blocking composition B;,. In the proofs that follow, we will assume that the control
required by each filter law Hgy, ; is realized by a deterministic, nonblocking automa-
ton Hpy, ; and applied via synchronous composition, that is, Hpy ;/Bja = Hfu j|| Bjas

therefore,

Bjo= (Hayj—1ll - (Hp, 1 || Hial Hza)a - - )all Hij

Furthermore, we will prove that deterministic filter automata meeting the follow-
ing three requirements (R1-R3) will provide safe nonblocking control when acting in
conjunction with the modular supervisors.

Language-based filter requirements
R1) Hgy j||Bja is nonblocking
R2) L(Hgy ;) is language controllable w.r.t £(B;,)

R3) Yre(Hpj) N Xp =0

In the above, requirement R3 is meant to prevent a given filter law from trying
to affect the occurrence of events that have been hidden. Since the set ¥, changes
at each iteration, it is implicit in R3 that >, be the set taken at the time the filter
Hgy ; is constructed. We must now prove that these requirements are sufficient for

guaranteeing safe nonblocking control can be realized.
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In Section 4.4 we will present new state-based requirements that will allow our
deterministic filter laws Hz;, ; to be realized by possibly nondeterministic automata.
These state-based requirements are also shown to be satisfied by filters constructed

according to the algorithm of Section 4.5.
4.3.1 Nonblocking

Recall that the conjunction of modular supervisors satisfies the global specification
E. Since the addition of filters only serves to further restrict the behavior of the
system, the conjunction of filters and modular supervisors also provides safety. We
will now demonstrate global nonblocking. In the following we will assume sequential

ordering of the automata without loss of generality.

Theorem 4.7. Let H; be the automaton representing the behavior of the it" con-
trolled subsystem where i € {1,...,q}. Also let there be filter automata Hgy ;,
Jj € {1,...,k}, constructed according to Algorithm 4.6 and satisfying requirements
R1 and R3. The conjunction of supervised subplants and filters

Hap gl - .- | Hpw gl Hill - - - [|[Hy ts then nonblocking.

Proof.

e By the procedure of Section 4.2, automata are incrementally abstracted and com-
posed. Assume the first two abstracted automata do not conflict. Therefore, Hy 4||Ha 4
is nonblocking. Since X,(H1) N E,q(H2) € (X — X)), Hial|H2a ~cons Hil|Ha by
Proposition 4.5. Therefore, H;||Hy is also nonblocking since conflict equivalence
preserves blocking properties.

e Assume the addition of a third automaton also does not cause conflict, then
(Hi14l|H2,)al|Hs o is nonblocking. Noting again that conflict equivalence holds across
synchronous composition when shared relevant events are not abstracted away,
(Hyal|H2.4)al|Hs o is conflict equivalent to Hy ,||Ha.||Hs. Since those events made
silent in the generation of H;, and H,, are not relevant to any of the remaining
subsystems, Proposition 4.5 provides that Hi .|| Haal|Hs ~eons Hil||Hz2||Hs. Further-
more, since equivalence relations are transitive, (Hy q||H2a)al|Hsa ~cons Hil|Ha|| Hs.
Therefore, Hy||Hz||Hs is also nonblocking.

e Assume for the first i; automata addressed, where 1 < 47 < ¢, no conflict is

detected. Therefore, the resulting nested composition given below is nonblocking.

Hz{l = (( . ((Hl,aHHZa)aHH?),a)aH . -)aHHh—l,a)a”Hh,a (4-2)
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Following the logic above, the expression in equation (4.2) is conflict equivalent to
Hy||Hs||...||H;,. Therefore, Hy||Hs|| ... ||H;, is nonblocking since the expression in
equation (4.2) is.

e If i; = ¢, then there are no filters and we are done. Otherwise, the filter Hgy ; is
needed to resolve the conflict in Hj, ,||H;, 11,4, where H , is the further abstraction

of the expression in equation (4.2). By R1, Hay ;|| H], ,||Hi +1.4 1s nonblocking. By

Lall

Proposition 4.5 and the above, H; | H; 41,4 is conflict equivalent to Hy||... || H;, 1.
Therefore, Hpy 1 ||Hj, .|| Hi, 11,0 is conflict equivalent to Hygy, ;| H1|| . . . || Hi 41 by Propo-

sition 4.5 since no events in X, at this point are relevant to Hz; ; by R3. Therefore,
Hgp 1||Hyl| - .. ||Hiy+1 is nonblocking since H g | Hj, ol Hiyg1,a is.
e Let automata H;, 19, through H;, , be added such that the following expression is

nonblocking, where i; + 2 < iy < q.

Hi, = (o (Hpant | Hi, ol Hivs1.0)all Hisv2.0)all - all His (4.3)

Following the logic employed above, it can then be shown that the expression in
equation (4.3) is conflict equivalent to Hpy (|| Hi|| - .. || Hiy41||Hiy+2l| - - - || Hip, which
is in turn nonblocking also.

e If iy = ¢, then there are no more filters and we are done. Otherwise, the filter Hgy »
is needed to resolve the conflict in the composition Hj, || H;, 41,4, where Hj, , is the
further abstraction of the expression in equation (4.3). By R1, Hgy s | Hj, .|| Hiy11,4
is nonblocking. By Proposition 4.5 and the above, H], ||H;, 1,4 is conflict equiva-
lent to Hpy (|| H1|l - .. || Hi,- Therefore, Hpy o| H]

ir.al[Hiz41,4 is conflict equivalent to

Hp ol|Hp,1 ||Hall - - . ||Hsiy by Proposition 4.5 since no events in 3, at this point are
relevant to Hgy o by R3. Therefore, Hpy o||Hpur 1|/ H1l| - - - || Hi, is nonblocking since
Hppy o||H, o[ Hiy 12,0 15.

e Repeating this process, supervised subsystems and filters are added to the compo-
sition until they have all been addressed. The resulting composition

Hap gl - - [|Hpw gl H1ll - - - [|Hg s, therefore, shown to be nonblocking. O
4.3.2 Conlflict-equivalence preserving rules

We now need to demonstrate that the control required of these filters is realizable.
For a deterministic control law, this corresponds to demonstrating the language

controllability condition of equation (2.1). In order to demonstrate this, we will



73

require that our conflict-equivalent abstraction satisfies the following property, where
P, : ¥* — (X — Xp)* is the natural projection that erases those events that have
been hidden.

Pu(L(H)) = Py(L(H,)) (4.4)

In words, we need that the original and reduced automata generate the same
projected languages. We will specifically demonstrate which rules of [19] [21] applied
in Step 2 of Algorithm 4.2 achieve the property required by equation (4.4). We must
first, however, introduce the following equivalence relation from [21]. This relation

is employed in some of the reduction rules to follow.

Definition 4.8. [21] Let G = (Q, X,, 9, qo, @:n) be an automaton. The binary rela-
tion ~;,.C Q X @ is defined such that ¢ ~;,. ¢ if:

Go=q < ¢=q;
VpeQandVo €Y 1 p>q < p=>4q. ¢

The relation ~,. defines two states as being equivalent if they are reached in the
same observed manner. In a sense, this relation is dual to observation equivalence
where states with the same observed future are equated. The following two rules
from [21] employ the relation ~;,. to identify conflict-equivalent states. Two states
are defined to be conflict equivalent if they have future behaviors that cannot be
distinguished by conflict equivalence. The reduction of the automaton model is then
achieved by merging conflict-equivalent states.

1) Active Fvents Rule: Two states that are equivalent with respect to ~y,. and
have the same set of active events are conflict equivalent. The active event set of a
state ¢ is defined here to be those events o € ¥ for which there exists a string ¢ € X7
such that 6(¢q,t)! and P.(t) = o.

2) Silent Continuation Rule: Two states that are equivalent with respect to ~ .
and from which states without outgoing 7 transitions can be reached via a nonempty
sequence of 7 transitions are conflict equivalent.

Observation-equivalence provides another rule for identifying conflict-equivalent
states since observation equivalence implies conflict equivalence [21].

3) Observation Equivalence Rule: Two states that are observation equivalent are

also conflict equivalent.
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The requirement presented in equation (4.4) can now be demonstrated for au-
tomata abstracted by applying the Active Events Rule and the Silent Continuation

Rule based on their reliance on the binary relation ~y,..

Proposition 4.9. Let there be two (possibly nondeterministic) automata H and H,,
where H = (Q, 2+, n, qo, Qm) and H, is an abstraction generated by Algorithm 4.2.
If only the Active Events Rule and the Silent Continuation Rule are applied in the
process of abstraction, then Py,(L(H,)) = Py,(L(H)), where Py, : ¥* — (3 — Xp)*.

Proof.
e Following the first step of Algorithm 4.2, let H' = (Q, %, 0}, qo, @) be the au-
tomaton generated by replacing those transitions of H that are in ¥, by the silent

event 7. It is then apparent that:
Pu(L(H')) = Pr(L(H)) (4.5)

e Next, assume that H, is generated from H’ by first merging the single pair of
distinct states ¢,q' € @, where ¢ € 9,(qo,$), ¢ € 9,(qo,5), and s,s € £¥ . See
Fig. 4.2. Since it is assumed that equivalent states are identified by only the Active
Events Rule and the Silent Continuation Rule, we then have that ¢ ~;,. ¢'.
e Let [ € XF be a string accepted by H'. We now must show that P,(P,(l)) €
PUL(HY) & Pu(P.(1)) € Pu(L(H,))
(Case 1)
e Let | € ¥ be a string accepted by H' such that [ does not pass through either of
the states to be merged, that is, s,s" £ [. It logically follows that P,(I) € L(H') <
P.(l) € L(H,) and further that P,(P;(])) € P,(L(H')) < Py(Pr(1)) € P,(L(H,)).
(Case 2)
e We will now examine all strings [,{" € ¥ accepted by H’ that do pass through ¢
and ¢’ respectively. If [ passes through the states ¢ and ¢’ more than once, then let
s < [ be the prefix of [ that last reaches ¢. Likewise, let s’ < I’ be the prefix of [’
that last reaches ¢'.
e Therefore, let | = st where q € §(qo,s). Furthermore, fv € ¥* — {e} such that
sv <l and q € 0},(qo, sv) or ¢ € 9, (qo, sv). Likewise, let I’ = 't where ¢’ € 6(qo, 5).
Also, fv € X — {e} such that s'v <" and q € J}(qo, s'v) or ¢’ € &}, (qo, s'v).
e In the following we will examine the string [. To examine I, the logic is the same

just with relabeling.
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e (C) Merging g and ¢’ means that if the strings st and s't’ are accepted by H’,
then st, st’; s't, and s't’ are accepted by H, (see Fig. 4.2). Furthermore, recall that
q ~ine ¢'- Referring to Definition 4.8, this means that either P.(s) = P,(s') = ¢, or
that s = ru and s’ = ru’ where p = 6},(qo, ) and P-(u) = P,(u’) = 0. In either case,

P.(s) = P.(s'). It then follows that:
P, (st) = P,(s't) and P,(s't") = P,(st") (4.6)

Therefore, P, (st), P.(s't') € L(H') = P,(st) = P (s't),P.(s't') = P.(st') €
L(H,). Since | = st, this also means that P,(P.(l)) € P,(L(H')) = Py,(P.(])) €
Pu(L(H,)).

e (D) Again by merging ¢ and ¢, we have that the strings st, st’, s't, and st/
are accepted by H,. This, therefore, implies that at least two elements of the
set {st,st’,s't,s't'} are accepted by H’ where each of the strings s, s, ¢, and #/
is used in at least one of the strings accepted from the set. Employing equation
(4.6) again, we then have that P, (st), P (st'), P.(s't), Pr(s't") € L(H,) = P;(st) =
P.(s't), Py(s't") = P.(st') € L(H'). Also since | = st, Py(P;(l)) € Py(L(H,)) =
Pu(P.(1)) € P(L(H)).

e Taking Case 1 and Case 2 together, since it is true VI accepted by H’ that
P(P-(l)) € P,(L(H") < Pu(Pr(l)) € Py(L(H,)), we have that P,(L(H')) =
P(L(H,)) if a single pair of states have been merged.

e If we further abstract H, by merging another pair of states that satisfy the bi-
nary relationship ~,., we can repeat the logic above. Therefore, we can show that
Py (L(H")) = Py(L(H,)) in general. This in conjunction with equation (4.5), there-

fore, proves our ultimate desired result. O]

Ha: S J
- El
S t

Figure 4.2: Example of an abstraction using an equivalence relation

Similar logic to the above proposition can be employed to show that for two
observation equivalent automata H and H,, equation (4.4) also holds. This fact is

noted by [64]. Other rules found in [19] can be derived based on Rules 1-3 mentioned
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previously, therefore, they will also satisfy equation (4.4). In the EBCR approach,
we will only apply rules which derive from these three rules. If other rules that meet
equation (4.4) can be identified, then they can be employed in our application as
well.

Now recall that a reduced automaton H, has replaced all hidden events with the
7 event then added self-loops at every state for each hidden event, therefore, none
of the events that have been made silent are relevant to H,. This in turn means
that P, ' (P,(L(H,))) = L(H,). Here P,' is an inverse projection which expands
the alphabet from (X — ;) to . In terms of automata, P, ' adds self loops at every
state for all events in 3. This logic along with equation (4.4) then provides that:

Py (Po(L(H)) = Py N (Pu(L(Ha))) = L(H,) 2 L(H)

Defining the languages marked by these automata as K = L£,,(H) and K, =

L,,(H,) and assuming the automata are nonblocking, we then have that:
K,2K (4.7)

A final reduction rule of [21], the certain conflicts rule, is not guaranteed to satisfy
the containment of equation (4.7). However, this rule is only relevant to blocking
automata and hence is not employed in our approach. The certain conflicts rule
could be modified to add self-loops for events that have not been hidden in order to
provide the containment of equation (4.7) without affecting conflict equivalence.

Repeated application of equation (4.7) can be used to generate the expression in
equation (4.8) where each K; is either the marked language of a closed-loop module
or a coordinating filter. Below we will show a few steps of the logic that leads us to
equation (4.8).

Beginning with the expression K; N Ky N ... N Kj_; N K, equation (4.7) can be
used to show that E D K and that m D K,. Therefore,

KioNKyuNK3N..NK,  NEK, DK NK,NK3N...NEK, 1 NKy

Applying equation (4.7) again, we have that (K ,NKsy)e 2 K1 0N Ky, and that

Ko 2 K3. Combining these results with the above expression, we then have that:

(K1aNKog)a NK3,N...NK 1 NEKy, DK NKoNKzN ... .NKp 1 NEKy
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Continued repetition of the above logic then leads us to equation (4.8) that will

be employed in the proofs of the next section.

(.. (K1aNKog)aNK3a)aN . )a NKp 10)a N Ko 2 K1 N...NEK,  (4.8)
4.3.3 Controllability

Equation (4.8) and Propositions 3.3 and 3.4 defined earlier will help to demon-
strate that our filters acting in conjunction with the modular supervisors will be
language controllable with respect to the global uncontrolled plant language L. First
though, we need the following lemma that demonstrates language controllability for
the conjunction of a single filter and its associated blocking composition. This result
will then be applied repeatedly to show controllability of the conjunction of all mod-
ular supervisors and filters. We will denote the languages marked and generated by

the filters Hpy j respectively as Kpy j = L (Hpn ;) and Kay; = L(Hp ;).

Lemma 4.10. Let Kgy, K1, Ko, ..., Ki, and L C X* be languages and L be prefiz-
closed. Let the subscript ‘a’ represent an abstraction satisfying K, O K. Also let
Kgy, K1, Ky, ..., Kj be a nonconflicting set. Let ¥,, C X be the set of uncontrollable
events. If Kz is language controllable with respect to L' = (... (K14 N Kag)a N
. )aN Ko and Ky, Ky, ..., Ky are each language controllable with respect to L,
then Kg, N Ky N ...N Ky is language controllable with respect to L.

Proof.

e It is given that Kpy is language controllable w.r.t. L/ :
KX, NL, C K

e Noting equation (4.8), intersection of both sides of the above with L' = K; N Ky N
...N K, gives us that:

KyX.NL C KgNnlL (4.9)

e It is further given that K;, Ky, ..., K} are each language controllable w.r.t. L.
Hence, 'Y, N L C L’. This fact combined with equation (4.9) gives us that:

Ky, N(L'S,NL) € KX, NL' C Kz NL'
and substituting the expression for L' we get

(K NEKiN..NK)S,NLC Ky NEK N...N Ky
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e Also recalling that it is given that the set Kpy, Ky, Ko, ..., K} is nonconflicting,

we have our desired result:

(KpeNEKiN...NEK)ES,NLC Ky NEKy N N K
[l

The following theorem provides the language controllability result for the global

system that we require.

Theorem 4.11. Let K; = L,,(H;) be the language representing the behavior of the
it subplant L; = L(G!) under the supervision of the i modular supervisor where
ie{l,...,q}. Furthermore, let there be filters Kgy;, j € {1,...,k}, constructed as
part of Algorithm 4.6 and satisfying requirements R1 and R2. The conjunction of
supervised languages and filters Kgy 1 N ... N Kgpp N Ky N ... N K, is then language
controllable with respect to the global uncontrolled plant L = L(G) = LyN...N L.

Proof.

e Each supervised language K; is language controllable with respect to its associated
subplant L. by construction. Since L C L. for each local subplant, each closed-
loop language is also language controllable with respect to the global plant L by
Proposition 3.3.

e Let the set Ki,..., K;, be nonconflicting, where 1 < 43 < ¢. Since each K; is
language controllable with respect to L, K1 N ... N K;, is also language controllable
with respect to L by Proposition 3.4.

e If iy = ¢, then there are no filters and we are done. Otherwise, the filter K ;
is needed to resolve the conflict in the composition K{La N Ki 41,4, where K| , =

i1,a

(( .. (KLGOKQ’Q)&Q. . -)amKil,a>a' By R1 and Theorem 47, the set Kﬁlt,17 Kl, c. 7Kz'1+1

is nonconflicting. Also by R2, Kz ; is language controllable with respect to K/ , N

Ki 114, where K] = ((... (K1 N Kaa)aN...)a N Ky a)a- Therefore, Kgy N K; N

i1,a
... N K; 41 is language controllable with respect to L by Lemma 4.10.

o Let K 19,..., K;, be chosen such that the set Kz 1, K1,..., Kj 1, Kij42,..., K,
is nonconflicting, where iy +2 < iy < ¢. Also, since Kpy; N Ky N...N K; 41 and
each K, is language controllable with respect to L, Proposition 3.4 provides that
Kae s N Ky N...N K;, is language controllable with respect to L.

o If i3 = ¢, then there are no more filters and we are done. Otherwise, the filter

Ky 2 is needed to resolve the conflict in the composition Kgm N Kj,+1,4, Where
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K! = (( .. (Kﬁlt,l,a N K! )a N Ki1+2,a .. ')a N Kig,a)a- By R1 and Theorem 47,

22,a 11,

the set Kpy 2, Kan.1, K1, ..., K41 is nonconflicting. Also by R2, Kgy » is language
controllable with respect to K| , N K414, where K| = ((... (Kpg, 1. N K] ,)a N

i2,a i2,a i1,a

Kiyoa.-)aNKiya)a Hence, Kpy i N Kpu o MK N...N K,y is language controllable

with respect to L by Lemma 4.10.

e Repeating this logic, supervised modules and filters are added to the composition
until they have all been addressed. The resulting composition Kg; ; N ... N Kppp N
KiN...N K, is, therefore, shown to be language controllable with respect to L. [

Theorem 4.7 and Theorem 4.11 therefore provide the desired result that determin-
istic filter laws built to satisfy requirements R1, R2, and R3 provide safe, nonblocking

control when acting in conjunction with the modular supervisors.
4.3.4 Supervisor reduction

A further improvement over Algorithm 4.6 presented in Section 4.2 is that in
some instances a closed-loop module H; can be replaced by a reduction in the sense
of [66], prior to the module being abstracted using a conflict-equivalent abstraction.
For a plant G’ and supervisor automaton S;, [66] shows how to generate a reduced
supervisor C; that provides the same behavior as .S; when acting on the given plant,
that is, G;||G} = S;||G;.

In our procedure, we propose that a closed-loop module H; = S;||G% can be re-
placed by the reduced supervisor C; if the components making up the associated
plant G are included in other plant modules {G'|j < i} that have already been ad-
dressed; here it is assumed the modules are addressed in numerical order. Otherwise
stated, J; C U,;J;, where J;, is the set of indices of subplants in the composition that
produces Gj.. The following proposition formalizes this idea for a situation involving
three closed-loop modules and a single filter. Figure 4.3 can be referenced to help
visualize the result. In the following, each of the closed-loop modules H; = S;||G
are supervised such that they satisfy the corresponding specification E;. The corre-
sponding subplants are defined as G} = G1||G2, G5 = Gs||Gy4, and G = Go||G3.

Proposition 4.12. Let Hy, Hs, and Hs be deterministic closed-loop modules. Let
Cs be the reduction constructed in the manner of [66] corresponding to the module
Hjy = S3||GY where S3 and G are respectively the deterministic supervisor and plant.

Also, let Hgy ; be a filter automaton constructed to satisfy requirements R1 and R3
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Figure 4.3: Three specification example for demonstrating supervisor reduction

with respect to the blocking composition (Hyq||H2a)al||Cs.e- If L(H:||H2) € L(GY),
then Hgy 1 ||(H1allHoa)allCa.a ~cons Hiput,1 || H || Ha || Hs.

Proof.
e Since requirements R1 and R3 are given, the logic of Theorem 4.7 can be employed
to show that

Hpr 1 |(H1al| Ha2,0)all Cs.0 ~cong i1 || H1 || Hz2||Cs (4.10)

e Since it is given that L(H;||Hy) C L(G%) and the involved automata models are
deterministic, we have that H,||Hy = H, || Hz||Gj.
e Therefore,

Hye,y || Ha || Ha||C3 = Hpe,1 || Ha[| Ha||G5]|Cs (4.11)

e Since Cj is a reduced supervisor of S3, we further have that Hy = S5]|GY = Cs||GY.
Therefore,
Hip, 1 | HA || H2|| G5 [|Cs = Hpun, 1 | Hy || Ho|| H s (4.12)

e Since equality implies conflict equivalence, by equations (4.10), (4.11), and (4.12)

we have the desired result that

Hen 1||(Hig

H2,a)a||03,a :conf Hﬁlt,] ||H1||H2||H3

]

The idea of employing supervisor reduction in conflict resolution was first em-
ployed by [16] in constructing a different sort of conflict-resolving coordinator. The
real advantage of this result is that since the relevant event set of C} is smaller
than the relevant event set of H;, more reduction can take place in generating the

conflict-equivalent abstractions of the preceding H;.
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4.4 State-Based Filter Requirements

In this section we will propose a new set of state-based requirements that are
analogous to the language-based requirements of Section 4.3 (R1-R3). These new
requirements are necessary because of the nondeterminism introduced into our mod-
els by the process of abstraction. The language-based requirements are not sufficient
to guarantee safe, nonblocking control when applied to nondeterministic filter au-

tomata.

4.4.1 Supervisory control in the presence of nondeterminism

A difficulty that arises in considering how to construct filters is that each blocking
composition B, , is possibly nondeterministic because of the abstraction employed.
Determinization is not appropriate in this instance because it can change the blocking
properties of the automaton model. In addition, it can result in a new model with
a state space that is exponentially larger than the original nondeterministic model.
To avoid the determinization process, we need to specify a set of requirements and
a filter construction algorithm that addresses nondeterminism.

An alternate way to think about our problem is that each blocking composition
B, is like our uncontrolled plant and we are trying to build a supervisor (the fil-
ter Hgy ;) to achieve a specification in a nonblocking manner. If we consider our
specification to be the language ¥*, then we have a situation where the “plant” is
nondeterministic and the “specification” is deterministic. Of the existing research on
supervisory control in the presence of nondeterminism, some address the situation
where either only the plant is nondeterministic [36] [53] or only the specification
is nondeterministic [13]. Still other research allows the supervisors to be nonde-
terministic but only in application to partially observed deterministic plants and
deterministic specifications [31] [35]. The works applicable to our situation [36] [53]
demonstrate conditions for supervisor existence, but do not provide a supervisor
construction algorithm.

Another, perhaps more intuitive, way to think about our situation is to consider
our specification to be the trim of B;,. Therefore, we have a situation where our
“plant” and “specification” are both nondeterministic. Research that addresses this
situation is presented in [24] [52] [81]. The work of [52] only addresses deadlock

avoidance and its construction algorithm for building supervisors has exponential
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complexity. In the work of [81], conditions are presented under which a supervisor
exists that can achieve behavior that is bisimilar to the given specification. A lim-
itation of [81] is that supervisor synthesis is not addressed other than to mention
that a search can be performed over the cartesian product of the plant and speci-
fication state spaces. The work of [24] handles the situation of a nondeterministic
plant and specification by converting the models to partially observed deterministic
ones. At this point, traditional techniques for control under partial observation can
be applied. This approach could be applied to our situation, but we hope to avoid
the conversion process and the exponential complexity of the traditional techniques.

As existing works do not provide a methodology for constructing the filters re-
quired by Algorithm 4.6 with less than exponential complexity, we will propose our
own approach for constructing deterministic filter laws that meet the requirements
R1, R2, and R3. We will represent these deterministic control laws by possibly
nondeterministic automata in order to keep the representation compact and in or-
der to avoid determinizing the model. One problem that arises is that language
controllability is insufficient to assess the realizability of a control law in regards to

nondeterministic automata, as demonstrated by the following example.

Example 4.13. Consider the automata in Fig. 4.4 where G is the plant and H is the
specification and event b is uncontrollable. Since the string ab is in £(G) as well as in
L(H), L(H) is language controllable with respect to £(G). However, the automaton
H still requires that the uncontrollable event b be disabled at state 2. ¢

Figure 4.4: State controllability example

4.4.2 State controllability and observability

One solution to address the limitation of language controllability with respect to

nondeterministic automata is to require a state controllability property similar to
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what was done in [13] and [81]. Language controllability requires that following an
observed string s, if there is an uncontrollable continuation ¢ allowed in the plant
automaton, then at least one instance of ¢ must be allowed following a string with
the same observation s. With the state controllability property of [13] and [81], it
is rather required that the continuation o be allowed following every string with the
observation s. In the case of subautomata as defined below, we can apply a slightly

weaker notion of state controllability.

Definition 4.14. H = (Qp, X+, 0n, qon, Qmn) is a subautomaton of
G = (Qy,2:,04, 90y, Qmg) denoted H C G if and only if

@n C Qy, qon = Gogs Qmn = Qmg N &y and
p € op(q,0) = p€iyg,o) <

The idea of this weaker notion is that following a string with an observation s,
we will require that an instance of an uncontrollable event ¢ must be allowed only
if the event o is possible in that particular state of the plant automaton. That is, if
there is a string with an observation s that leads to a state in the plant automaton
where o is not possible, then ¢ does not have to be enabled at that state. Both state
controllability properties imply language controllability. We will now formally define

our state controllability property for a subautomaton.

Definition 4.15. Let X, C X, with 7 € X,,. Subautomaton H of GG is state control-
lable in G if

Vs for which 65,(qo, s)! and Vg € 01,(qo, s) and Vo € £, p € 0,(¢q,0) = p € du(q,0) ©

State controllability as a property, however, is not sufficient to provide that the
subautomaton H represents a deterministic control law with respect to G. If the
same observed string leads to two different states, those two states could require

conflicting control actions. As such, we need a new observability-type requirement.

Definition 4.16. Let X, C >. Subautomaton H of G is state observable in G with

respect to the event set X, if

Vs for which 6p(qo, s)! and Vq € 0,(qo, s) and Vo € X,
P.(s)o € L(H) and p € 04(q,0) = p € du(q,0) ©
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Taken together, state controllability and state observability provide that H rep-
resents a deterministic control law with respect to G. This is demonstrated formally
by the following theorem that shows that a deterministic automaton H,,, that gen-
erates and marks the same languages as H will produce a result that is bisimulation
equivalent to H when it is composed with G. In essence, H,, can be considered
a deterministic supervisor that achieves the specification represented by the nonde-
terministic automaton H for the nondeterministic plant model G. Similar results
for generating control for bisimulation equivalence can be found in [47] [55] [67], but
none demonstrate the following specific result. Here we implicitly assume the states

of the automata are reachable.

Theorem 4.17. Let H = (Qpn, X7, 0h, 90, Qmn) and G = (Qg, 2+, 04, G0, Qmg) be
(possibly nondeterministic) automata such that H T G and H is state control-
lable and state observable in G. Also let ¥, = X.UX, where 7 € X,,. If Hyy =
(Qhos 275 Ohoy Pos Qmno) 18 a deterministic automaton for which L(Hyps) = L(H) and
L (Hops) = L (H), then the synchronous composition H |G =

(Q 2+, 0y, (Po, Q0), @my)) 1s bisimulation equivalent to H.

Proof.

e Since H C @, Definition 4.14 implies that £(H) C L(G). Also, since L(H) =
L(Hops), L(Hops||G) = L(Hops) N L(G) = L(H).

e Therefore, H,||G and H are equivalent in terms of the languages they generate.
We will show in the following, however, that they are also bisimulation equivalent.
o If H is the empty automaton, then so is H,||G since their generated languages are
both empty. Otherwise, H,||G and H can be shown to be bisimulation equivalent by
demonstrating that their initial states are bisimulation equivalent. That is, (pg, go) ~
Qo in the sense of Definition 2.7.

e Specifically, we need to demonstrate Points (i) — (¢ii) of Definition 2.7 for the initial
states. In words, Point (i) means that if an event takes the state (pg, qo) to the state
(p1,q1) € Q, then the same event must take gy to a state ¢; € @), that is bisimulation
equivalent to (p1, q1), that is, (p1,q1) ~ ¢1. Point (i7) likewise means that if an event
takes the state go to the state ¢; € @y, then the same event must take (pg,qo) to
a state (p1,¢q1) € Q) that is bisimulation equivalent to ¢i, (p1,¢1) ~ ¢1. Point (744)
further requires that (pg, qo) and go have the same marking.

e Since the bisimulation equivalence of (pg, qo) and ¢y depends on the bisimulation
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equivalence of states subsequently reached by the same strings, we will perform this
proof iteratively.
e (Point i) Let o1 € .. We need to show that (pi,q1) € 0((po,qo),o1) implies

that 1 € 0n(qo,01). Assuming (p1,q1) € 6((Po; o), 01), Pr = Sno(po,01) and q1 €
d4(qo, 01) by Definition 2.1. The following then shows that ¢; € d,(qo, 01):

- If 0y € X, then ¢1 € 6,(qo,01) since ¢1 € d,4(qo,01) and H is state
controllable in G.

-If o1 € X, then 01 € L(H) since 01 € L(Hs||G) = L(Hyps). Since it
is also known that ¢; € d,4(qo,01) and H is state observable in GG, we then

have that ¢; € d,(qo, 01).

e (Point ii) Now we need to show that ¢; € d5(qo, 01) implies (p1,q1) € 6;((po; @), 01).
Since H T G, ¢1 € 0p(qo, 01) implies ¢1 € 64(qo, 01) by Definition 4.14. If 0y = 7,
then Definition 2.1 provides that (po,q1) € 6)((po,q0),01) and we can let (p1,q1) =
(po,qr). If o1 € ¥, — {7}, then 01 € L(H) = L(Hps). Since H,ps is deterministic,
we then have that d;,(po, 01) has a single element that we will call p;. Therefore,
(p1,q1) € 0)((po, q0), 1) again by Definition 2.1.

e (Point 7ii) We now need to show that gy € Q. if and only if (po, go) € Qum-

(=) Let go € Qmp. Definition 4.14 then implies that ¢y € Qpy. Additionally, since
L(H) = L,(Hops), € € L,,(H) implies that € € L,,(Hyps) and thus py € Qumno-
Therefore, by Definition 2.1 (po, go) € Qm|-

(<) Let (po, qo) € Q- This implies that gy € Qg by Definition 2.1 which in turn
implies that gy € @,,n, by Definition 4.14 since we already have that ¢y € Q},.

e The above logic holds for any oy € 3. for which 0;((po, o), 1) or 0x(qo, 1) is
nonempty.

e In order to complete the proof that (pg,qo) ~ qo, we then need that (p1,q1) ~ ¢i.
This can be demonstrated by following logic similar to that given above.

e (Point i) Let 02 € ¥;. We need to show that (ps,q2) € 0((p1,q1),02) implies
that g2 € dn(q,02). Assuming (p2,q2) € ((p1,q1),02), P2 = Ono(p1,02) and g2 €
d4(q1,09) by Definition 2.1. The following then shows that ¢a € 05,(q1, 02):

- If 09 € B, then ¢ € 6p(qu,02) since o € 04(q1,02) and H is state
controllable in G.
-If oy € X, then P.(01)0y € L(H) since P, (01)0y € L(Hpps||G) = L(H pps)-
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Since it is also known that ¢» € 6,(¢1,02) and H is state observable in G,

we then have that ¢ € 0,,(q1, 02).

e (Point i) Now we need to show that g € d5(q1, 02) implies (p2, g2) € 0y ((p1, q1), 02)-
Since H T G, g3 € d,(q1,02) implies g» € 6,(q1, 02) by Definition 4.14. If o5 = 7, then
Definition 2.1 provides that (p1, g2) € 9((p1,¢1), 02) and we can let (p2, g2) = (p1,¢2).
If o9 € ¥, — {7}, then P;(01)os € L(H) = L(Hps). Since H,ps is deterministic,
we then have that d5,(p1,02) has a single element that we will call ps. Therefore,
(P2, q2) € 8 ((p1, 1), 02) again by Definition 2.1.

e (Point i73) We now need to show that q; € Q. if and only if (p1,q1) € Q-

(=) Let ¢1 € Q. Definition 4.14 then implies that ¢; € @Qy,y. Additionally, since
Ln(H) = Ln(Hops), Pr(or) € L,,(H) implies that P.(01) € L,,(Hpps) and thus
D1 € Qmno- Therefore, by Definition 2.1 (p1,q1) € Qum-

(<) Let (p1,q1) € Q- This implies that ¢ € Qg by Definition 2.1 which in turn
implies that ¢; € Q,,, by Definition 4.14 since we already have that ¢; € Q.

e The above logic holds for any oo € 3. for which 0)((p1,q1),02) or 0n(q1,02) is
nonempty.

e In order to complete the proof that (p1,q1) ~ ¢, we then need that (ps,q2) ~ qo.
This can be demonstrated by following logic similar to that given above. In general,
this logic can be repeated for all reachable states of H,||G or H.

e Therefore, (po,qo) ~ qo and hence, H,,||G is bisimulation equivalent to H.

4.4.3 State-based requirements

The above theorem allows our filters to now be represented by possibly nonde-
terministic automata models, Hg; ;. More specifically, it allows us to replace the
language-based requirements of Section 4.3 with the following set of state-based re-
quirements:

State-based filter requirements
R1") Hpy; is a nonblocking subautomaton of B, ,

R2'") Hgy ; is state controllable and state observable in B;,
R3) X(Hp ;) NEp =10
These results imply that a determinized version of the automaton Hgy ;, which

we will denote H gy ; ops, Will meet the previously established requirements 1, R2,
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and R3. Specifically, conditions R1’ and R2' together with Theorem 4.17 imply that
H it j obs|| Bj.o 1s nonblocking since it is bisimulation equivalent to Hg; ;. Therefore,
requirement R1 is satisfied. Furthermore, since Hyy, ; is state controllable, the gener-
ated language L£(Hpy ;) is language controllable. This then implies that £(H iy j obs)
is also language controllable, thereby satisfying requirement R2. Also, R3' are R3
are equivalent.

Thus far we have demonstrated that determinized versions of the filter automata
Hgy j meeting requirements R1’, R2', and R3’ will provide safe, nonblocking control
when acting in conjunction with traditionally built modular supervisors. However,
we would like to avoid the determinization process. Since the nondeterministic filter
automata Hpy ; possesses all the information that Hgy ; b5 does, it turns out that
Hgy j obs never actually has to be constructed. However, the control required by the
automaton Hgy ; cannot be implemented via the synchronous composition operation.
Rather, following the observation of a string s € >*, all continuations active at all
states reached by strings with the same observation must be allowed. In essence, we
are using Hpg;, ; and its transition function dg; to generate an online implementation
of Hgy j obs- Consider the following mathematical definition of the filter law Hgy ; :

L(Bj,) — 2* that determines which events are to be enabled.

Hen () := U Yy (q), where T(s) = {q | ¢ € dau(qo,t) and t € P7Y(s)} (4.13)
)

q€T (s
In order to make this more clear, consider the automaton G, in Fig. 4.1. If we
consider GG, to be a nondeterministic representation of a deterministic control law,
then following an observation of the string ab we do not know if we are in state
3 or state 4, therefore, we have to allow both event ¢ and event d to occur. The
result of Theorem 4.17 also allows the composition Hpy ; obs||Bja to be replaced by

the subautomaton Hgy; ; in the course of Algorithm 4.6.
4.5 Filter Law Construction

Having established that we can employ filter laws represented by nondetermin-
istic automata, the final question that remains is how to construct Hpy ; so that
requirements R1’, R2', and R3’ are satisfied. Since we are ultimately trying to find a
subautomaton, we are in essence trying to solve a state avoidance problem. This type

of problem can be solved by a state-feedback approach to control. In other words,
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the control applied depends only on the state the system is in, not on the path taken
to get there. It is well-established that a static control law of this type is potentially
more restrictive than a dynamic control law in the case of partial observation [34].
However, we are willing to make this sacrifice in order to avoid exponential com-
plexity. In this section we introduce some existing results on state-based approaches
to control that can be employed to generate the conflict-resolving filters required by
the approach of this paper. Additionally, we develop an improved covering-based

approach to control that is less restrictive than existing state-feedback approaches.
4.5.1 State-based supervisory control

A state-feedback supervisory controller is a function f : @, — 2* that determines
the set of events to be enabled based on the current state of the system under control
G = (Qg, X7, 04,00, Qmg)- In the context of our larger approach to conflict resolu-
tion, the “plant” G represents a given blocking composition B;,. The closed-loop
system f/G then represents the allowable set of states, that is, the subautomaton
representing the coordinating filter Hgy, ;. If G is equal to the empty automaton,
then so is f/G. Otherwise, f/G is defined iteratively as that portion of G that is

reachable via transitions that are allowed by f:

Definition 4.18.
f/G: (Qf?zﬂéfaq(),@mf) (414)

Iterative Definition of f/G:
Step 1: qo € Q.
Step 2: If ¢ € Q7 and d4(q, 0)! for some o € f(q), then ¢’ € Qf, Vq' € d4(q,0). Also,
d¢(q,0) = 04(q, o). Otherwise, d;(q, o) is empty.
Step 3: Every state in ()5 and every transition for which d; is nonempty is obtained

as in Step 1 and Step 2. Also, Q= Qf N Qpy. ©

Note from the above definition that all of the states of f/G are reachable and in-
herit their marking from G. The existence of a state-feedback controller that can keep
the behavior of G within a set of “good” states represented by the subset @, C @,
requires a property called ¥, -invariance [56]. In terms of nondeterministic automata
and the notation of this paper, ¥,-invariance of a state set (), C @, is equivalent

to the state controllability of a subautomaton of G, H = (Qn, X7, 0n, qo, Qmn). 1f
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the state space of GG is not fully observable, then additional considerations must be
addressed.

In existing work on state-feedback control under partial observation, the concept
of a “mask” is employed. A mask M is defined as a function M : @, — Y that
maps elements from the state space (), to the observation space Y. Under partial
observation two states ¢ and ¢’ might not be distinguishable, that is, they could have
the same observation M (q) = M(q') = y. It is then necessary that the state-feedback
control f(q) be determined based on M(q). Specifically, it is required that:

For any ¢,¢' € Qq, M(q) = M(q') = f(q) = f(d) (4.15)

In existing state-feedback work [43] [69] it is assumed the mask M is given. In this

paper we will assume the mask M is constructed to satisfy the following constraint.

The mask M : Q, — Y is defined such that if 3s, s’ € 3% with
q € 04(q0, 8), 4 € 04(qo, s") and Pr(s) = P-(s'), then M(q) = M(¢).  (4.16)

In the above, states ¢ € d,(qo, s) and ¢' € d4(qo, ") for which P.(s) = P(s') are
defined to be indistinguishable. In other words, two states that are reached by strings
that have the same projection are indistinguishable and the mask M is constructed
such that all indistinguishable states map to the same observation under M.

Of the existing work for generating state-feedback control under partial observa-
tion, the least restrictive control strategy is proposed in [69] and builds off the prior
results of [68] and [70]. We will now outline their strategy using notation consistent
with this paper and extensions we have added to handle nondeterminism. Specif-
ically, [69] presents an algorithm for constructing a state-feedback controller that
satisfies equation (4.15). This algorithm is based on the following sets Ag(q) C 3.
that define which events must be disabled at state ¢ for a set of allowable states repre-
sented by the subautomaton H C G. In essence, the sets Ay (q) capture which events
at a given state will cause a violation of the observability-type property captured by

equation (4.15).

Ap(q)={c€eX. | (3¢ €Qn): [M(q) =M(¢)] AN[3p € d,(¢,0) such that p ¢ Qn]}
(4.17)
In the above equation, Ay(q) is also defined for ¢’ = ¢ since a state is always

considered indistinguishable from itself, that is, M(q) = M(q). The resulting state-
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feedback control law is thus defined:

flg) = %7 — Aulq) (4.18)

In order to guarantee that the control law defined by equation (4.18) is able to
achieve the specification required by the subautomaton H, [69] requires the following

property in addition to X,-invariance:

Qn € R(Qn) (4.19)

In the above, R is a transformation that represents which states of H are reachable
by permissable transitions, that is, those transitions that are not prohibited by the
sets Ay (q). Recall, the sets Ap(q) enforce the observability-type requirement pre-
scribed in equation (4.15). If @, = 0, then R(Q)) = 0. Otherwise, the set of states

represented by R(Q)p) can be constructed iteratively in a similar manner to [69]:

Algorithm 4.19. R(Q)) Construction

Step 1: qo € R(Qp).

Step 2: If ¢ € R(Qp) and 6,(q,0) C Qp for some o € 3. — Ay(q), then ¢’ €
R(Qn) Vq' € d4(q,0).

Step 3: Every state satisfying R(Q)}) is obtained as in Step 1 and Step 2. ¢

A specification represented by the set of states (), that is ¥,-invariant and satis-
fies equation (4.19) is defined to be M -controllable in [70]. The work of [70] further
demonstrates that a state-feedback controller that can achieve the behavior pre-
scribed by the state set (), exists if and only if the state set is M-controllable. In
particular, the control law given by equation (4.18) will achieve the M-controllable
state set (), and is further the supremal state-feedback control law that satisfies
equation (4.15).

If a given state set is not M-controllable, then [69] prescribes an approach for
finding an M-controllable subset, R(Q,TL). Here the T operation generates the supre-
mal ¥,-invariant subset of states constructed according to [56]. While the resulting
R(Q,Tl) is not necessarily maximal or supremal, it does represent a larger state set
than can be achieved by other existing state-feedback approaches [43] [68].

The subautomaton that results from the state-feedback controller of [69] can be

shown to be state controllable and state observable in G. Therefore, the results given
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above could be directly applied to the construction of filters required by our approach
to conflict resolution. In the next section, however, we will propose an improved

covering-based approach that generates a more permissive control law than [69].

4.5.2 Covering-based supervisory control

Our improvement over [69] derives from the fact that the requirement of equation
(4.15) is stronger than necessary for the achievement of state observability. Therefore,
we can apply a new covering-based approach that will result in a less restrictive
control law. In this section we will additionally address blocking.

The observability-type requirement of equation (4.15) is too strong based on the
character of the mask M. The fact that M is a function implies that when the
state space is observed through this mask it is effectively partitioned into disjoint
sets of states that have the same observation. For example, if ¢ and ¢’ have the
same observation M(q) = M(q'), and ¢’ and ¢” have the same observation M(q') =
M (q"), it then follows that ¢ and ¢” must have the same observation M (q) = M (q").
Therefore, all three states ¢, ¢/, and ¢” must be in the same partition of the state
space. For achievement of state observability, however, it may not be necessary that
the same control action be applied at ¢ and ¢” if they are not indistinguishable.
In other words, if the observed string that reaches ¢ and ¢ is different than the
observed string that reaches ¢’ and ¢”, then the control applied at ¢ and ¢” may be
allowed to be different. Figure 4.5 illustrates this situation where o is disabled at ¢”,
but need not be disabled at ¢ since these states are not both reached by the same
observed string. In essence, we would like to base our control on a covering of the
state space rather than a partition like that imposed by the mask M. If the event o
was possible at the state ¢/, then o would need to be disabled at all three states for

our covering-based approach too.

Figure 4.5: Example of a covering for indistinguishable states
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In order to present out covering-based approach, we will employ the mapping Iy

defined as follows:

Definition 4.20. Let Iy : Q, — 29" be a mapping defined Vg, ¢ € Q), as follows:
q € Iy(q) if ¢ and ¢ are indistinguishable, that is, if Js,s’ € ¥, such that ¢ €
0n(q0,9), ¢ € dn(qo, '), and P.(s) = P.(s'). ¢

In the above, it is always the case that a state ¢ is considered indistinguishable
from itself, that is, ¢ € Igx(q).

We can then define new sets of prohibited events, A’;(¢) C .. At a state ¢ in the
uncontrolled plant G, a controllable transition ¢ that is defined in the uncontrolled
plant G is prohibited if it leads to a state outside of ), or if it is prohibited at a
state ¢’ that is indistinguishable from ¢ in H.

Since the definition of prohibited events at a state ¢, A% (q), depends on the
prohibited events of other states, each set A’;(q) is constructed iteratively. In words,

if there is a string of indistinguishable states defined:

q€Iu(d), ¢ € Iuld"),..., ¢V € Iy(¢™)

each with o possible in G and such that o is not possible in H at ¢, then ¢ is again
added to A’%;(q). This construction indicates a transitivity similar to that imposed
by M, except that here the transitivity is limited to indistinguishable states where
o is possible in G. Assuming the mapping Iy is given, A’ (q) can be constructed
according to Algorithm 4.21 given below. The mapping Iy can be constructed with

polynomial complexity using results from [71].

Algorithm 4.21. Prohibited Fvents Determination

Input: automaton G, subautomaton H T G and mapping Iy : Q) — 29»
For each q € Qy,
For each transition o € X5 (q) N 2.
If 3p € §,(q, o) such that p ¢ §5(q, o) then
add o to the set of prohibited events at ¢, A (q) «— {o} U Ay (q).
End if

If o € A (q) then
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define a set of states T that is initialized with the state ¢, T' — {q}.
Also let M : Q, — {0, 1} be a partial function marking whether
or not states in the set 7" have been addressed yet. Set M(q) = 0.
For each ¢ € T with M(¢') =0
For each ¢” € Iy (q') that is not in T
If 6,4(¢", 0)! then
add state ¢” to the set T, T' «— {¢"} U T, and add event o
to the set of prohibited events at ¢”, A% (¢") «— {o} U A%t (¢").
Set M(q") = 0.
End if
End for
Set M(¢') = 1.
End for
Clear T and M.
End if
End for
End for

Output: the sets A%y (q) ©

Algorithm 4.21 has complexity O(mn?) where m is the cardinality of the event
set and n is the cardinality of the state space. Assuming the subautomaton H has
a finite number of transitions, this algorithm will terminate in finite time. The sets

A% (q) defined by Algorithm 4.21 satisfy the following equation by construction:

Aylg) ={oeX. | (0,(q,0)' N3¢ € Qn) : ¢ € Iu(q)] A
{[Fp € 94(¢',0) such that p ¢ Q4] V [0 € A (d)]}} (4.20)

In order to explicitly compare the sets Ay(q) and A’;(q), we now define the
following mapping Jy that reflects the partition implicitly imposed by a given mask
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M on the state set Qp:

Definition 4.22. Let Jy : Q, — 29" be a mapping defined Vq, ¢’ € @}, as follows:
q € Julq) if M(q) = M(q). ©

The definition of Ay(g) given in equation (4.17) can then be rewritten in terms

of the mapping Jy as follows:

Ap(q) ={c €% | (3¢ € Qn) : [¢ € Ju(q)] A [Fp € 44(¢’, o) such that p ¢ Qn]}
(4.21)

Examining equations (4.20) and (4.21), o can be an element of Ay (q) when 6,(q, o)
is empty, while it cannot be an element of A’ (q). Furthermore, since the mapping
Jy imparts a partition on the state space Qn, Ax(q) = An(q) if ¢ € Jy(q). These
observations along with the fact that I5(¢) € Jy(gq) then implies that A (q) C
An(q).

This new A’;(q) can then be employed to generate a new transformation R'. R’
is defined in the same manner as Algorithm 4.19 that constructs R except for the
different definition of prohibited events that is employed. R’is again a transformation
that retains those states of H that are reachable by permissible transitions. As we
construct the state set R'(Q);) below, we will additionally construct an associated
subautomaton of H, R'(H), with a state set R'(Qj) and a transition function dp.
Based on our definition of a subautomaton given in Definition 4.14, the marking of
R'(H) will be consistent with the marking of H. The use of A%;(¢) in the construction
process will result in the transformed subautomaton R'(H) being state observable in
G.

If Qn, = 0, then R'(Q;) = 0@ and R'(H) is the empty automaton. Otherwise,
R'(Qn) and R'(H) are constructed as follows:

Algorithm 4.23. Construction of R'(Qn) and R'(H)

Step 1: qo € R'(Qn).

Step 2: If ¢ € R(Qn) and d,(q,0) C @y for some o € ¥, — Ay(q), then ¢’ €
R'(Qn) V¢ € 64(q,0) and 6p/(q,0) = 0,(q, o). Otherwise, dp/(q, o) is empty.

Step 3: Every state satisfying R'(Qp,) and every transition for which dg is nonempty
is obtained as in Step 1 and Step 2. <

From the above algorithm and employing logic from [70], for any ¢ € R'(Qr) — qo,



95

there exist ¢i,¢2,...,¢n € Q4 and 0g,01,...,0,-1 € X, satisfying the following
conditions:

C1) 64(qi,04) = gip1 for i =0,1,....m—1

C2) g€ Qpfori=0,1,....,m

C3) o, €¥; — Ay(q) fori=0,1,...,m—1

C4) gm = q

The following result that employs the logic of Lemma 1 in [68] can now be pre-

sented.

Proposition 4.24. For any subautomaton H C G

R(Qn) € R(Qn) (4.22)

Proof. 1f qo ¢ Qp, then R(Qy) = R'(Qn) = 0. Consider the case that ¢q € Q. Since
Ay (q) € Ap(q) for any q € Qp, we have R(Qp) € R'(Qp). O

Although the result of R(Q}Tl) represents a larger state set than can be achieved by
any prior state-feedback work, Proposition 4.24 demonstrates that we can generate
a potentially larger state set R’ (QIL) ) R(QD- This together with the example of
Section 4.5.4 shows that our covering-based approach is less restrictive than existing

state-feedback approaches.
4.5.3 Covering-based filter construction

In this section we will specify how the subautomaton R'(H') is constructed. Here
R'(H'") is defined according to Algorithm 4.23, where H' C H is the subautomaton
that possesses the state set QIL. Specifically, the transition structure of H' is defined
such that it includes all transitions ¢ — ¢’ of H for which the source state ¢ and
destination state ¢ € d,(q, o) are in Q,Tl.

Since a subautomaton R'(H') will be employed to represent each coordinating fil-
ter, we must first demonstrate that R'(H') is state observable and state controllable
in its associated GG. We will specifically show that state observability holds directly
as a result of the R’ transformation. We will then demonstrate that the R’ opera-
tion did not destroy the state controllability achieved by the T operation. In order
to accomplish this goal, we first propose the following hypothetical state-feedback

control law f’ that achieves the specification R’ (Q,Tl); though, our covering-based law
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will ultimately be implemented according to equation (4.13).

f(q@) = 37 = Ay (q) (4.23)

The subautomaton f'/G = (Qp, 2,04, qo, @my ) is defined in the same manner
as Definition 4.18. Also, for any state ¢ € @, — o that is also in @), there exist
@,q2, -, qm € Qg and 0o, 01, ..., 0,1 € X, satisfying the following conditions [44]:

C5) giy1 € 64(qs,0;) fori=0,1,...,m—1

C6) o; € f'(¢;) fori=0,1,....,m—1

C7) gm =q

Based on the manner in which the sets A%, (q) are constructed, it can also be seen

that the following relation is implied where I is defined for the automaton f'/G.

For any ¢, ¢ € Qp with ¢' € I1/(q), o € f'(¢9) NXc(q) = o € f'(¢) (4.24)

The above then leads to a result that is similar to equation (4.15):

For any ¢,¢' € Qp,q € Ip(q) = f'(a) N Ea(a) N Ea(d) = f(d) N Ea(a) N Ea(d)
(4.25)
The above expression captures that the control applied by f’ is consistent between
states that are indistinguishable for those feasible events that are shared between
the states. The limitation of consistency to those feasible events shared between
states demonstrates the limited transitivity that provides the improvement of our
covering-based approach. With the above property, we can now demonstrate that

state observability is achieved.

Proposition 4.25. The state-feedback law f' given by equation (4.23) generates a

subautomaton f'/G that is state observable in G.

Proof.

e Let g € 04(qo,8), 0 € Xe, Pr(s)o € L(f'/G) and p € d,(q,0).

o P (s)o € L(f'/G) implies there exists an ' € X¥ and ¢’ € §p(qo, s’) for which
Po(s') = Pu(s) and o € f(q).

e Since P, (s') = P;(s), ¢' € Iy(q). Therefore, we have that f'(¢) NXq(q) NXa(d) =
f'(d)NEa(q) N3e(¢') by equation (4.25).

e Since 0 € f'(¢') NEc(q) NEa(d), o € f'(q) N Ea(g) NZa(q') also.

e Since 0 € f'(¢) and p € 6,4(¢q,0), p € d4/(q,0) by definition of §. Thus we have
shown that f'/G is state observable in G. O
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This control law f’ achieves the set of states R'(Q!). This fact is mathematically
represented Qp = R’ (Qg) and is proven in the following proposition employing logic
from Theorem 1 of [70]:

Proposition 4.26. If for the subautomaton H C G, H' is nonempty and f' is given
by equation (4.23), then Qp = R’(Q,TL)

Proof. See proof in Appendix. m

Based on the above proposition, we have that ¢y € R'(Q,Tl) and that Qp = R’(Q,Tl),
therefore, R'(Q}) is ¥y-invariant by Theorem 6 of [44]. This in turn implies that the
associated subautomaton f’/G = R'(H') is state controllable in G. Therefore, we
have demonstrated that R'(H') is state controllable and state observable in G. As
such we can employ R'(H') as our filter automaton Hgy;; and can implement our
filter law Hgy ; according to equation (4.13). Note, the hypothetical state-feedback
law f’ working under full observation achieves the same behavior as the covering-
based law of equation (4.13) under partial observation.

The only property that has not been addressed yet is blocking. By construction,
the marking of R/(H') is consistent with the marking of G. Taking the trim of
R'(H'") makes the subautomaton nonblocking. In this instance, the trim operation
will simply remove those states of R'(H') that are blocking. This, however, can
destroy state controllability and/or state observability. Therefore, following the trim
operation, it may be necessary to repeat the T and R’ operations again. A summary

of this algorithm is given below.

Algorithm 4.27. Filter Law Construction

Step 1: Given a blocking automaton G = B, ,, let the subautomaton H = trim(G)
be our “specification.”

Step 2: Find Q,Tl, the supremal Y,-invariant subset of @,. The algorithm of [56] can
be employed. Let H' be the subautomaton with the state set corresponding to QIL
Step 3: Construct the mapping I+ of indistinguishable states of the subautomaton
H'. The algorithm of [71] can be used for this purpose and has polynomial complexity
in the number of events and states.

Step 4: Construct the sets of prohibited transitions A’ (q) to satisfy equation (4.20).
Algorithm 4.21 can be employed.
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Step 5: Follow Algorithm 4.23 to construct the state set R'(Q]) and subautomaton
R'(H).

Step 6: If the subautomaton R'(H') is nonblocking, then this represents our filter
automaton Hpgy; and we are done. Otherwise, redefine H = ¢rim(R/(H'")) and re-

turn to Step 2. ©

In the above, Step 3 and Step 4 could be addressed simultaneously by a single
algorithm. The end result of this procedure is a (possibly nondeterministic) sub-
automaton Hpgy, ; that satisfies requirements R1’, R2', and R3" with respect to the
blocking automaton G = B ,.

Each step in the above procedure has polynomial complexity in the number of
states and transitions of the initial automaton, therefore, each iteration of the al-
gorithm will also have polynomial complexity. In addition, each pass through the
algorithm either removes a state from the subautomaton or reaches a fixpoint. As-
suming the initial automaton has a finite number of states, at most n iterations must
be performed where n is the number of states in the initial automaton. Therefore, the
overall complexity of the algorithm is polynomial. The resulting coordinating filter
law produces more permissive control than existing state-feedback approaches, but
it is not necessarily maximal. This fact is demonstrated by Remark 4.31 following

the example of the next section.
4.5.4 Filter construction example

The following example helps to illustrate our filter construction procedure intro-

duced in Algorithm 4.27 of the previous section.

Example 4.28. Consider the blocking automaton G pictured on the left of Fig. 4.6
with event set partitioned into controllable and uncontrollable events as follows,
Y. ={a,b,c,d, f} and ¥, = {e,7}. By Step 1 of Algorithm 4.27, our specification
Hy = trim(Q) is a subautomaton of G where the blocking state 9 has been removed.
Since state 8 of Hy then requires that the uncontrollable event e be disabled, the T
operation of Step 2 will remove state 8 resulting in the subautomaton Hg.
Following Step 3 of Algorithm 4.27, the mapping [ H] representing which states
are indistinguishable is then constructed. We will represent / s Table 4.1 that

was constructed using the algorithm from [71]. Specifically, the left-hand column
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Figure 4.6: Filter construction example

enumerates each state ¢ in the state space of HS and the center column lists the

corresponding set of indistinguishable states I 1] (q).

Table 4.1: Table representing the map 11
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Step 4 of Algorithm 4.27 then constructs the sets A;I g(q). Examining state 3,
94(3,0) =8 € Qy, but 8 ¢ Q;{O, therefore, b € A;Ig(?)). It then follows that b is also
in the set A’Hg(7) since b is defined at state 7 and 7 € IHJ(B)' Since there are no
other states in [ Hl (3)or I Hl (7) for which a b event is defined, and since there are no
other events actively disabled by Hg , all the sets A’H 1 (¢) are now completely defined.
Step 5 of the algorithm then applies the transformation R’. Since 0,(7,0) =0 € Q}{O
and b € A}, g(7), event b must be disabled at state 7. The resulting subautomaton
R'(H]) is displayed on the right-hand side of Fig. 4.6.

According to Step 6, since R'(H]) is blocking, we must then take the trim and
start over at Step 2 of the algorithm. Let Hy = trim(R'(H]})) and refer to the
left-hand side of Fig. 4.7 for an illustration.

Since the only actively disabled events b, d, and f are controllable, the T operation
does not remove any states, HlT = H;. We now construct the map 1 i the result is

shown below in Table 4.2.
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Figure 4.7: Filter construction example

Table 4.2: Table representing the map IH[
/
0| Ij@ | 4@

00,3 f
11
21 2,3
313,25 0| bt
41 4,5 d
51 54,3 d

Next we build the sets A’ ,(¢q). Noting which transitions of G are not included in

1
H| allows us to determine that f € A;{; (0),b € A/H[(?’)’ and d € A;ff (5). Examining
the table describing the mapping I,
3e IHlT(O) and d,4(3, f)!. Likewise, d € A;I[ (4) since 4 € ]HIT(5) and d,4(4, d)!.

Now according to Step 5 we construct R'(H]). First, note that one instance of a

1, we then also have that f € A1 (3) since
1

d event is disabled at state 5 according to H 1T , therefore, the remaining d transition
at state 5 must also be disabled. Since §,(3,f) = 2 € QI‘A and f € A;ff (3), the
f event at state 3 must also be disabled. Likewise, the d event at state 4 must be
disabled. The resulting R'(H]) is shown on the right-hand side of Fig. 4.7. Since this
subautomaton is nonblocking, we are done. Therefore, our deterministic filter law
H is represented by the nondeterministic automaton Hyy, = R'(H]) that satisfies
requirements R1’, R2', and R3'. ©

In view of the above example, we make the following observations regarding the

new results presented in this section.

Remark 4.29. In traditional state-feedback control employing a mask M, states 3
and 4 would be in the same partition since state 3 is indistinguishable from state
5 and state 5 is indistinguishable from state 4. Therefore, traditional approaches

would have disabled the b event at state 4. This example along with equation (4.22)



101

demonstrates the advantage of our covering-based approach over the state-feedback

control approaches of [43] [69]. ©

Remark 4.30. Our approach, however, still produces a static control law with respect
to the those events feasible at a given state. For example, if for some reason the b
event at state 3 needed to be disabled following the string ab, but not following
the string abca, our covering-based control law would not be able to make that
distinction. This more restrictive control law is again chosen to avoid the exponential

complexity that would come with implementing an event-feedback law. <

Remark 4.31. If we had recalculated the mapping I after the event d at state 5
was disabled, then states 0 and 3 would no longer be indistinguishable. This new
I mapping would then not have required that the f event at state 3 be disabled.
If we allowed the I mapping to change within the calculation of the transformation
R', then the resulting subautomaton would be dependent on the order in which the
states were addressed. This dependence is an issue common also to event-feedback

approaches to control under partial observation. <

Remark 4.32. We have shown that our covering-based approach is an improvement
over the state-feedback approach proposed by [69]. The approach of [69] in turn has
been shown to provide more permissive control than the construction of the supremal
controllable and normal subset of states presented in [43]. Namely, if for all ¢ in the

allowed state set the set M~1(M(q)) is a subset of the allowed state set, where

M~ Y(M(q) ={qd" | M(q) = M(d)},

then the state set is normal. The example of this subsection, therefore, shows how the
approach of [43] is more restrictive than our approach. Since in our example states
0 and 6 are reached by the same string abcd, they both have the same observation
under M, but state 0 is in the state set R’ (Q;l) while state 6 is not. Therefore,
the state set R’ (QLI) violates normality. Construction of the supremal normal and
controllable subset of states would then require removal of state 0 leading to the

empty automaton. ¢
4.6 Flexible Manufacturing System (FMS) Example

In this section we will demonstrate the EBCR approach for generating nonblocking

modular supervisory control through the FMS example employed throughout this
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dissertation. The details of this manufacturing system including the component
automata models were presented in Section 3.4.2.

Following Algorithm 4.6 of Section 4.2, the first step is to generate a set of lo-
cal modular supervisory controllers. Specifically, H, is the automaton represen-
tation of the supervised module corresponding to specification B2 and subplant
G, = Con2||Robot. Likewise, H4 corresponds to specification B and subplant

' = Robot||Lathe, Hg to specification B6 and subplant Gy = Robot||AM, H; to
specification B7 and subplant G% = G§||Con3, and Hg to specification B8 and sub-
plant G = Con3| PM.

We will ultimately choose to address the supervisors in the order H; — Hg —
Hy — Hg — H,. Recognizing that the plant components making up Gy are a subset
of the plant components making up G’, we have that L(H;) C L(Gj) and can employ
a reduced supervisor for Hg based on the logic of Proposition 4.12. We will denote
this reduction Cy. While the original supervisor Hg has 28 states and 71 transitions,
its reduction Cj can be represented by an automaton with 2 states and 3 transitions.

Step 2 then instructs us to generate conflict-equivalent abstractions for each su-
pervised subsystem employing Algorithm 4.2. Initially module H is represented by
an automaton with 12 states and 24 transitions that we will write 12(24). If a tran-
sition is self-looped at every state, then we will not count it in the total number of
transitions. Since events 21 and 22 are relevant to only the current subsystem Hy, we
will “hide” them, that is, we will replace their occurrence in Hy by the silent event
7. As such, we can apply the rules from Section 4.3.2 to generate the abstraction
H,, that has size 4(6). Similarly, events 51, 52, 53, and 54 are relevant to only
subsystem Hy : 9(10), leading to the abstraction Hy, : 6(7). The relevant event set
of Cs : 2(3) is contained in the relevant event set of H; : 80(259) and hence can be
reduced no further. The reduced size of the relevant event set of Cs as compared to
Hg, however, does allow us to hide events 61, 64, 65, and 66 in H;. The resulting
conflict-equivalent abstraction is then Hr, : 31(115). Also, Hg : 6(6) has events 81
and 82 that can be hidden, leading to Hs, : 4(4).

The next step is to pick an initial subsystem. Some considerations for how to pick
a “good” ordering of subsystems will be discussed at the end of this section, but for
now, we will choose H7, as our starting point. Following Step 4 of the procedure,

we will then choose the next subsystem to be Cg and will generate the composition
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H7,||Cs : 136(405). The next step is to check for blocking. Since it turns out the
H7 ,||Cs is nonblocking, we skip to Step 7. At this point, event 63 is not relevant to
any of the remaining subsystems and hence can now be hidden. This leads to the
abstraction (Hz,||Cs)q : 27(79).

Since other subsystems still have not yet been addressed, we return to Step 4
and add Hy, to the composition, (H7,|Cs)allHaa : 45(120). Note, the process of
abstraction has led Hy, and the resulting composition to be nondeterministic. At
this point we again check for blocking. Since the composition is nonblocking, we
skip to Step 7. All the relevant events of the composition (H7,|Cs)al||Hsq are still
relevant to the remaining subsystems, therefore, no more events can be hidden at
this point. However, the composition can still be reduced further by applying the
conflict equivalence preserving rules introduced earlier, ((H74||Cs)al|Ha.a)a : 42(115).

Returning to Step 4 again, Hg, is added to the composition. The result
((H7,0/|C6)al|Haa)al|Hs,o : 61(52) turns out to be blocking. Therefore, according to
Step 6 of the procedure, a filter must be built to resolve the conflict. The blocking
composition By, = ((H7.4||/C6)allHa.a)al|Hs o is in essence the uncontrolled “plant”
and we can apply Algorithm 4.27 to construct the subautomaton of B, that will
serve as the filter which supervises the system and prevents the blocking. Taking
the trim of B , removes two blocking states, but leaves the resulting subautomaton
not state controllable with respect to Bj,. Applying Steps 2 through 5 of Algo-
rithm 4.27 leaves a state controllable and state observable automaton, but it is again
blocking. Taking the trim and performing another iteration of the algorithm leaves
us a nonblocking subautomaton that is state controllable and state observable with
respect to B; ,. This subautomaton has 41 states and 120 transitions and serves as
our coordinating filter law Hgy ;.

Since a determinized version of Hgy ; composed with (Hg||H7)a||Haal|Hs o is bisim-
ulation equivalent to Hgy, ;, we will replace the composition (Hg||H7)q||Haal|Hs.o by
Hpy,; as we proceed to Step 7. At this point, the events 71, 72, 73, and 74 have
become local and can thus be hidden leading to the abstraction (Hp 1)q : 9(17).

Returning to Step 4 once more, the last subsystem Hj, is added to the compo-
sition, (Hpi,1)al|H2,a : 9(17). Since the composition is nonblocking and no further
subsystems remain, we are done. The resulting modular control achieved by the five

original modular supervisors along with the conflict-resolving law H gy ; satisfies the
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given specifications in a nonblocking manner and is nonempty. Table 4.3 summarizes

the details of the procedure applied in this example.

Table 4.3: Application of Algorithm 4.6 to FMS example

Step Automaton States Notes
Built (Transitions)
1 H, 12(24) modular supervisors are built
H, 9(10)
Hg 28(74)
H~ 80(259) note G%|| Bz : 128(420)
Hg 6(6)
Hyg — Cs 2(3) supervisor reduction
2 H, — Hy, 4(6) 121,22} hidden
Hy— Hyg, 6(7) {51,52,53,54} hidden
Hy , is nondeterministic
H; — Hy, 31(115) {61,64,65,66} hidden
Hg — Hg,q 4(4) {81,82} hidden
3 Hy o chosen as the initial subsystem
4 Hz7 ,||Cs 53(174) Cs chosen from neighboring subsystems
5 composition is nonblocking
6 this step is skipped
7 H7,a||06 — (H7,a||C6)a 27(79) {63} hidden
4 (H7,4/|C6)al|Ha,q 45(120) H, o chosen from neighboring subsystems
) composition is nonblocking
6 this step is skipped
7 (H7,0||C6)al|Ha,a — 42(115) no further events
((H7,0|1C6)allHa0)a hidden at this point
4 ((H7,llC6)al|Ha,0)al|Hs,a 61(52) Hg , chosen from neighboring subsystems
) composition is blocking
6 Hpy o 41(120) employ Algorithm 4.27
Hﬁlt,l replaces ((H7,aHCG)a||H4,a)a||H8,a
7 Hunt — (Hpun1)a 9(17) {71,72,73,74} hidden
4 (Hfi,1)allH2,a 9(17) Hj , chosen from neighboring subsystems
5) composition is nonblocking
6 this step is skipped
7 no further subsystems left, done

It turns out that the resulting modular solution is more restrictive than the mono-

lithic solution in that it allows only five pieces to be operated on by the FMS at a

given time, while the monolithic solution allows six pieces to be active at once. The

loss of optimality of our approach arises in two ways due to the hiding of events.

Namely, hiding an event means that we lose the ability to disable it. Also, the hiding

of events causes us to lose information about what state the underlying plant is in,

and as such forces us to employ a more conservative control law. This loss of opti-

mality, however, is often worth the reduction in complexity the modular approach

provides. Specifically, a measure of the complexity of the modular solution in the
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above example is that the largest automaton that had to be built had 128 states and
420 transitions. This automaton was constructed in the process of generating the
modular supervisor H7. In the monolithic approach, the composition of all the ma-
chines and buffers leads to an automaton with 13,248 states and 46,424 transitions.
While the size of the resulting automata does not account for the complexity of the
algorithms involved in generating the control laws and the abstractions, it does give
some indication of the benefits of this approach. Specifically, all algorithms employed
in generating the monolithic and EBCR solutions are known to have polynomial com-
plexity, except for the generation of the conflict-equivalent abstraction. This is an
area that needs to be investigated further.

Noting that the largest automaton constructed in the modular approach was the
result of building a single modular supervisor, the overall complexity could be reduced
further by employing abstraction in the construction of the modular supervisors,
in addition to using abstraction in the construction of the conflict-resolving filters.
Specifically, results for the construction of individual supervisors could be borrowed
from [17] [26] [75].

Additionally, an improved modular solution can often be arrived at by changing
the order in which subsystems are addressed or by changing the set of events that
are considered silent along the way. For instance, if in the above example we had
chosen not to hide the events 61, 63, and 65, the resulting modular solution would
have allowed six pieces to be operated on by the FMS at a given time, just like the
monolithic solution. This solution would have resulted in slightly larger automata,
with the largest automaton constructed having 150 states and 352 transitions.

One limitation of this approach is that there is not a single approach to ordering
subsystems that will result in the “best” overall solution. Some ordering heuristics
that can help keep the overall complexity of the procedure down include first choosing
subsystems that are either small or that offer the possibility of larger reduction.
The work of [21] offers a sizable survey of ordering heuristics applied to a variety
of examples. Implementation of a conflict-equivalent abstraction also relies on an
incomplete set of heuristic rules which do not in general provide a unique result.

Some heuristics for improving the optimality of this approach include “hiding”
fewer events. In this way, reduction is traded for optimality. It is also possible to

change the outcome by not building a filter immediately following the detection of
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blocking. The idea here is that sometimes conflict is resolved by composition with
other subsystems and ultimately a filter is not needed. The advantage of waiting is
that a filter cannot disable uncontrollable events and hence sometimes must remove
states from an automaton, while interaction with other subsystems can prevent an
uncontrollable event from happening in the first place so that it does not need to be
actively disabled. The drawback of waiting to build the filter is that often the process
of abstraction hides transitions that could be used to prevent blocking or violations
of controllability. Ordering heuristics remain an open area for investigation.

This approach in general is well-suited to systems that are loosely coupled, as are
other modular approaches to control. If a component specification shares relevant
events with all plant components, then the achievable reduction will likely be modest,
though in most cases it will still result in smaller automata being built than with

the monolithic solution.
4.7 Chapter Summary

This chapter has proposed a new approach for resolving conflict among traditionally-
built modular supervisors. Requirements are presented for conflict-resolving filter
laws that guarantee safe nonblocking control. A methodology for building covering-
based filter laws that meet the prescribed requirements and avoids exponential com-
plexity is also proposed. Additionally, a manufacturing example is presented showing
the overall potential of the EBCR approach.

The modular architecture of the EBCR approach with its additional level of co-
ordinating control is similar to previous works [17] [74] [76]. The approach of this
chapter is unique, however, in that it employs conflict-equivalent abstractions in gen-
erating the coordinating control. Conflict-equivalent abstractions offer the potential
for a greater reduction in state-size than observer-type abstractions that are em-
ployed in most prior work. Drawbacks of a conflict-equivalent abstraction are that
it can introduce nondeterminism and it is not as straightforward to implement.

Conflict-equivalent abstractions were employed by [21] to reduce the complexity
of verifying nonconflict. The work of [21] incrementally constructs the global system
applying abstraction each step along the way. The EBCR approach builds off this
work, where we go beyond detecting conflict to actually resolving it if it is present.

Conflict-equivalent abstractions were also employed in [48] for constructing noncon-
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flicting modular supervisors. The work of [48] proposes a methodology similar to the
IHSC approach of Chapter 3, but does not specify how to construct the supervisors
based on the abstracted models.

The covering-based approach employed in building the filters of this chapter is also
a contribution in that it generates a less restrictive control law than is achieved by
existing state-feedback methodologies for partially observed systems. Existing state-
feedback approaches to control under partial observation require that the control
be consistently applied at states in the same observation partition [43] [69]. In the
approach of this chapter, we rather generate a covering of the state space that allows
for the application of a less restrictive control law.

One drawback of the architecture of the EBCR approach, and of work like [17],
is that sharing is increased between the modules, thereby limiting which events can
be hidden. Referring to the FMS example as shown in Fig. 1.4, one can see those
events associated with the Robot subplant are shared between four of the five modu-
lar supervisors. Therefore, those events that are relevant to Robot cannot be hidden
until the conflict has been resolved among the four modular supervisors that control
it. This problem has been addressed somewhat by the logic demonstrated in Sec-
tion 4.3.4 that shows that a reduced supervisor can be employed when the associated
plant has been addressed by previously examined modular supervisors. This logic
has not been proven, however, when only a portion of the associated plant has been
addressed by preceding modular supervisors. Therefore, a direction for future work
would be to develop the theory for generating reduced supervisors based on only a
portion of a plant.

Another important direction for future work is to develop a better understanding
of how conflict-equivalent abstractions can be generated. Specifically, it would be
useful to investigate the complexity associated with generating a conflict-equivalent
abstraction based on the heuristic rules of [19] [21]. It could also be interesting
to explore the possibility that other rules could be developed for generating the
abstraction. Other directions for future work include investigating different ordering
heuristics. Work could also be done with regard to finding new ways to construct
the conflict-resolving filters. Finally, the results of this work could be combined with
other modular and hierarchical approaches to supervisory control to achieve even

greater reduction in complexity.



CHAPTER 5

Multi-Level Interface-Based Control

In this chapter an approach to supervisory control we will refer to as Multiple-
Level Interface-Based Control (MLIBC) is proposed to mitigate the complexity prob-
lems associated with the analysis and design of DES. This approach partitions the
global system into modules and adds interfaces between neighboring modules. The
additional structure provided by these interfaces allows global system properties such
as nonblocking and controllability to be guaranteed solely based on the satisfaction
of local requirements. The ability to verify properties and to design supervisors
without having to construct the monolithic system helps to mitigate the state-space
explosion problem. This type of architecture also helps to improve reconfigurability
since, if a single module is modified, the global system does not need to be reana-
lyzed. In this case, only the modified module must be reanalyzed with respect to its
interfaces. The results of this chapter generalize the work of Leduc [38] [39] [41] that
was developed for a two-level interface-based architecture.

An interface-based approach to control, however, does have its drawbacks. Namely,
the increased restrictiveness of the interfaces can result in suboptimal control. In
many cases, this exchange of optimality for a reduction in computational complexity
and improved reconfigurability may be acceptable.

This chapter specifically provides local conditions that guarantee global nonblock-
ing and language controllability of a multiple-level system with interfaces like the one
pictured in Fig. 5.1. This generalized architecture allows the system to be partitioned
into smaller modules than the two-level interface-based architecture first introduced
in [38] [41], thereby further limiting the complexity of analysis and design. We also
demonstrate that the interface consistency requirements of [38] [41] can be relaxed.

This change makes the necessary requirements easier to satisfy, especially in the

108
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multiple-level case.
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Figure 5.1: Illustration of the multiple-level architecture

In this chapter, we also present results for synthesizing modular supervisors in
the multiple-level architecture that are maximally permissive with respect to a given
specification and set of interfaces. These results directly follow the supervisor syn-
thesis approach developed in [39] for the two-level case. A final contribution of this
chapter is to propose an approach to interface synthesis, something that has not yet
been addressed in the literature. While computationally expensive, the approach
provides insight into this challenging problem. In existing works, interfaces have
been constructed heuristically based on the designer’s understanding of the system.

The results of this chapter assume that the DES are modeled by deterministic
automata. It is also assumed that the automata may have different event sets, though
the languages employed in the chapter have all been lifted to the global alphabet X.

The organization of the remainder of this chapter is as follows. Section 5.1 intro-
duces notation and definitions necessary for a hierarchical interface-based approach to
supervisory control. Section 5.2 demonstrates that the global properties of nonblock-
ing and language controllability can be verified through local analysis. Sections 5.3
and 5.4 outline our approaches for supervisor and interface synthesis respectively.
Section 5.5 demonstrates the application of this architecture to the FMS example,

while Section 5.6 concludes the chapter with a summary of its contributions.
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5.1 Hierarchical Interface-Based Supervisory Control

We will now define the notation and definitions necessary for proving results with
regard to a multiple-level application of hierarchical interface-based supervisory con-
trol. We will specifically assume a connected tree architecture with a single root node.
Figure 5.1 illustrates this situation. Our component-wise specified system is split up
into modules, each consisting of a plant G% and a supervisor S}, constructed with re-
spect to a local specification E} resulting in the closed-loop subsystem H} = G%||S:.
The superscript ¢ reflects the level of the hierarchy and takes values {1,...,q}. The
subscript k indicates the index within a given level and takes the values {1,...,n;},
where this set represents all modules and interfaces on a given level i, including
modules and interfaces that have different corresponding higher-level neighbors.

All interaction between modules takes place through corresponding interfaces I}.
These interfaces restrict the behaviour of the overall system in such a way that global
properties can be guaranteed by local analysis. In a sense, these interfaces may apply
additional control. Figure 5.2 shows a detail of the multiple-level architecture. We
will refer to the global system defined in terms of these modules and interfaces as

the system .
s o
GM . Si-1 : i i i
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Figure 5.2: Detail of the multiple-level architecture

In this architecture, all events shared between a given module H}. and its higher-
level neighbor are classified as either request events p € ERZ or answer events

o€ X Ai - The occurrence of each of these events must then be accepted by the
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corresponding interface If. Conceptually, request events are thought of as being
under the control of the higher-level module and answer events as being under the
control of the lower-level module. For the purposes of this chapter, we will assume
the interfaces take the form of a command-pair interface defined below in the manner
of [38].
Definition 5.1. A DES I; = (X}, ERZUZAi,ﬁ,i,xgk,ank) is a command-pair inter-
face if the following are true:
A) LU € B S
B) Lall}) = (Sa Sa) L) o

From the above definition it can be deduced that the relevant event set for the

interface I} is given as follows:
Elli = ZA};UZR}'C

We will also define the relevant event set of a given module H}. to be equal to the

union of the relevant event sets of the associated plant component and specification.
Y = 2(G) US(E)

In turn, we will assume the event sets of G%, F}, and S} are equal to 2 > though
their relevant event sets will not necessarily be the same. We will also assume that the
global alphabet is partitioned as shown in equation (5.1), where the set 3¢ represents
those events relevant to H}, but no other modules. The following also assumes there
is only a single module on level 1, the top level.

$:=xiu (Ukzln (E};UZA;CUZR}-C)) (5.1)
i=2,...,q

A consequence of equation (5.1) is that each interface is completely disjoint from
all other interfaces, that is, ¥ N 212’, =0,Y((t £1i)V (k #K)). We will further
assume that the event set of each module H}, is constrained to have the partitioning
given in equation (5.2). The following is consistent with the connected tree archi-
tecture of our approach. Since there are no interfaces with superscript 1 or ¢ + 1,
we will consider £(I}) = E(I}Hl) = »*. This therefore implies that these interfaces

have no relevant events and hence ¥y = Xjo11 = 0.
J

ZH/i = ZZUEUQUUE%E[;H
where J,i ={7 | EHzi NX,in # 0} (5.2)
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In the above, the index sets Ji for modules on the i level partition the set
{1,...,ni11} into disjoint subsets. An implication of equation (5.2) is that each
module H} may share relevant events only with modules from the i + 1 level and a
single module from the ¢ — 1 level. We will employ script letters to represent the
languages generated by the corresponding automata lifted to the global alphabet.

This convention is employed in the following definitions.

Hy, = Pyl (L(H})) i, = Pyl (Ln(Hj))
Gi = Pp!(L(G}) Gl = Pyl (Ln(G}))
£ = Pyl (L(E}) &, = Pyl (Ln(E])
Spi= P (L(S) S, o= Pyt (Lm(S}))
L= P (L) T, =P (Ln(l})

The following requirements modified from [40] will be employed to guarantee
global properties through local analysis for a given set of DES. Specifically, each
property will be checked with respect to the i-k'" module and those interfaces with
which it shares relevant events. Refer again to Fig. 5.2 to help visualize the structure
of a single module. In the following, we will define the event set X i = Xpgi — X

to be those events relevant to the module H} that are not relevant to the module on

the next higher level of the hierarchy.

Definition 5.2. The multiple-level interface system @ is said to be multi-level non-

blocking if for all i € {1,...,q} and for all k € {1,...,n;} corresponding to each i,

the following condition is satisfied:

NI N (T =H. TN (T o
jed; jedi
Definition 5.3. The multiple-level interface system ® is said to be multi-level con-
trollable with respect to the alphabet partitions given by (5.1) and (5.2), if for all

i € {1,...,q} and for all k& € {1,...,n;} corresponding to each i, the following
conditions are satisfied:

i) The event set of G}, and S}, is Xpy; and the event set of I} is X,
i) (Vs € GiNTZiN ﬂjeﬂ ' n SZ)
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Definition 5.4. The multiple-level interface system ® is said to be multi-level con-
sistent with respect to the alphabet partitions given by (5.1) and (5.2), if for all
i € {1,...,¢q} and for all k£ € {1,...,n;} corresponding to each i, the following
conditions are satisfied:
Multi-level Properties
1) The event set of H} is -
2) I; is a command-pair interface.
Upper-level Property
3) (¥ € N M,y (VS € )
Eligz;;+1(s) N EA;+1 C Eligy; (s)
Lower-level Properties
4) (Vs € (E*'EA};)*'EZ;; NHL NI (Vp € g ),
speTy= (A exy,)slp € HyNTEN ;e !
5) (Vs € Hi, N Z; N Njey I ) (Vp € Xy ) (Vo € 2yy),
spa € T = (3l € 222) spla € Hy NI, N Njes; !
6) (Vs € Hi VT NNy I,
sel), = (3le 222) sl € My N1, N ei Lo ©

In words, Point 3 of Definition 5.4 requires that the i-£* module be ¥ AT+
controllable with respect to each of its lower-level interfaces I;“. Points 4 and 5
require that request and answer events, respectively, be reachable in a module by
events not shared with the corresponding upper-level module. Point 6 requires that if
a string is marked and accepted by an interface, then it can be extended to a marked
string in the corresponding lower-level module by events that again are not shared
with the upper-level module. Some of these requirements are discussed further in
Section 5.2.1.

5.2 Global Nonblocking and Controllability

In this section we will present the main results of this chapter. Specifically, we
will show that if a set of local conditions based on the definitions of Section 5.1 are
satisfied, then the global multiple-level system is nonblocking and the conjunction of
modular supervisors and interfaces is language controllable in the sense of equation

(2.1) with respect to the global plant. These results are presented in Theorem 5.5 and
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Theorem 5.6 given below. Their proofs are presented after some important special

cases are discussed.

Theorem 5.5. If the multiple-level interface system ® is multi-level nonblocking
and multi-level consistent with respect to the alphabet partitions given by (5.1) and

(5.2), then the complete system is nonblocking:

HLNHZNIZN.. . NHL N, =H' "NH*NI*N...NHINTI
where

My =My 0o .OHy o L0 =10 NN

M,

H=Hn..NnH,, IT'=Iin...NnT.

Theorem 5.6. If the multiple-level interface system ® s multi-level controllable
with respect to the alphabet partitions given by (5.1) and (5.2), then the supervisor
language S = S'NS?>NI?N...NSINIY is ¥,-controllable with respect to the plant
language G = G' N ... NGY.

Where: S'=8{n...NS,, I'=Ii{N...NI, , and G' = Gi N...N G}

5.2.1 Two-level case

In this subsection we present the following results which are special cases of The-
orem 5.5 and Theorem 5.6 for a two-level system. Specifically, Theorem 5.10 is a
result modified from [40] for the new interface consistency definition of Section 5.1,
while Theorem 5.11 is taken directly from [40].

Consider a two-level system consisting of a single high-level module H!, and a
series of low-level modules H?Z, ..., H?, and interfaces I7, ..., I2. Examining the no-
tion of multi-level nonblocking introduced in Definition 5.2 for each of the two levels,
one can see this definition reduces to the level-wise nonblocking definition of the two-
level case presented in [40] and repeated below. In examination of Definition 5.2,
we assume Z' = ¥* and Z7 = X* for all j, since there are no interfaces above the
first level of the hierarchy or below the second level. This convention for interfaces

is used in examination of multi-level controllability also.

Definition 5.7. [40] A two-level interface system composed of DES

HY H? 12, ... H? I2, is said to be level-wise nonblocking if the following conditions

n’» - —n’

are satisfied:
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Z) H}n N ﬂjzl ..... n ITan =H'N ﬂj:l nIJ2
i) H2, NI2 =HiNIZ Vke{l,...,n} o

.....

Similarly, we can examine the notion of multi-level controllability introduced in
Definition 5.3. Applying Point i) of the definition to the two levels of the interface
system, Definition 5.3 reduces to the level-wise controllability definition of the two-

level case presented in [40] and repeated below.

Definition 5.8. [40] A two-level interface system composed of plant components
GY,G?, ... G?, supervisors St S? ... S2, and interfaces I?, ..., I2, is said to be
level-wise controllable with respect to the alphabet partition given by (5.1), if for all
k€ {1,...,n}, the following conditions are satisfied:
i) The alphabet of G* and S is X1, of G} and S is ¥z, and of I} is ¥p2.
i) (Vs € GENTENSE),
Eligg(s) N X, € Eligsznzz(s)
iii) (Vs € G'NINSY),
Eligginz(s) Ny C Eliggi (s)
where Z=7?N...N7I2 ¢

For the two-level case, Definition 5.4 reduces to Definition 5.9 which is analogous
to the interface consistency definition presented in [40]. The difference between the
definition presented here and the one presented in [40] is the modified Point 4.

Since the high-level module H! has no corresponding interface I' above it in the
hierarchy, Points 4-6 do not need to be verified for level 1 since Y41 = X = 0.
Likewise, since the low-level modules H? do not have any interfaces T ]3 below them
in the hierarchy, Point 3 of Definition 5.4 does not need to be verified for level 2 since
by a3 = by R} = () for all 7. Combining Definition 5.4 for each of the two levels leads to

the following modified version of interface consistency.

Definition 5.9. A two-level interface system composed of DES H*, HZ I?,... H? I?,
is said to be interface consistent with respect to the alphabet partition given by (5.1)
if for all k € {1,...,n}, the following conditions are satisfied:

1) The event set of H' is X1 and the event set of Hf is Xyz.

2) I? is a command-pair interface.

-----

Eligr2(s) N X2 C Eligy(s)
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4) (Vs € (8" X4)". X7, NHENIZ)(Yp € Bpe),
speIl=(Jle 72) slp € H; NI}

5) (Vs € HE N T})(Vp € Bpgz)(Va € D p2),
spa €T} = (Al e Z*Lz) spla € HE N1}

6) (Vs € HZ N1T}),
sell = (3le X7a) sl € HZ, NIZ o

We can now use these definitions to present the following results that are special

cases of Theorem 5.5 and Theorem 5.6 for a two-level system.

Theorem 5.10. If the two-level interface system composed of DES

H' H? I?,... H2, I?, is level-wise nonblocking and interface consistent with respect

° n’ - —n’

to the alphabet partition given by (5.1), then the global system is nonblocking:

HLO () (HZ, NT2)=H'n (| (HInI})

Jj=1..n Jj=1,...n

Proof. See proof in Appendix. m

Theorem 5.11. [40] If the two-level interface system composed of plant compo-
nents G*,G%,... G2, supervisors S*,S?,...,S2, and interfaces I},... 1%, is level-
wise controllable with respect to the alphabet partition given by (5.1), then the super-

=1,...,

1111

The proof of Theorem 5.10 can be found in the Appendix and follows closely
the logic presented in [37], where the only difference is that the interface consistency
requirement has been relaxed. Specifically, Point 4 of Definition 5.4 has been modified
from what was originally a controllability requirement to the reachability requirement
prescribed in this chapter. The original Point 4 required that each low-level module

H3 be X rz-controllable with respect to its interface T
(Vs € Hy N TZ}), Eligp(s) N Xpe C Eligye (s) (5.3)

The spirit of this requirement is that the low-level modules have control only over
those events shared with the high-level module that are answer events. Therefore, the
high-level knows that if it issues a request that is accepted by the interface, the low-

level will not disable it. This requirement is mirrored by Point 3 that specifies that
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the high-level module H' be ¥ az-controllable with respect to each of its interfaces
7?2. These requirements are at the core of what enables us to draw conclusions about
the global system with only local analysis.

The new Point 4 still captures the intent of the original requirement by requiring
instead that the low-level be able to reach, via a string of low-level events, each
request event allowed by the interface. Therefore, even though the low-level may
not allow a request event immediately (as dictated by the original controllability re-
quirement), it will eventually be able to execute the required request event following
the occurrence of a string of low-level events. Since the request event is reached by
local low-level events, we know that the low-level cannot be prevented from reaching
the request event by interaction with the interface or high-level module. The fol-
lowing example helps to illustrate the difference between the original and modified

requirements.

Example 5.12. Consider the interface I and low-level module L displayed in Fig. 5.3.
Let Z and £ be the respective generated languages lifted to the global alphabet. For
the set of request events Xp = {ry,r} and answer events ¥4 = {aj,as}, I is a
command-pair interface. It can be seen by inspection that L is not Y g-controllable
with respect to Z. Specifically, r; ¢ Elig,(¢), but r; € Elig;(¢), implying a violation
of ¥ g-controllability since r; is not enabled at state 0 of L. Also, ro ¢ Elig,(l17r1a1ls),
but o € Elig;(l171a1l3), therefore implying a violation since ry is not enabled at state
4 of L. L can be modified to remove state 4 (and subsequently state 5) and will gen-
erate a non-trivial language such that Iy a1ly ¢ £, but the only way to remove the
string € from L is to make L the empty automaton. Another possible remedy is to
replace the event r; in the set Xz by the event [;. The problem that we run into
here is that it could be the case in a multiple-level architecture that [, was employed
in an interface from a lower level of the architecture.

The original language £, however, does satisfy the modified Point 4 with respect
to the interface language Z. For example, even though the request r; is not enabled
at state 0 of L, r; can be reached by low-level events. Likewise, the request event ry

can be reached from state 4 via low-level events. ¢

Point 4 of the interface consistency definition is specifically employed in Proposi-
tion 13 of [37]. A revised version of this proposition using the modified Point 4 can

be found in the Appendix. This revised proposition demonstrates that the relaxed
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Figure 5.3: Example illustrating the relaxation of Point 4

interface consistency definition holds in the two-level case. Later it will be seen that
our interface consistency definition is sufficient for the multiple-level case also.

It should be noted that if this interface-based approach to control is implemented
in a distributed fashion, then the new Point 4 will make it difficult for the mod-
ules to truly synchronize on a request event, since an event requested by a module
does not have to occur in the lower level immediately. If the modular control is
implemented on a centralized computer, then the modules can synchronize with one
another since there are no problems with communication. If the modular supervisors
are distributed across several computers, then when a request is made by a module,
the associated lower-level module will have to queue this request until it is able to
address it. Even though the modules will not actually be synchronized in time, all
the necessary actions will still be performed in the correct order.

Another approach to implementing this modular control in a distributed fashion
would be to redesign the component models to include virtual events that could be
employed as requests. In this manner, the upper-level module could issue a request
that could be enacted by the corresponding lower-level module immediately, such
that the lower level is essentially saying that it has received the request. The lower-
level module then would go on to carry out the actual task desired by the upper level

before issuing an answer. In this approach the original Point 4 could be employed.
5.2.2 Multiple-level serial case

We will now demonstrate results analogous to Theorem 5.5 and Theorem 5.6 for

the case where each level of the hierarchy consists of only a single module. This
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case is referred to as a multiple-level serial-interface architecture. Examination of
the proofs for this case will make the logic of the main results of this chapter easier
to follow.

Controllability and nonblocking of the multiple-level serial-interface architecture
will follow from the results presented for the two-level case. Specifically, the re-
quirements of Theorem 5.10 and Theorem 5.11 must be met for a series of two-level
systems consisting of a high level H~! = S*71|G*"!, an interface I’, and a low level
Hi||I = S| GY| T, where @ = {2,...,q}. The proofs to follow rely on this modi-
fied formulation where the low-level plant includes the interface from the level below,
that is, the low-level plant is considered G*||[I**. The disjointness of the alphabet
partitions of equations (5.1) and (5.2) will also be needed. For the interface 7,
H4~ 1 is considered the high-level and H? is considered the low-level since there is no
interface preceding the bottom level of the hierarchy.

Figure 5.4 illustrates the approach taken in the following proofs. The proofs
begin with the two-level system at the top of the hierarchy, which is immediately
nonblocking and controllable by Theorems 5.10 and 5.11. We then consider this
serial system to be the “high-level” and add another module that is considered the
“low-level.” This process continues where the high-level gets larger and larger and
the low-level is just the next module considered. With this in mind, all low-level

requirements are immediately met. The high-level properties are shown by induction.

H1
|2
H2
|3
H3
IR TN
|4
|4 Srel [ za
______________________________________________________ o

Figure 5.4: Illustration of approach of proofs

The proposition given below will be needed in the proofs to follow. Specifically,
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this proposition is used to demonstrate controllability between languages that are

separated in the hierarchy, that is, languages that do not share relevant events.

Proposition 5.13. Let K, L C ¥* be prefiz-closed languages. If K does not have

any relevant events in the set 3, C X, then K 1is X, -controllable with respect to L.
Proof.
e Let t € KY,,. This means that t = so where s € K and o € X,,.

e Since all the events in X, are irrelevant to K, s € K implies t = so € K by

Definition 2.2. Therefore,

KY, CK

e Intersecting both sides with L,

KX, NLCKNL

e Since K N L C K, we therefore have our desired result

KX, NLCK

]

The following two important theorems demonstrate local conditions under which

the global multiple-level serial interface system is nonblocking and controllable.

Theorem 5.14. If the multiple-level serial interface system composed of DES
HY H? I?% ..., H? I, is multi-level nonblocking and multi-level consistent with re-
spect to the alphabet partitions given by (5.1) and (5.2), then the global system is

nonblocking:

HLNHENZZN.. . NHENTh =H NH*NI*N...NHINTL?

Proof.

e Beginning at the top of the hierarchy, consider a two-level system consisting of a
high-level H!, a low-level H?||I3, and an interface I?. Because the overall system is
multi-level nonblocking, we have for the first level that H1 N Z2 = H'NZ2. Similarly
for the second level, we have that H2, N Z2, NZ3 = H*NZ*NZ>. These two results
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provide that this two-level component is level-wise nonblocking. Additionally, the
fact that the overall system is multi-level consistent provides that this two-level
component is interface consistent. Therefore, Theorem 5.10 can be applied to show

that:

HLNHZ, NI NI =H' NH*NI* NI (5.4)

e Now consider a two-level system where the high-level is H'||H?||I?, the low-level
is H3||I*, and the interface is I®. Since the global system is multi-level nonblocking
and multi-level consistent, all low-level and multi-level requirements of the level-wise
nonblocking and interface consistency definitions are known to be met. The level-wise
nonblocking of the high-level has been shown to be met by equation (5.4). The only
necessary requirement left to be shown is that Point 3 of the interface consistency
definition is satisfied, that is, H' N H? N Z? is Y s-controllable with respect to the
interface Z°.

Since the whole system is multi-level consistent, H? is ¥ 4s-controllable with re-
spect to the interface Z3. By equations (5.1) and (5.2), the languages H' and Z? do
not have any relevant events in the set X 43, therefore, they are both X 4s-controllable
with respect to Z? by Proposition 5.13. Hence, the intersection H! N'H? NZ? is also
¥ 43-controllable with respect to Z2 by Proposition 3.4, since the languages are prefix-
closed and prefix-closed languages are immediately nonconflicting.

Since this two-level system is therefore level-wise nonblocking and interface con-

sistent, Theorem 5.10 can be employed again to show that:

HLNHZNI2NH3 NI3 NIE =H' nH> N> N HnT> N1

e This logic is repeated until all modules have been addressed, leading to the desired

result. O

In the above proof, the “low-level” module always stands alone, thus Point 4 of

Definition 5.4 is immediately satisfied (as well as all other low-level requirements).

Theorem 5.15. If the multiple-level serial interface system composed of plant com-
ponents G, ..., G9, supervisors S*,..., S84, and interfaces I?,..., 1, is multi-level
controllable with respect to the alphabet partitions given by (5.1) and (5.2), then the
supervisor language S = S*NS*NI?N...NST NI is ¥, -controllable with respect
to the plant language G = G N ... NG9
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Proof.

e Beginning at the top of the hierarchy, consider a two-level system consisting of a
high-level plant G' and supervisor S, a low-level plant G?||I® and supervisor S?,
and an interface I2. Since the overall system is multi-level controllable, we have
for the first level that S' is ¥,-controllable with respect to G! N Z2. Similarly for
the second level, we have that S? N Z? is ¥,-controllable with respect to G2 N Z3.
These two results provide that this two-level component is level-wise controllable.
Therefore, Theorem 5.11 can be applied to show that S'NS2NZ? is ¥,-controllable
with respect to G' N G2 N Z3.

e Now consider a two-level system with the high-level plant G'||G* and supervisor
S| S?||1%, a low-level plant G3||I* and supervisor S3, and an interface I°. Since the
overall system is multi-level controllable, Points i) and i) of the level-wise control-
lability requirement are satisfied immediately. Point #i7) is satisfied by the previous
step of this proof. Therefore, Theorem 5.11 can be applied again to show that
SI'NS2NI?2NS3NI3is ¥,-controllable with respect to G* NG2 N G2 NI

e This logic is repeated until all modules have been addressed, leading to the desired

result. O]
5.2.3 General multiple-level case

The proofs of the main results of this chapter follow the logic of Theorems 5.14
and 5.15, but with multiple modules per level of the hierarchy. Recall Fig. 5.1 and
Fig. 5.2 that illustrate the general multiple-level architecture we are considering.

Proof of Theorem 5.5:

e Beginning at the top of the hierarchy, consider a two-level system consisting of a
high-level H], a set of interfaces {I?}, and a corresponding set of low-level modules
{H€2H(erJgIl§>} where ¢ = {1,...,ny}. Because the overall system is multi-level

nonblocking, we have for the first level that HL, N, Z2, = H; N[\, Z;. Simi-

larly for each module on the second level, we have that H2, NZ2 N[, 22 VES

Hy NI NNy 72 Z?. These two results provide that this two-level component is
level-wise nonblocking. Additionally, the fact that the overall system is multi-level
consistent provides that this two-level component is interface consistent. Therefore,

Theorem 5.10 can be applied to show equation (5.5). Within a given level, all mod-
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ules are included since the system is connected.

HLNH2NI2 NI =H' NH*NT*NT? (5.5)

o Now consider a system with a high-level H}||H?|| ... ||HZ ||I7]| ... ||I2,, a set of in-

terfaces {I}}, and a corresponding set of low-level modules {H}||(| ‘je ng;-l)} where
k = {1,...,n3}. Based on the given assumptions, all low-level and multi-level re-
quirements are known to be met. The level-wise nonblocking of the high-level has
been shown to be met by equation (5.5). The only requirement left is Point 3 of
the interface consistency definition, that is, it must be shown that the high-level
language is EAz-Controllable with respect to each Z, Vk = {1,...,n3}.

Consider a single interface language from this two-level system Z?. On level 2,
there is a single module HZ that shares relevant events with this interface, that is,
(2 m2 N g # (). By construction, the language generated by this module H7 is
by A%—controllable with respect to Z due to the multi-level consistency requirement.
For those modules H from level 2 that do not share relevant events with I, they do
not possess any relevant events that are in the set X A3 by equation (5.2). Therefore
by Proposition 5.13, each language H3 for which ¢’ # ¢ is also % A3 -controllable with
respect to Z3.

Furthermore, each interface from level 2, I?, and the module from the level 1,
H{, also do not share any relevant events with the event set 3 A3 by equations (5.1)
and (5.2). Applying Proposition 5.13 again demonstrates that each of the languages
generated by these DES are X A3 -controllable with respect to the interface language
7

Since the module language H; and the interface and module languages Z7 and H7,
where ¢ = {1,...,ny}, are & Az-controllable with respect to Z3, so is the composition
of these languages by Proposition 3.4. Otherwise stated, H{ N"H; N...NHZ NZ7N
... NI2, is ¥ s-controllable with respect to the interface language Zj}. Repeating
this logic, this high-level language can be shown to be X A3 -controllable with respect
to any interface language Z7, Vk = {1,...,n3}. Therefore we have shown that
Point 3 has been satisfied. Since all level-wise nonblocking and interface consistency

requirements are met for this two-level system, Theorem 5.10 then gives us:

HLNH2NI2NH3 N3 NIE =H' NH NIT*NH NI NI
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e This logic is repeated until all modules on all ¢ levels have been addressed. Low-

level modules that do not have any interfaces below them are slightly different in

that each module just has the form H.. However, they still satisfy the level-wise

nonblocking and interface consistency requirements leading to the desired result. [
Proof of Theorem 5.6:

e Beginning at the top of the hierarchy, consider a two-level interface system con-

sisting of a high-level plant G} and supervisor Sj, a set of interfaces {I?}, and a

corresponding set of low-level plants {G?|| I?)} and supervisors {57} where

(‘ ’keJ}
¢={1,...,n9}. Since the overall system is multi-level controllable, we have for the
first level that S is ¥,-controllable with respect to Gi N[, Z;. Similarly for the
second level, we have that each §7 NZ7 is X¥,-controllable with respect G7 N[Nye 52 Z3-
These two results provide that this two-level component is level-wise controllable.
Therefore, Theorem 5.11 can be applied to show that the language S' N S? NZ? is
¥,-controllable with respect to G! N G2 N Z3. Within a given level, all modules are
included since the system is connected.

e Now consider a interface system with a high-level plant G1||G5| ... ||GZ, and super-
visor STISEI- - ISR NN -- - 1127
low-level plants {G3]|(] }j

,» a set of interfaces {I}}, and a corresponding set of

Ejgl;-l)} and supervisors {S3} where k = {1,...,n3}. Since
the overall system is multi-level controllable, Points i) and i) of the level-wise con-
trollability requirement are satisfied. Additionally, Point 7i7) is known to be satisfied
based on the previous step of this proof. Therefore, Theorem 5.11 can be applied
again to show that the language S'NS?NZ2NS3NI3 is ¥,-controllable with respect
to G'NG*NgG* NI

e This logic is repeated until all modules on all ¢ levels have been addressed. Lower-
level modules that do not have any interfaces below them are slightly different in that

their plant components just have the form G%. However, they still satisfy level-wise

controllability leading to the desired result. 0
5.3 Supervisor Synthesis

In the previous section we demonstrated that for a given multiple-level interface
system the local properties of Section 5.1 are sufficient for guaranteeing the global
properties of nonblocking and controllability. It was not, however, specified how

to construct the multiple-level interface system. In this section we will outline a
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systematic approach for constructing the component supervisors for a multiple-level
hierarchical interface-based architecture that are guaranteed to meet the necessary
requirements by construction. The approach presented here follows the work of [39]
that provides results on how to construct high and low-level supervisors that are
optimal with respect to a given specification and set of interfaces in the two-level
case. The extension to the multiple-level case specifically requires that a modular
supervisor be synthesized to meet low and high-level requirements simultaneously.
The details of this extension logically follows the results of [39].

The basic approach of [39] is similar to the traditional approach for constructing
a supremal controllable and nonblocking sublanguage [78]. This involves first the
construction of the language that represents the portion of the system’s uncontrolled
behavior that is allowed by the given specification. This language is then pruned to
remove those strings that violate controllability or nonblocking. This construction is
in general performed on the automaton generator of the language.

For the multiple-level interface-based architecture of this chapter, we will con-
struct a supervisor S} with respect to a component plant Gi, specification E}, and
set of interfaces I, {I;“} where j represents all those indices in the set J}. for the
given module. The starting point for the synthesis of the supervisor for the -k
module will then be the automaton Z} = Gy || EL|| 1i]|(] ’j I™1). The generated and

esiti
marked languages for this automaton lifted to the global alphabet > are then:

Z, = P (L(Z) =Gin&NTiN Nz
JjeJ}

Z, = Pyl(LulZ) =G NE, NI, 0 (T (5.6)

jedi
The synthesis of the modular supervisor languages then requires the removal of
those strings that violate any of the properties required of the multiple-level interface-
based approach to control. Any continuations of these removed strings are also re-
moved in order to generate a prefix-closed language. These requirements are captured
in the following definition where W represents a multiple-level specification interface
system similar to ®. Here WU differs from ® in that it includes modular specifications

in place of modular supervisors since the supervisors have not been synthesized yet.

Definition 5.16. The multiple-level specification interface system W is said to be

multi-level valid with respect to the alphabet partitions given by (5.1) and (5.2), if
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foralli € {1,...,q} and for all k € {1,...,n;} corresponding to each i, the following
conditions are satisfied:
1) The event set of Gj, and Ej is .

2) Ii is a command-pair interface. ©

In the subsequent results of this section, it will be assumed that the multiple-
level specification interface system W is multi-level valid with respect to the alphabet
partitions given by equations (5.1) and (5.2). A language satisfying the remaining
conditions of the definitions of Section 5.1 is then said to be i-k'* multi-level interface

controllable (MIC?). This specific term is defined below:

Definition 5.17. Let Z C X*. For system V¥, the language Z is i-k'"* multi-level
interface controllable (MIC}) if for all s € GL NI, N(;c; Z,7' N Z, the following
conditions are satisfied:
1) Ehggi”ﬂjej; I]z;+1(s) N, € Eligzagi (s)
2) Eliggin (s) N X yir C Eligg1z(s), Vi € Ji
3) (Vs € (%7.X4)"(81,)7) (¥ € Sy ),
spell= (Al e Ej‘:};) slp € g,iﬂf,iﬂﬂjejiI;:H Nz
4) (Vp € Bp)(Va € By;) spa € T = (3l € Zzi)’
spla € G NI N Njesi "Nz
5)sell, = (e Z*L;;) SL€ G, NL Ney; T NZ ©

jed;

Point 1 of the above definition corresponds to the multi-level controllability re-
quirement, while Points 2-5 correspond to Points 3-6 of the multi-level consistency
requirement.

To formally present this approach to supervisor synthesis, we now define for an
arbitrary language & C ¥* a class of sublanguages of £ that are -k multi-level

interface controllable for the given multiple-level specification interface system W:
Cup (&) ={2CE[Zis M IC}, with respect to U}

The following proposition then demonstrates that the set C M} (€) is nonempty and
closed under union. This therefore implies that a unique supremal element exists for

this set.

Proposition 5.18. Let & C X*. For system W, Cp:(E) is nonempty and closed
under arbitrary union. In particular, Cy;i(€) contains a (unique) supremal element

that we will denote sup Cy; (€).
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Proof. See proof in Appendix. n

With this result, we can then employ the sublanguage sup C M (Z}nk) to define the
supervisor language for the i-k*"* module. Specifically, we can let Sﬁ% =supC Mi (ank)
and S}, = S;, . This construction and equation (5.6) provide that S}, € Z. C
G, and S} C Zka C ngk = Gi. The resulting supervised behavior is, therefore,
nonblocking since Hj, = S, NG, = S} and H,, = H; NS, NG, =S . This
construction leads to a marking supervisor in that the supervisor can in essence
unmark strings that are marked in the plant language g;‘nk. This arises due to the
inclusion of the marked specification and interface languages in the construction of
Z;. as shown in equation (5.6).

Now that we have established that a supervisor exists that is maximally permissive
with respect to a given specification and set of interfaces, we would now like to
demonstrate that this language can be constructed. With this in mind, we will
define the operator 2 M and show that its fixpoint is sup C Mi (ank) The language
fixpoint operator €2 v will be defined in terms of two intermediate operators §2,,5 B
and ,, 1ci that we will define first. The operator €2,, NBi specifically returns those

strings of a given prefix-closed language that are marked in ank.

Definition 5.19. For system W, we define the nonblocking operator Qyyp; : 3* —

3*, for arbitrary Z C ¥* as follows:

The next operator £2,, [} removes from a given prefix-closed language those strings
that fail any of the elements of the i-k** multi-level interface controllability definition.
Continuations of the failed strings are also removed to maintain prefix-closure, as
indicated by the Extz operator, that returns the continuations in Z of a given set

of strings.

Definition 5.20. For system ¥, we define the interface controllable operator 1, ci

¥* — ¥* for arbitrary Z C X* as follows:

Qrrci (Z) = Z — Extz(FaillCy(Z))
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where

N

FaillCj(2) = {seGinTin [T nZ | ~[Eligg; 7+ (5) N Sy C Eligzagy (5)]
JjeJ;
V. [3j € Ji | ~(Eliggin(s) N By C Eligg z(s))]
Vo [(Vs € (57.541)"(3) ") (Vp € Xgi )
speTy=(3lex)slpe G NN Nz nZ]
jeTi

v (Y € Sp)(Va € By)
spa € I = (3l € Zzi) spla € GL NI N ﬂ " N Z]

jeJi
vV -lseT, = (@lexy)sleg, NI, N N Zitnzl} o
jed;

We can now define our fixpoint operator €2 M-

Definition 5.21. For system ¥, we define the i-k*" fixpoint operator, M X —
3*, for arbitrary Z C ¥* as follows:

Qug = Qg (Quirei (2)) ©

The following important result demonstrates that if Mi (Zi) reaches a fixpoint

in a finite number of steps, then the fixpoint is equal to supC M (Z;%)

Theorem 5.22. For system V, if there exists j € {0,1,2,...} such that QM(Z@ is
a fizpoint, then ) (2}) = sup Cpyi (25, ).
k

Proof. Proof of this result is identical to the proof of Theorem 8 in [7], after relabeling.
O]

Finally, the following demonstrates that if the resulting supremal element is em-
ployed as our supervisor language, then the necessary interface-based requirements

of Section 5.1 are satisfied.

Corollary 5.23. For system U, if there exists j € {0,1,2,...} such that &’ (Z})

is a fizpoint, then the system ® with S}, = Q) .(Z}) and S}, = S}, satisfies Points
k

3, 4, 5, and 6 of the multi-level consistency definition, Point ii) of the multi-level

controllability definition, and the multi-level nonblocking definition.

Proof. See proof in Appendix. O
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The fixpoint operators that have been presented so far are language-based. The
specific supervisor synthesis algorithms presented in [7] for the two-level case are,
however, automata-based. While we will not present a specific algorithm for automata-
based supervisor construction, like [7] we can show an equivalence between removing
strings from a language and removing states from an automaton.

The basic approach to showing the equivalence between a language-based algo-
rithm and an automata-based algorithm is to show that if a string that reaches a
state ¢ fails to meet some necessary condition, then all strings that reach this state
g will also fail to meet the necessary condition. This way, removing a state from an
automaton only removes strings that violate the given requirement. The following
proposition from [7] addresses the property of blocking, that is, those strings that

cannot be extended to a marked string.

Proposition 5.24. [7] Let G = (Q,%, 0, qo, Q). It thus follows that for all s,t €
L(G), if 6(qo,s) = 0(qo,t) then

s¢ Ln(G)etd L,(G)

The following proposition similarly addresses the requirements of the -k multi-
level interface controllability definition. In the statement of the proposition, we will
6JJZ“)IISVZ,
with self-loops added for all events in the set ¥ — X Hi- Therefore, H; has an event
set of ¥ and L(H}) = GLNT N ey "' nSs;.

employ the automaton H}' which is equal to the automaton G%||I%||( H

Proposition 5.25. For the system ®, Let H! = (Q%,%, 4L, qok, ) It thus follows
that for all s,t € L(H]), if 6;(q5,.5) = 04(q5, . t) then
1) Ehggimﬂzjﬂ(s) N, ¢ Eligsiz; (s) < Ehggimﬂzjﬂ(t) N, ¢ Eligs; z: (¢)
2) Bligzii (s) N X e ¢ Eligy, (s) < Eligzei (£) N X g ¢ Eligy (1), Vj € J}
3) (Vs t € (B.24)"(BL:))(Vp € Bgi) [sp e i AN [(Fl € Ez}-@)
slp ¢ H};ﬂI};ﬂﬂjeﬂ I e tpeLiIn[3l e 222) tlp ¢ H;,NZ.NN
4) (Vp € Bpi ) (Vo € By ) [spa € TN [(F € Ej‘:) splac ¢ HiNZiNN
[tpa € T AN [(Fl € 222) tpla & Hi, NZiN ﬂjeﬂ Ay
5 [se, N3l e Zz}') sl ¢ H, NI, N ﬂjeﬂ i &
teZi IN[3le Tt ¢ Mo VLo, N ey Ton

jed; H

J
1+1
JGJII | &

Proof. See proof in Appendix. n
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With the above two propositions, it becomes apparent that an application of the
language-based fixpoint operator QM;; is equivalent to removing at least one state
from the automaton H}', or results in a fixpoint. The removal of a state consequently
removes strings with continuations from that state from the language £(H}'). This
is consistent with the definition of the operator 2 M- Assuming that we have regular
languages, our automata generators have a finite number of states. Therefore, even
a naive algorithm that tests each state of an automaton one at a time, and removes
states that are not coreachable or that are reached by strings that violate i-k™ multi-
level interface controllability, will reach a fixpoint in finite time.

In this work we will not provide an algorithm for synthesizing the component
supervisors. We believe, however, that an algorithm can be developed that has
polynomial complexity in the number of states and events of a given module with
its interfaces. Verifying nonblocking and each of the points of the i-k* multi-level
interface controllability definition equates to comparing the feasible event sets of
individual automata (controllability tests) and performing reachability searches, to
test whether a marked state or a given request event or answer event can be reached.
In order to perform these tests, the transition structures of the automaton H} and
the individual automata from which HY is composed must be stored. Reachability
information and feasible event sets of the individual components are stored in the
transition structures of their automata, while the automaton H}’ provides a mapping
between states of the components that are reached by the same given string. Efficient
state-based implementation of supervisor synthesis has already been developed in
the two-level case [7]. This could provide a good starting point for developing a

supervisor synthesis algorithm in the multiple-level case.
5.4 Interface Synthesis

In the previous section we outlined an approach for synthesizing supervisors for
each of the modules in a multiple-level architecture. An area that has not yet been
addressed in the literature is how to synthesize the interfaces. Traditionally, these
interfaces have been arrived at based on designer understanding of the system. The
problem that arises here is that a poor choice of interface could make it impossible
to meet the necessary requirements; that is, a resulting modular supervisor language

could be the empty set. Even if nonempty modular supervisor languages exist, the
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chosen interface languages could be overly restrictive. We would like to propose here
one possible methodology for constructing an interface language Z! in conjunction
with the supervisor language for the i-k** module.

The idea behind the approach suggested here is that each interface be viewed as
an abstraction of its associated controlled module. This point of view is consistent
with the idea that the interfaces serve to hide information between levels of the
hierarchy. This notion of employing abstraction has recently been a common theme
in the field of supervisory controller design. Existing works, however, place strict
requirements on their abstractions. Here we simply propose to employ the natural
projection operation. We propose to build off the supervisor synthesis approach of
the Section 5.3. Specifically, the idea is that the interface language is allowed to
change as the MIC} sublanguage is constructed. This approach can help prevent
the resulting control from being overly restrictive. While this approach will provide
an explicit methodology for constructing interfaces, the overall MLIBC approach
would still rely on heuristics in the choice of the system partition and in the choice
of request and answer events.

Based on the preceding discussion, the interface languages will be defined as in
equation (5.7) for a given language Z C ank and a given set of request and answer
events. Here the language Z is meant to represent an intermediate sublanguage of
ank as strings are removed to make the language i-k*"* multi-level interface control-
lable. While the following definitions and proofs are presented in terms of languages,
the result that removing strings from a language is equivalent to removing states

from the automaton generator is still valid.

L) = Py(2)
Loll)) = (SpyTa)* 0 L) (5.7)

A couple of things to notice about the above construction of the interfaces is that
the projection operation does not guarantee that the interface automaton I} will
have fewer states than the automaton which generates Z. However, in many cases
I will be smaller. Requiring that the projection additionally be an observer will
guarantee that the projected language is smaller than the original language [72]. We
will not, however, require the observer property.

The construction of equation (5.7) also does not guarantee that I; will have the
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form of a command-pair interface. As such, it is necessary to modify the definition of
Z} from its form in equation (5.6). The basic idea is to add another “specification”
B!, which imposes the requirement that request and answer events alternate, that is,

)). Since

we are constructing the interface language Z! at the same time as we are constructing

L (Blyy,) = (Zg - Xa:)*. Interms of the lifted language, £y, = P;};(E(Ei

alty, alty,

the associated supervisor language, we will define Z}' = G} || EL|| E};,, (] ’je T Tt

Jiti
then follows that:

2l = Pyl(L(Z))=Gin&ingy, n (L

Hk
jedi
Zh, = Paln(Z)) =G, nE, NEW, N [T} (5.8)

jeJ}

In a sense, the above definitions provide that S;ltk is our first guess at the interface
language Z). As Z! is modified to generate an MIC} sublanguage, so too will Z;
be altered. The simplest approach that could be applied here would be to employ
the same supervisor synthesis algorithm that would be employed if the interface was
predetermined. The difference is that any time a string was removed from Z/’, or a
state was removed from Z}/, the interface I} would be recalculated based on equation
(5.7).

Even though in this modified approach I} is allowed to change, it would still

remain a command-pair interface. This fact is demonstrated by the following result.

Proposition 5.26. If the reduced interface DES I} satisfies the relations of equation

(5.7) where Z C 2}, then I is a command-pair interface.

Proof. Point A of Definition 5.1 can be demonstrated for the reduced I; by the
following logic. First note the definition of I! in equation (5.7) and the fact that it
is given that Z C ZJ) .

L(Iy) = Py (Z) C Py(Z2]) (5.9)

Now noting the definition of Zf,’zk given in equation (5.8), we have that:

Pr(2y,) € Pr(&,

altmk

) = (Xgi-Ea)* (5.10)

Combining equations (5.9) and (5.10) provides the desired satisfaction of Point A,
L(I}) C (2R -24;)*. Point B of Definition 5.1 is satisfied by the construction of I
given in equation (5.7), £,,(I}) = (g X)) N L(I}). O
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Furthermore, even though the interface If is changing, it will not change the
current form of the intermediate language Z being constructed in the supervisor
synthesis algorithm. The idea is that any prior analysis that led to Z will not be
invalidated by changing to a reduced interface. More specifically, if a string s satisfies
all five points of Definition 5.17 for an interface language Z;, then s will still satisfy
the definition for a reduced interface language Z;" C Z: as long as the relations of

equation (5.7) still hold. This fact is demonstrated by the following proposition.

Proposition 5.27. Let s € Gi NI, N[, I, N Z satisfy all five points of Defini-
tion 5.17 with respect to the interface language I\.. If the reduced interface language

1y C I, satisfies the relations of equation (5.7) where Z C 2 . then all five points

jeJi

of Definition 5.17 are still satisfied by s with respect to the new interface language
7.

Proof. First note that it is given that I}/ satisfies the relations of equation (5.7),

therefore:

L) = Pp(2)
Lal}) = (SaSa)” N L) (5.11)
By equation (5.11) we have that T/ = P;'(Py;(Z)). Therefore, Z C I} C T,

7
k
and:

ZNLi=Z=Zn1I] (5.12)

Based on equation (5.12), the fact that s € G, NZ; N
seg.NZyNN
that each point of Definition 5.17 is still satisfied by s for this reduced interface

jeJi Z7™' N Z means that

jedi I;H N Z also. With these facts in place, we can now demonstrate

language Z/'.

1. Tt is given that Point 1 is satisfied for the original interface language Z}, there-

fore:

Based on equation (5.12) we then have that Point 1 is still satisfied for the

reduced interface:

Ehggimﬂ Iji_-‘rl (8) N Zu g Ehg?ng (S)
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2. Since Point 2 is satisfied for the original interface Z, it is automatically satisfied

for the reduced interface Z; since Point 2 does not depend on Z.

3. Point 3 is also satisfied for the original interface language Z;:

(Vs € (27.38,4)"(3))(Vp € Bgy) sp € T4
* 3 0 i+1 =
= @lexy) slpeGiNTin (NZ7"'nZ (5.13)
jeJ;
Since Z}) C I, sp € Zj/ implies that sp € Z;. Therefore by equation (5.13),
sp € I}/ provides that (31 € X7, ) slp € GL NI N e Z;*' N Z. Furthermore,
k

using equation (5.12) again we have that Point 3 is also satisfied for Z}":

(Vs € (B"34)"(20)) (Vo € Bgi) sp € I
= @es)slpeGnLn (L' NZE
jed;

4. Recalling that Point 4 is satisfied for Z:

(Vp € Zpy) (Vo € Xy; ) spa € T
=@ ey splacGinZin ("' nZ (5.14)

jeJ}

Since Z}/ C T}, spa € Z}! implies that spa € Z}.. Therefore by equation (5.14),

spa € I}/ provides that (31 € X%, ) spla € G, ﬂI,iﬂﬂjeJ]i Z;"'NZ. Furthermore,
k

using equation (5.12) again we have that Point 4 is also satisfied for Z}":

(Vp € Xp)(VaeXy) spae Ty = (3l e X1 sploe GiNTIN ﬂ ''nZz
JjeJ;
5. It is further given that Point 5 is satisfied for Z;:
s€l,, = @lex)sleg, nL, Nn[(LINZ
jedi

Since each successive interface satisfies a version of equation (5.11), £,,(I}) =
(Zgi-Xa) N L) and Ly, (1)) = (Zgi X4 )* N L(LY). Therefore the fact that
T} C Ij, implies that 7)) C I/, also. Hence, s € Z; implies s € Z,, which in
turn provides that (31 € 222) sle Gl ﬂIﬁnkﬂﬂjE% Z;7'NZ. Furthermore since
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it is given that 2 C Z . equation (5.8) provides that Z C &, . Therefore
by equation (5.11) and the fact that Z C T/,

Z=2NnZC&,, NT =1, (5.15)

Now since Z CZ}) and Z)), C I/ , we have that ZNZI) =2ZNI) NI, =
ZN I%k. Hence, Point 5 still holds for the reduced interface language:

s€ly, =(@ley)sleg, NI N NzZiinz

jeJt
O

With the above two propositions, we have demonstrated that we can employ the
following naive algorithm. Begin with the automaton Z;' and construct an interface
language according to equation (5.7) where Z = PI;];(E(Z,Q’ )). Commence to con-
struct a supervisor language in the manner proposed by the previous section, that
is, remove states from Z! if they are reached by strings that fail any of the points
of Definition 5.17 or if they are not coreachable. Every time a state is removed,
recalculate the interface language again according to equation (5.7). This process
is repeated until the resulting automaton is nonblocking and generates a language
that is i-k™ multi-level interface controllable or there are no states remaining. The
resulting interface I} is then the last one constructed by equation (5.7).

A drawback of this new approach is that it requires the additional computation
of performing a natural projection to generate each new version of the interface. In
the worst case, the computation of a projection can have exponential complexity
and the minimal automaton that generates the projected language can actually be
larger than the minimal automaton that generates the original language. In many
instances, however, this is not the case. Furthermore, it is the goal of this approach to
keep the modules small enough that the complexity of the projection operation will
not be prohibitive. Additionally, we believe that the ultimate resulting interface can
be constructed incrementally as the supervisor is synthesized, rather than performing
a full natural projection each time a state is removed from Z}'.

Another limitation of this approach to interface construction is that the resulting
interface is not unique and depends on the order in which states are removed from

Z!. Also, there is no interface for which the resulting language is supremal. This,
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however, is more of a drawback to the overall interface-based approach to control,
rather than a limitation of this particular approach to interface synthesis. These

elements of interface construction are illustrated by the following example.

Example 5.28. Consider the system Z shown in Fig. 5.5 where ¥ = {r1,72} and
¥4 = {a1, a2}. For this given system, the interface I constructed by equation (5.7) is
shown on the left of Fig. 5.6. For this interface, the language £(Z7) fails to be multi-
level interface controllable since those strings that reach state 1 cannot be extended
to the request event ry by low-level events, that is, Point 3 of Definition 5.17 is
violated. The same is also true for those strings that reach state 2 in that they
cannot be extended to the request event r; by low-level events. Removing state
1 and subsequently the unreachable state 3, results in a DES that is multi-level
interface controllable with respect to the interface I; shown in Fig. 5.6 and generated
by equation (5.7). If rather state 2 and state 4 are removed, then the resulting
DES is multi-level interface controllable with respect to the interface Iy constructed
according to equation (5.7) and shown in Fig. 5.6. Therefore, depending on whether
state 1 or state 2 was removed first, the resulting interface is different. Additionally,

the languages generated by the two interfaces are incomparable.

Figure 5.6: Example interfaces for system in Fig. 5.5
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5.5 Implementation Examples and Discussion

In this section we will demonstrate an application of the MLIBC approach to an
extension of the FMS example first introduced in Chapter 1. This expanded example
is shown in Fig. 5.7 and is employed in order to provide a resulting architecture with
multiple levels. In this version of the FMS, machines Robot2 and Mill, and buffers B3
and B9 are new. These new components and a modified AM are pictured in Fig. 5.8.
In the process of this application, we will provide some heuristics for making some
of the necessary design choices. At the end of this section, we will also discuss the
complexity of this approach, in particular, its scalability as compared to the original

two-level architecture.

> oo s
58 T\ 63 i i
Y 9l 94
2L con2 _22> 331 Robot \B6) AM —?;»@ i Robot2 (—+
30 65 g
34l 37,39 i ’
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Figure 5.7: Extended FMS example

5.5.1 Flexible Manufacturing System (FMS) example

Application of the MLIBC approach depends in part on designer understanding.
Specifically, how the system components are partitioned into modules, how request
and answer events are chosen, and how interfaces are constructed are all areas where
designer intuition could enter in. In this section we will present a procedure for

implementing the MLIBC approach where we provide some heuristics for making
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Figure 5.8: Additional components of the extended FMS example

some of the necessary design choices. Ultimately, it may be necessary to try multiple

combinations to find a satisfactory solution.

Algorithm 5.29. Multi-Level Interface-Based Control Construction
Step 1: Group system components into modules - The grouping of the components
of the global system into modules has many different possibilities that in general do
not lead to a unique solution. The alphabet partitions of equations (5.1) and (5.2)
must be kept in mind during the grouping process. For one, all interaction between
modules must take place through interfaces and each interface is completely disjoint
from all other interfaces. Additionally, while each module can interact with multiple
modules on the level of hierarchy immediately below it, it can only interact with a
single module on the level of hierarchy above it. The strict ordering imposed by the
alphabet partition also implies that there can be no closed loops formed among the
modules, that is, a module cannot be both simultaneously above and below another
module in the hierarchy.

We will now present one heuristic approach for grouping the components. To start,

pick a specification which is on “the edge” of the system. By the edge, what is meant
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is a specification that interacts with plant components that do not interact with a
lot of other specifications. If this is not possible, all it means is that this module
or the module that follows on the next level of hierarchy will have to include more
specifications and hence will be larger. For our extended FMS example, inspection
of Fig. 5.7 indicates the most logical specification choice would be the buffer B3.
However, in order to generate an example with multiple levels with multiple modules,
we will begin with specification B2. The plant components which share relevant
events with B2 are the machines Con2 and Robot. Con2 does not interact with any
other specifications, so it is indeed on the “edge” of the system. Robot, however, also
shares relevant events with the specifications B4, B6, and B7. Since this module we
are building can only interact with a single module on the next level of hierarchy, we
will include B/ in this first module and B6 and B7 will be included in the module
on the next level. Since the specification B4 also shares relevant events with the
machine Lathe, the plant for this first module will be G§ = Con2|| Robot|| Lathe and
the corresponding specification will be Ef = B2||B4. The superscript refers to the
level of the hierarchy while the subscript refers to the index within a given level.
Here we assume we know the index of this level of the hierarchy for the purposes of
clarity, but in reality we will not know this until the partitioning process has been
completed.

Considering the module on the next level of hierarchy, it is defined by those
specifications which share relevant events with the module from the previous level.
Examining the plant components associated with the specifications of this module,
determine which specifications they further interact with. For our FMS example, the
specifications for this module on the second level of hierarchy are B6 and B7. These
specifications interact with machines AM and Con&3, which further interact with
specifications B8 and BY. Since B8 is on the “edge” of the system, it is a good choice
for another lower-level module. Buffer B9, however, interacts with other components
of the system so it is a good choice for the next level of hierarchy. Therefore letting
E3 = B8and E? = B6|| B7 will satisfy the requirement that each module can interact
with multiple lower-level modules, but only a single higher-level module. Looking at
the plant components which interact with the specifications, both B7 and B8 share
relevant events with Con3. In our experience, we have determined that in most cases

it is preferable to group a plant component with the lowest-level specification with
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which it shares events. Therefore, the corresponding plants for each of these modules
end up being G5 = Con3||PM and G3 = AM.

This process of moving up levels of the hierarchy and backtracking as necessary
to meet the conditions of the architecture continues until all specifications have been
addressed. Moving up a level of the hierarchy in our example, the specification
associated with the next module is E{ = B9. The plant component which shares
relevant events with this specification is Robot2. This plant component in turn
interacts with the specification B3. Specification B3 could logically be associated
with a module on the next level of the hierarchy, however, in order again to generate
an example which has multiple levels with multiple modules, we will associate this
specification with a lower-level module. Therefore, £ = BS3. Noting that BS and B9
both interact with the plant component Robot2, we will again employ the convention
of grouping plant components with the lowest-level specification with which it is
associated. Therefore, the plant corresponding to B3 is G3 = Robot2|| Mill. Since all
of the plant components relevant to B9 are grouped with lower-level modules, the
“plant” associated with this specification does not introduce any further restriction
of behavior. Therefore, G is an automaton that generates the language 3*.

Since there are no further specifications or plant components, the grouping is

finished. The dashed boxes in Fig. 5.7 demonstrate how the global system has been
partitioned for this example. Figure 5.9 illustrates the hierarchy imposed upon the
system and the flow of information.
Step 2: Determine sets of request and answer events - Examine the plant components
of each module and choose which events are to comprise the request and answer
events associated with each interface. This again is a heuristic process that depends
on designer understanding of the system and may require some iteration.

Here we provide some guidelines to help with the process. First, all relevant events
shared between any pair of modules must be included in either the request or answer
event set for the associated interface. Additionally, it is often helpful to think of
request events as events that start a process and answer events as events that finish
a process. Examining the plant automata of a module can give some indication of
which events begin and which ones finish a process. It is also often helpful that the
request events be controllable.

For our example, the events shared between module H} and module H? are 30 and



141

Figure 5.9: Hierarchy imposed on the extended FMS example

38. Examining the automaton model of Robot in Fig. 3.10, it can be seen that both
of these events represent the completion of a process. Therefore, we will consider
them answer events Y43 = {30, 38}. It can also be seen by inspection that the events
that start these two processes correspond to events 39 and 37 respectively. In this
case, however, we will take some liberties in what we consider a “process.” We will
consider our process to be the successive occurrence of two smaller operations. In
this instance, the request event is the beginning of the first operation and the answer
event is the completion of the second operation. Therefore, we will consider event
33 to be the request event corresponding to both answers Xps = {33}. Following
this general procedure, we further arrive at the following sets of request and answer
events: Yz = {71}, Y3 = {74}, gz = {61}, Y2 = {64}, Xpz = {91}, and
Yaz = {94}.

Step 3 (optional): Assume a form for each of the interface automata - Based on the
set of request and answer events from the previous step of this procedure, along with
the designer’s understanding of the system, a form for the interface models may be
assumed. Based on the requirements of the MLIBC approach, the interfaces must
satisfy the command-pair interface format of Definition 5.1. Often a good interface
can be generated based on designer understanding of the system. A bad choice of
interface, however, can lead to overly restricted behavior. If a designer is having

trouble arriving at a good interface, the interface synthesis approach of Section 5.4
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can be employed as part of Step 4 of this procedure.

Step 4: Synthesize supervisors (and optionally interfaces) for each of the lowest-level
modules - If interfaces have been assumed in the previous step of this procedure,
then supervisors can now be synthesized by the approach of Section 5.3. In this
step, we will address those modules that do not have any modules directly below
them in the hierarchy. The construction of supervisors then approximates the low-
level supervisor synthesis algorithm of [39] with the only difference being with regard
to satisfying Point 4 of the multi-level consistency requirement. The basic idea is that
the interface, specification, and plant component automata associated with a given
module are composed. States of this resulting automaton are then removed if they
fail any of the necessary low-level requirements or if they are not coreachable. The
low-level requirements needed for these modules correspond to Point 1 and Points
3-5 of Definition 5.17.

If an interface has not been assumed for a given module by the previous step, then
it is possible to synthesize an interface along with the supervisor for a given module.
Specifically, for a given set of request events X Ri and answer events X Al the interface
can at first be assumed to be the DES that generates the language (X Ri 2 Al )*. The
start of the supervisor synthesis process is then to compose this interface automaton
with the corresponding specification and plant automata. The interface is then
considered to be the natural projection of this composition as prescribed in equation
(5.7). The states of the resulting composed automaton are then examined to see if
they satisfy the necessary low-level requirements and are coreachable. If a state fails a
requirement, it is removed and the corresponding interface is then recalculated again
according to equation (5.7). Once all states have been examined, then the resulting
automaton generates the supervisor language for this module and the projection of
the supervisor language is the interface language. Note, the order in which the states
are evaluated will affect the resulting interface and in turn the resulting supervisor.

For our example, the lowest-level modules correspond to H}, H3, and H3. Specif-
ically for module H3}, the supervisor S} is built to control the “plant” G7 to meet
the low-level requirements with respect to the specification E? and request and an-
swer events Ygs and Y 43. The resulting interfaces for these modules are included in
Fig. 5.10.

Step 5: Synthesize supervisors (and optionally interfaces) for modules on the next
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Figure 5.10: Resulting interfaces for the extended FMS example

level of hierarchy - Move up a level of hierarchy to address those modules directly
above the ones for which supervisors were just constructed. If there are no further
levels above the current module, then the associated supervisor can be constructed
using the high-level supervisor synthesis algorithm of [39]. In the multiple-level case,
the same high-level requirements are employed, so the algorithm of [39] can be used
directly.

If there are levels above a module and interfaces have been assumed, then the
approach of Section 5.3 must be employed. If interfaces have not yet been assumed,
then they can again be synthesized in conjunction with the supervisors. This process
is identical to Step 4, except now both high and low-level requirements must be
satisfied. In other words, each state must be reached by strings that satisfy each of
the points of the i-k'" multi-level interface controllability definition and each state
must be coreachable.

For those modules considered in the previous step, the modules that follow them
are H? and H}. However, since H? precedes H| in the hierarchy, we will wait to
address the supervisor for H{ until later. Therefore, for module H? the synthesis
algorithms are applied to build a supervisor S7 for the plant G? in order to satisfy
requirements with respect to the specification E?, the interfaces that precede the
module {I7, I3}, and the request and answer events Yz and X 2.

Note that in the process of building the supervisor for the module HZ, the pre-
ceding modules H} and Hj did not need to be considered at all. All necessary in-
formation was passed through the interfaces. This illustrates how global properties
are met through the construction of local supervisors.

Step 6: Repeat until done - Repeat Step 5 until supervisors have been constructed
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for all modules. At the conclusion of the procedure, the control implemented by the

local supervisors and interfaces will provide safe, nonblocking control.

In our example, the only module left is H{. For this module, the high-level

synthesis algorithm is applied to generate a supervisor S} for the plant G} with

respect to the specification E{ and the interfaces I? and 3. o

Table 5.1 summarizes the procedure applied in this example.

Table 5.1: Application of Algorithm 5.29 to extended FMS example

Step Automaton States Notes
Built (Transitions)
1 G3 = Con2|| Robot|| Lathe 24(92)
E? = B2||Bj 8(22)
G3 = Con3||PM 6(14)
E3 = BS 3(4)
G? = AM 4(5)
E? = B6|B7 6(14)
G3 = Robot2|| Mill 6(14)
E2 = B3 3(4)
G1 - G1 generates the language X*
El = B9 2(2)
2 Equ, 2(3) Sry = {33} Ta3 = {30,38}
Eb,, 2(2) Sy = {71} Sy = {74}
gtzltl 3(2) Znp = {61} X,z - {64}
alts (2) Ypg = {91} 4z ={94}
3 skipped
4 Z? = G| EF | EY,, 36(65) uncontrolled subsystem
S3 27(46) component supervisor
n 2(3) higher-level interface
Z3 = G3|| B3| B, 6(6) uncontrolled subsystem
S3 6(6) component supervisor
I3 2(2) higher-level interface
Z3 = G3|E3||E2,, 6(6) uncontrolled subsystem
S32 6(6) component supervisor
I3 2(2) higher-level interface
5 77 = G BT EL 1N 13 80(182) uncontrolled subsystem
S? 18(29) component supervisor
IZ 2(2) higher-level interface
6 Z1 = G| EL|I7| I3 8(12) uncontrolled subsystem
St 6(8) component supervisor

For the purposes of comparison, the composition of all plant and specification

components in the extended FMS example results in an automaton with 291,456

states and 1,226,672 transitions. Furthermore, the supremal controllable sublanguage

for the monolithic system is generated by an automaton with 20,232 states and

80,028 transitions. A traditional modular solution greatly reduces the complexity of
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generating control for this example, but results in blocking.

In the generation of the multiple-level hierarchical interface-based control, the
largest automaton that was constructed had 80 states and 182 transitions. This
automaton was built in the process of constructing the supervisor for module H?.
The resulting global closed-loop behavior is safe and nonblocking. The size of the
automata built in this process are substantially smaller than those required in build-
ing the monolithic supervisor, thereby giving some indication of the advantage of
this approach. Granted, the process by which the sublanguages are constructed in
the interface-based solution is different than the process used for constructing the
traditional supremal controllable sublanguage, as was done in the monolithic case.
The real drawback of the interface-based solution, however, is the loss of optimality.
Specifically, the interface-based control only allows for four pieces to be active in the
factory at any given time. The monolithic solution allows for a maximum of eight
pieces to be active at one time.

If instead a two-level architecture is employed with low-level modules consisting
of H2, H}, and Hj, and a high-level module made up of the remaining components,
then the largest automaton that needs to be constructed has 320 states and 888
transitions. This solution allows a maximum of five pieces to be active at any given
time.

For the original FMS employed in the examples of Section 3.4.2 and Section 4.6
and shown in Fig. 1.3, the MLIBC approach can also be employed. For the original
AM and a high-level with the partitioning of module H? and two low-level modules
with the partitioning of H and H3, the largest automaton that must be constructed
again has 80 states and 182 transitions. This compares favorably to the monolithic
system that requires an automaton with 13,248 states and 46,424 transitions be
constructed. In terms of permissiveness, the monolithic solution allows six pieces to
be active in this FMS example at the same time, while the interface-based solution

only allows three pieces to be operated on at one time.

5.5.2 Complexity discussion

For a two-level interface-based architecture, efficient algorithms for the verifica-
tion of properties [37] and the synthesis of component supervisors [7] have been

developed. For each module with its interfaces, these algorithms have complexity
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that is polynomial in the number of states and events. Since the high-level module
is composed with all of its interfaces at once, it is in most cases the factor limiting
how large of a system can be constructed and verified. It has been demonstrated
that an interface-based approach is often worthwhile in terms of complexity savings
if the interfaces are at least an order of magnitude smaller than their corresponding
low-level modules [41].

Since it is required that the low-level modules be completely disjoint from one
another, if the global system is made larger, it is often the case that the high-level will
grow and the number of low-level modules will increase. Therefore, the scalability
of a two-level architecture is limited since the number of states of a synchronous
composition grows exponentially with the number of components. This is where the
advantage of a multiple-level architecture becomes apparent. Figure 5.11 illustrates
a possible partitioning of a larger version of the FMS example used in the previous
section for a two-level architecture. In the example of the previous section, the
proposed two-level partitioning resulted in a high-level consisting of four automata
and three low-level components. For the expanded system of Fig. 5.11, the high-level
has grown to include thirteen automata and the number of low-level components has
increased to six.

For the multiple-level architecture proposed in this chapter, we have not yet de-
veloped efficient algorithms for the verification of properties or the synthesis of com-
ponent supervisors. We believe, however, that algorithms can be developed that will
have polynomial complexity in the number of states and events of a given module
and its interfaces just like in the two-level case. In the case of interface synthesis,
however, we are not as certain that a polynomial complexity algorithm can be de-
veloped. The problem that arises here is that the natural projection operation can
in the worst case have exponential complexity. The goal, however, would be to keep
the individual modules small enough that the overall complexity is not prohibitive.

As stated earlier, the true advantage of the multiple-level architecture is its scal-
ability. We have argued that in the two-level case as the global system grows the
high-level will grow and the number of low-level components will increase. In the
multiple-level case, however, it is possible to limit the size of the modules and the
number of corresponding low-level components by increasing the number of levels in

the hierarchy. Therefore, we can in effect put a bound on the number of interfaces
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Figure 5.11: Two-level partition of a larger FMS example

that any given module must be analyzed with respect to at once. Considering the
FMS example from the previous section with the multiple-level partitioning shown in
Fig. 5.7, the most automata in a given module was five and the maximum number of
interfaces for a given module was three. For the larger FMS example of this section,
Fig. 5.12 shows a possible partitioning for the multiple-level architecture. For this
partitioning, the most automata in a given module is also five, while the maximum
number of interfaces for a single module has increased to four. Here one can see
the size of the individual modules with their interfaces has stayed roughly the same,

even though the global system has grown significantly.
5.6 Chapter Summary

In this chapter we have provided requirements for a multiple-level interface-based
architecture by which global controllability and nonblocking can be verified locally.
This general architecture is an improvement over the special two-level case of [41] in
that it allows the global system to be partitioned into smaller modules, thereby lead-

ing to less complexity and improved reconfigurability, though at the possible expense
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Figure 5.12: Multiple-level partition of a larger FMS example

of increased restrictiveness. Furthermore, the interface consistency requirements of
this chapter are shown to be a relaxation of the corresponding requirements of [40].
This chapter also extended the work of [39] to show that a supervisor for each module
that is maximally permissive with respect to a given plant, specification, and set of
interfaces can be synthesized. It is also demonstrated that these supervisors can be
constructed employing automata-based methods.

The use of interfaces, therefore, enables the global controlled system to be verified
and designed employing only local information, greatly mitigating the state-space
explosion problem in most cases. The general interface-based approach is different
than many existing techniques for addressing the complexity problem in that it is
truly modular. Most of the techniques developed recently [17] [60] [76], including the
[HSC and EBCR approaches of this dissertation, are compositional approaches that
build up the global system employing abstraction. These other approaches are thus
dependent on their abstraction for the amount of complexity reduction they are able
to achieve.

One of the limitations of an interface-based approach to supervisory control is
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that in many cases it produces suboptimal behavior. An interface-based approach is
also difficult to automate since it requires designer input in terms of partitioning the
global system, choosing request and answer events, and forming interfaces. In this
chapter we tried to help with these design choices by providing some guidelines and
by outlining an approach for interface synthesis. The proposed approach constructs
interfaces as the projection of the closed-loop behavior of the associated module. This
approach offers a promising starting point for a problem that has not been addressed
in the literature, though it is not very computationally efficient. By constructing
the interfaces as an abstraction of a lower-level module, this overall approach begins
to resemble the compositional approaches proposed throughout the literature. In
particular, the MLIBC approach is similar to the IHSC approach, except it places
requirements on the construction of the supervisor rather than on the abstraction
operation.

A natural direction for future work would be to formalize the proposed approach to
interface synthesis and to make it more computationally efficient. Other approaches
to interface construction could also be explored. Another direction of work would be
to attempt to further generalize the hierarchical interface-based architecture. Specif-
ically, it could be useful if conditions were found under which a single “low-level”
module could interact with more than one “high-level” module. This generalization

would provide more flexibility in the partitioning of the global system.



CHAPTER 6

Conclusions and Future Work

This chapter summarizes the contributions of this dissertation in the context of
the greater body of work that exists in the literature. This chapter also proposes
some directions for future work that relate to the results that have already been

presented.
6.1 Contributions

The contribution of this work is the development of three new approaches to the
verification and design of DES. These approaches employ incremental and modular
methods, as well as abstraction, to mitigate the problem of state-space explosion

that plagues traditional methods for the analysis and design of DES.
6.1.1 Approach I: Incremental Hierarchical Supervisor Construction

The first methodology of this dissertation is referred to as Incremental Hierarchical
Supervisor Construction (IHSC) and its details are presented in Chapter 3. The ITHSC
approach constructs modular supervisors each with respect to a single specification
and a “plant” that represents an incrementally larger portion of the global system.
Within a given level of the hierarchy, the supervisors are built with respect to disjoint
portions of the system. The “plant” for each supervisor is composed of those closed-
loop systems from the previous level of the hierarchy and those new subplants that
are relevant to the corresponding specification. This approach to synthesis leads the
resulting modular supervisor languages to be nonconflicting by construction since
either the supervisors address components that are disjoint (within a given level) or
the supervisors allow sets of behavior that are subsets of one another (between levels).

To reduce the complexity of this approach, abstraction is applied to each supervised

150
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subsystem each time we move up a level of the hierarchy. Specifically, a natural
projection with the observer property is employed. The resulting modular supervisors
are proven to provide safe, nonblocking control when acting in conjunction. The
potential complexity savings provided by this approach are demonstrated through

application to two moderately sized examples.
6.1.2 Approach II: Equivalence-Based Conflict Resolution

This dissertation’s second approach to supervisor construction is presented in
Chapter 4 and is referred to as Equivalence-Based Conflict Resolution (EBCR).
The EBCR approach first builds traditional local modular supervisors in the sense
of [8]. The automata representing the closed-loop modules are then incrementally
abstracted and composed. In this process, a conflict-equivalent abstraction is em-
ployed and each time a new module is added the resulting composition is checked
for blocking. If the composition is nonblocking then nothing needs to be done; if
blocking is detected, then a filter law is synthesized to resolve the conflict within
the composition. The resulting behavior achieved by the modular supervisors and
conflict-resolving filters acting in conjunction is proven to be safe and nonblocking.

The algorithm provided for constructing the conflict-resolving filters is also a con-
tribution in that it synthesizes a covering-based supervisor that provides a solution to
the state avoidance problem that is less restrictive than any state-feedback method-
ologies that currently exist in the literature. This algorithm can also be applied to
nondeterministic and partially-observed systems and has polynomial complexity.

The promise of this overall approach is again demonstrated through application

to a moderately sized FMS example.
6.1.3 Approach III: Multi-Level Interface-Based Control

The final approach to verification and supervisor construction presented in this
work is the Multi-Level Interface-Based Control (MLIBC) approach. The details of
the MLIBC approach can be found in Chapter 5. This work partitions the global
system into modules and then introduces interfaces between the modules to restrict
interaction and allow global properties to be verified by local analysis. Specifically,
requirements are presented that can be verified by analyzing each module with re-

spect to its neighboring interfaces. These local requirements are then shown to
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provide nonblocking of the global system and controllability of the global supervisor
with respect to the global plant.

Beyond verification, the use of interfaces also allows control to be synthesized
locally. In this work, a naive approach is proposed that is demonstrated to synthesize
component supervisors that are maximally permissive with respect to a given plant,
specification, and set of interfaces. An approach is also presented for synthesizing
the interfaces required of the MLIBC approach. The proposed interface construction
methodology offers a promising solution to a problem that has not yet been addressed
in the literature. Heuristics for implementing the overall MLIBC approach, as well as
its potential complexity savings, are demonstrated through application to different

versions of the FMS example.
6.2 Discussion

The three approaches to supervisor construction presented in this dissertation
each possess their own advantages and disadvantages. In particular, there is often a
trade-off between the complexity reduction provided by an approach and the permis-
siveness of the control it generates. This is also true of other likeminded approaches
to supervisor construction that exist in the literature. Unfortunately, it is often not
possible to strictly compare the complexity or permissiveness of two different ap-
proaches; this can generally only be accomplished on a case-by-case basis. In this
section we will specifically discuss the three approaches of this dissertation with re-
spect to the FMS example first shown in Fig. 1.3. The details of this FMS model can
be found in Section 3.4.2. In the process of presenting the results for this example we
will try and point out some trends between the three approaches of this dissertation.
We will additionally try and put these approaches into context with respect to the
larger field of research.

The THSC approach in many cases generates the most permissive control of the
three approaches of this dissertation. For the FMS example, the language represent-
ing the behavior allowed by the set of modular supervisors found from both applica-
tions of the IHSC approach is contained in the language allowed by the monolithic
solution. However, the monolithic and modular solution both allow a maximum of
six pieces to be active in the factory at the same time. A monolithic supervisor will

always provide maximally permissive behavior and hence is a good benchmark. The
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loss of optimality in the IHSC approach arises because a controllable event that has
been projected away cannot be disabled by a supervisor. Therefore, a supervisor
may have to disable a different controllable event that is less desirable in order to
keep the system safe.

Like the THSC approach, the work of [17] that was developed at approximately
the same time also employs a natural projection with the observer property. This
work additionally requires an output-control-consistency property that limits which
controllable events may be projected away in order to guarantee that their modular
solution is maximally permissive. The addition of the output-control-consistency
property reduces the amount of complexity reduction that is possible. We conjecture
that the addition of output-control-control consistency to the IHSC requirements
would result in maximally permissive control. This, however, has not been proven.
We also conjecture that the removal of the output-control-consistency property from
the approach of [17] will result in safe, nonblocking control and a greater reduction
in computational complexity.

The architecture of [17] is different than that employed in the ITHSC approach
in that it builds modular supervisors then generates an additional level of control
to resolve conflict among the supervisors. This structure increases the amount of
events that are shared among the modules and hence limits the number of events
that can be considered for abstraction as compared to the IHSC approach. This fact
provides another reason why that in many cases the IHSC approach will require less
complexity than the approach of [17].

The EBCR approach of this dissertation employs a similar architecture to [17].
The EBCR approach, however, employs a conflict-equivalent abstraction rather than
a natural projection with the observer property. A conflict-equivalent abstraction in
general generates a smaller model than an observer-type abstraction. This means
that, in most cases, the EBCR approach requires the construction of smaller au-
tomata than the IHSC approach or the approach of [17]. This trend is supported
by application to the FMS example. As shown in Table 6.1, the IHSC approach re-
quires that an automaton with at least 210 states and 516 transitions be constructed,
while the EBCR approach requires that an automaton with only 128 states and 428
transitions be constructed.

Most algorithms presented in this dissertation have complexity that is polynomial
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Table 6.1: Summary of Results for the FMS example

case # states (f transitions) f states (f transitions) maximum f

in largest supervisor | in largest intermediate automaton | pieces active
monolithic 2256 (7216) 13,248 (46,424) 6
THSC modular 1 165 (435) 220 (609) 6
THSC modular 2 106 (270) 210 (516) 6
EBCR modular 80 (259) 128 (428) 5
MLIBC modular 27 (46) 80 (128) 3

in the number of states and events of a given automaton. Therefore, automata size
is a reasonable metric of computational complexity. An exception to the polynomial
complexity generalization that arises in the EBCR approach is the generation of the
conflict-equivalent abstraction. The process of generating this abstraction is based
on a heuristic application of a select set of rules and hence its complexity is less
well understood. A better understanding of the generation of conflict-equivalent
abstractions remains an open area of research.

Even though the conflict-equivalent abstraction generates a greater reduction in
model size than a natural projection with the observer property, there are cases where
the THSC approach requires the construction of smaller automata than the EBCR
approach. These cases arise because of the increased sharing of events between
modules described in the discussion of [17].

While in most cases the EBCR approach requires the construction of smaller
automata than the IHSC approach, it also in most cases generates control that is more
restrictive. This trend is exemplified by application to the FMS model. The EBCR
solution for this system allows only five pieces to be active in the factory at one time,
while the IHSC solution allows six pieces to be active at once. The EBCR approach
loses optimality because like the THSC approach it allows controllable events to be
hidden. The further restrictiveness of the EBCR approach arises because the conflict-
equivalent abstraction introduces nondeterminism. This nondeterminism reflects the
fact that the abstraction hides which state the underlying system is actually in. This
in turn leads the filter laws to be more conservative than they would otherwise need
to be.

The MLIBC approach is the final methodology presented in this dissertation.

This approach in most cases requires the construction of the smallest automata and
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results in the least permissive control. This statement is supported by the results
of the FMS example presented in Table 6.1. The fact that the verification and
supervisor design of the MLIBC approach is truly modular is what enables such
large complexity savings. The modularity also makes the MLIBC approach more
reconfigurable than the other two approaches. The restrictiveness of the approach
arises because the structural requirements on the supervision is in most cases stronger
than the requirements placed on the abstractions of the other approaches. If we
assume that the interfaces are formed heuristically, then we believe algorithms for
the verification of the MLIBC requirements and for the synthesis of the modular
supervisors can be developed that have polynomial complexity in the number of
states and events of a given module with its interfaces.

We further believe the trends demonstrated by the results in Table 6.1 will become

more pronounced with application to larger examples.
6.3 Future Work

Directions of future research that relate to the work of this dissertation include
addressing the implementation of the existing approaches, applying the methods
of the presented work to new problems, and exploring new techniques for model

reduction.

6.3.1 Practical implementation

The three approaches to supervisor synthesis presented in this work, as well as
many related works, are new theoretical results that have been applied to only a small
number of moderately-sized academic examples. In order to better understand the
true applicability of these results, as well as to better understand how the different
approaches relate to one another, it is necessary that these techniques be applied to
a wider variety of larger-scale examples. This goal is made difficult by the fact that
many of the existing approaches require input from the designer during the synthesis
process. Furthermore, many of the proposed algorithms have not been implemented
in software yet. Addressing these difficulties provide one possible direction for future
research activities.

Examples where designer input enters in the IHSC approach include choosing the

order in which specifications are addressed and determining which events are to be
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abstracted away. Algorithm 3.18 provides one approach for choosing the ordering
of specifications. The investigation of other ordering methodologies is still an open
problem. The work of [15] presents a polynomial time algorithm for finding an
extension of the set of observable events for a projection such that the projection is
an observer. There does not, however, exist in general a minimal set of such events.
Therefore, heuristic algorithms for determining a “good” set of events to retain could
still be investigated.

For the EBCR approach, the order in which the closed-loop modules are com-
posed and abstracted also requires designer input. Results presented in [21] evaluate
several strategies based on the size of the automata or the size of the shared alpha-
bets. This investigation tries to minimize the size of the resulting automata and
could also provide inspiration for choosing the order of specifications in the THSC
approach. A reason to revisit the investigation of [21] is that that work was only in-
terested in detecting conflict, not in synthesizing supervisors. Therefore, it would be
interesting to see how the ordering schemes compare in terms of the permissiveness
of the resulting control. Along these lines, it could also be informative to explore
the possibility of waiting to construct filters in the EBCR approach. The reason
this may be beneficial is because it is possible that conflict within a composition of
modules could be resolved by the addition of other modules without the need of a
conflict-resolving filter. The trade-off that arises here is that by waiting to construct
the filter, more events are hidden, thereby limiting the set of transitions the filter
law can disable to prevent the conflict if it is present. Determining which events to
hide is another designer input that could be investigated.

With regard to the EBCR approach, the implementation of the conflict-equivalent
abstraction could also be investigated. The abstraction is achieved by the application
of a set of heuristic rules. The order in which these rules are applied is something that
could be evaluated. It is also possible other rules for generating conflict-equivalent
abstractions could be found. To apply the EBCR approach to large-scale systems,
it would also be necessary to implement the filter construction algorithm (Algo-
rithm 4.27) in software.

The MLIBC approach also requires designer input in determining the partitioning
of the global system, choosing request and answer events, and forming interfaces.

Guidelines for making some of these choices were presented in Section 5.5.1, but
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this area could be explored further. The approach to interface synthesis outlined
in Section 5.4 is another area that could be investigated, in particular, with regard
to improving the computational complexity of the approach. Finally, algorithms
for verifying the MLIBC requirements and implementing the proposed approach
to supervisor synthesis need to be developed and implemented in software. It is
proposed that existing algorithms for verification and supervisor synthesis in the
two-level case be followed [7] [37].

Another way to increase the size of systems to which the approaches of this dis-
sertation can be applied is to employ more computationally efficient data structures
than automata, such as binary decision diagrams [3] and state tree structures [46].
For the two-level interface-based architecture, binary decision diagrams have already

been employed [62].
6.3.2 Reducing complexity in diagnosis

Another direction for research would be to apply some of the techniques developed
in this dissertation for supervisor synthesis to constructing diagnosers for determining
the occurrence of faults. Fault diagnosis is a problem that suffers from the same
state-space explosion issues that motivated the work of this dissertation.

An existing approach proposed by [79] applies an abstraction to the monolithic
plant model such that the diagnoser constructed from this reduced model produces
the same diagnostic information as the diagnoser built from the original model. The
model reduction employed is a state aggregation approach that partitions the original
state space based on the fault properties of the states. This approach is a similar
concept to the state aggregation employed in [30] to ease the complexity of supervisor
construction. A requirement on the original model is that each state be distinctly
labeled as a fault or normal state. It may be possible to transform any automaton
model into a form that has this property.

A possible direction for future research would be to apply this approach to model
reduction in a more incremental manner. That is, apply the model reduction to each
component before composing the components into the monolithic model. This would
provide benefits in that it would make the process of model reduction simpler and
would avoid the construction of the unabstracted monolithic plant. In order for this

approach to work, it would be necessary to be show that the order of the operations
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of reduction and composition can be commuted. An indication that this might be
possible is the fact that the projection operation can be distributed across parallel
composition when shared events are not erased.

Another idea concerning reduction of the number of states in the diagnoser relates
to the observer property. One of the benefits of the observer property is that it was
shown to guarantee that the complexity of the projection operation is polynomial
if the operation possesses the observer property [72]. Since the construction of the
diagnoser is essentially taking a projection and adding labels, it seems the observer
property could guarantee that the diagnoser state space will not grow exponentially.
Furthermore, since [54] has shown that the observer property is maintained across
composition in the case that shared events are not erased, this means that an incre-
mental approach might be applied here too.

Modular approaches to diagnosis have been also been formulated [6] [10]. The idea
behind modular diagnosis is that diagnosers are built for each component of a larger
system. In the case that each component is diagnosable, then the system as a whole is
diagnosable. Therefore, in this instance, the modular approach to diagnosis provides
the same information as a centralized diagnoser built for the monolithic system. The
more interesting case, however, is if not all the individual modules are diagnosable. If
not all of the components are diagnosable it is possible that the overall system is still
diagnosable by a centralized diagnoser. This difference arises because not all strings
accepted by a component are necessarily accepted by the monolithic system. This
happens because some strings accepted by a particular component may be blocked
by a different component. Therefore, if there are two traces accepted by a component
that reflect different failure conditions, it is possible that one of the strings will be
blocked by one of the other components thereby eliminating the ambiguity.

The work of [10] addresses this uncertainty by generating a test that determines
whether or not a system is modularly diagnosable. Unfortunately, the test requires
knowledge of the monolithic diagnoser which defeats part of the motivation for us-
ing a modular approach. The work of [6] rather uses an incremental approach that
begins with a component diagnoser that cannot be diagnosed and considers addi-
tional modular diagnosers one at a time until the ambiguity is resolved or until all
components are exhausted. A direction for future work would be to improve upon

these modular approaches, in particular, by combining them with model reduction
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techniques.

6.3.3 Additional model reduction techniques

Within this work two types of abstraction were employed, natural projection with
the observer property and conflict-equivalent abstraction. These two approaches
to model reduction maintain different system properties and hence are suited to
different approaches to supervisor synthesis. Specifically, the observer property pro-
vides observation equivalence so that the supervisor can be designed for the reduced
model and will achieve safe, nonblocking behavior when it is applied to the full
model. Conflict-equivalent abstraction maintains conflict properties and is therefore
well-suited to designing a conflict-resolving level of control. Other abstraction tech-
niques have also been developed that may be suited to other approaches to supervisor
synthesis.

A new type of reduction that has been developed that could be investigated is
the notion of a supervision-equivalent abstraction [22]. This approach to reduction
is able to capture the same information as the maximally permissive supervisor, but
in a more compact manner. It is, however, unclear what the complexity associated
with synthesizing the supervisor is. Another approach to model reduction is referred
to as partial order techniques [14]. The idea here is that when concurrent subsystems
are composed, there may be events in the alphabets of the subsystems whose relative
order is not important. Therefore, partial-order techniques reduce the complexity of a
model by not capturing all the permutations of the orderings of these events. Another
approach to abstraction is able to generate a reduced model by recognizing repeated
structure in the components of a larger system. This approach to abstraction is
referred to as a symmetry reduction [12] [59].

Each of the above reduction techniques could be explored in the context of su-
pervisor or diagnoser synthesis. Additionally, multiple reduction techniques could
be employed together. For example, either the IHSC approach or the EBCR ap-
proach could be applied to an individual module in the multiple-level interface-based
architecture. Similarly, an observer-type abstraction could possibly be employed in
constructing the modular supervisors in the EBCR approach before the conflict-

resolving filters are constructed.
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Proposition 3.5:
Let Ky, Ko, L C ¥* be languages and let K = K; N K. Also let ¥, C ¥ and K;
and K, be nonconflicting. If K, is ¥,-controllable with respect to K1 N L, and K, is
Y.-controllable with respect to L, then K is ¥,-controllable with respect to L.

Proof.
KX, N (K NL)
= Ko, N (K NL)
= KN, N (K, NL)NL)

N

K,

KNk,

KX, N(KinL)C KNk,
KNk,

N

N

= (K;NK)S, N L

N

= (KiNKy)X,NL

1N

KiN K,

Proposition 3.11:
Let P :¥* — ¥ be a natural projection and let L C ¥* and K, C X7 be languages.
Also let K, = PYK,)NL, ¥, CYand 8,, =X,NY,. If K, is ¥, -controllable
with respect to P(L), then K,, is ©,-controllable with respect to L.

Proof. Since it is given that K, is 3, ,-controllable with respect to P(L), we have
that K, ,N P(L) C K,.
If 0 € ¥4, then by the above we obtain

K,oNnP(L) C K,
P (K,0)NPTY(P(L)) C P'(K.)
P Y K)onL C P MK,)
(PY(K,)NLonNnL € P YK,)NL
KnonL C K,
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If o € (X, —Xua), then P(o) = ¢, so

P[P7Y(K,)o] C K,
P (K)o © P7N(K,)
(PYK,)NLonNL C P YK,)NL
Kn,onL C K,

Proposition 4.7:
Let P : ¥* — ¥* be a natural projection and let L,, = L C ¥* and K, C X* be
languages. Also let K= P~Y(K,)N L and I?m = P7Y(K,) N Ly,. If the projection P
possesses the L,,-observer property and K, C P(L,,), then [?_m - K.

Proof. Note that if the L,,-observer property holds for all strings P(s)t € P(L,,),
then it will also hold for all strings P(s)t € K, C P(L,,). In general, P~1(K,) N L,, C
WHL_M = P~Y(K,) N L, therefore it is only necessary to show that P~1(K,)N
LC P YK, N Ly

Let s € P7Y(K,) N L, therefore, s € P~'(K,). Taking projection of both sides,
P(s) € P(P7Y(K,)) = K,. Hence, P(s)t € K, for some t € ¥*. Since P has the
L,-observer property, we then know Ju € ¥* such that su € L,, and P(su) =
P(s)t € K,. Therefore, su € P7'(K,) since P'(P(su)) C P7'(K,) and hence,
su € P7Y(K,)N L,,. Therefore, s € P~1(K,)N L,, € P~1(K,) N L,,. And thus we

have shown our desired result, P~'(K,) N L C P~*(K,) N Ly, O

Proposition 4.25:
If for the subautomaton H C G, H' is nonempty and f’ is given by equation (4.23),
then Qf/ = R,(Q,Tl)

Proof. By assumption, H' is nonempty. Step 1 of Algorithm 4.23 then provides that
g € R (QIL) Additionally, since f’ only disables transitions, gy will be reachable
under control. That is, gy € Q.

(€) We will next show that Qp C R’ (Q,z) by induction. For any ¢ € Qp —{qo}, there
exist ¢1, 2, .-, qm € Qgand 0g,01,...,0,_1 € X, satistying conditions (C'5-C'7). For
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the basis step, we already have ¢ € R’ (Q}Tl) For the induction step, suppose that
g € R(Q) € Ql. We now want to show that qe1 € dy(qr, 0%) C R'(Q}). Consider

two cases:

1. If o, € ¥, we then have that gx+1 € 6,(qx, ok) C Q,TL since g, € Q,Tl and Q,Tl is X,-
invariant. Furthermore, since 0}, € X, we have that oy, ¢ A% (qi). Therefore,
Qi1 € Og(qr, 0%) C R’(Q,TL) by Step 2 of Algorithm 4.23.

2. If o4, € 3, then by condition C6 and equation (4.23), we have o € f'(qx) =
3, — A’ (qe). Therefore, by Step 2 of Algorithm 4.23 we again have that

st € O4(qr, on) C R'(Q))-

This completes the induction.
(D) We will now show that Q; 2 R'(Q}). For any ¢ € R(Q}) — {qo} there exist
¢@,q2, -, qm € Qg and 09,01, ...,0,_1 € X, satisfying conditions analogous to (C'1-
C4), but for QIL instead of (). Since ¢ € R/(QD implies ¢ € @Q,, to show that
q € Qy, it is sufficient to prove that o; € f'(¢;)(¢ = 0,1,...,m — 1). By condition
C3 and equation (4.23), we have 0; € X, — A1 (q:) = f'(q:)- O

Theorem 5.10:
If the two-level interface system composed of DES H', HZ IZ, ..., H2, I2, is level-wise

nonblocking and interface consistent with respect to the alphabet partition given by

(5.1), then the global system is nonblocking:

HLO () (H2, NZ2)=H'n () (HiNZI})

7j=1,...,n Jj=1,..,n

Proof. Proof of this theorem follows exactly the logic presented in [37], with the
exception of Proposition 13 of [37]. A modification of this proposition is proven
below. O

Proposition 13 from [37] applies to a serial two-level interface system, that is, a
system with a single high-level module H', a single interface I2, and a single low-
level module H?. The event sets ! and ¥? will represent those events relevant to H*

and H? respectively, that are not request or answer events. In our modification of
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Proposition 13, we will employ a modified version of the serial interface consistency

definition of [37]. Specifically, the Point 4 of this definition has been relaxed as

follows:

(Vs € (B2 ). ()" NH>NI?)(Vp € Lge) sp €T =
(31 € (") slp e H*N1I? (1)

We will additionally employ the following modified version of Point 5:
(Vs € H*NTI?)(Vp € L) (Va € B y2) spa € I? = (3l € (X2)*) spla € H2 N T2

The following alternate definition of a command-pair interface and Proposition 8

from [37] will be referred to in the revised proof of Proposition 13 given below.

Definition: [37] A DES I? = (X? Y peUX 42,2, 22, X2)) is a command-pair inter-
face if the following are true:
A) 22 = US4
B) (Vs € L(I?))(Vp € Tre) sp € L(I?) = s € L,,(I?)
C) (Vs € Lo(I?) (Vo € Xp2) so € L(I?) = 0 ¢ Dy
D) L,,(I?) = {e} U (5.2 42 N L(1?))
E) L(I?) C (Sre-Ya2)*

Proposition 8: [37]
a) (Vs,s' € X*) s € H! and Py (s) = P (s') = s’ € H!
b) (Vs,s' € %) s € HL and Py (s) = P (s') = s € HL
c) (Vs,s € ¥*) s € H? and Py2(s) = Py2(s') = s’ € H?
d) (Vs,s' € ¥*) s € H2, and Pyz(s) = Py2(s') = s € H?,
e) (Vs,s' € %) s € % and Pp2(s) = Pp(s') = s’ € I?
f) (Vs,s' € ¥*) s € I2, and Pp(s) = Pr(s') = s’ € 12,

Before we begin the revised proof of Proposition 13, we first want to show that

the Point 4 of (1) implies the following is true:

(Vs € (Z* T )" (B'US)* NH* NI (Vp € Xpe) sp €I =
(31 € (%)) slp e H*NI? (2)
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First let s € (3*.342)*.(Z'UXH)*N'H2NZ? and s’ = Py2(s). Since the projection
operation is idempotent this means that Py2(s") = Py2(Pg2(s)) = Py2(s). Also since
Y2 C Yp2, this means that Pp2(s’) = Pp2(Py2(s)) = Pr2(s). Applying Proposition
8 Point ¢ and Point e, therefore, provides that s’ € H? N Z2. We can similarly show
that ' € (2*.X42)*.(X%). This, therefore, means that s’ is subject to (1). Hence,
s'p € I? where p € Y2 implies there exists an | € (X?)* such that s'lp € H2. Also,
since Pr2(s'p) = Pr2(sp), Proposition 8 Point e provides that s'p € Z? if and only if
sp € I?. Hence, sp € Z? implies that there exists an [ € (X?)* such that s'lp € H2.
Since Py2(s'lp) = Py2(slp), Proposition 8 Point ¢ then provides that slp € H?* and
we have shown that (1) implies (2). We can therefore use (2) as our Point 4 in the

following proposition.

Proposition 13:
If the system composed of DES H*', H?, and I? is serial level-wise nonblocking and se-
rial interface consistent with respect to the alphabet partition ¥ := S1UX2UYE 2 UX 42,
then

(Vs € H N H2N T (Vh € (2. Bpe. (B8 42) sh e HINT? =
(Ju € ¥*) s.t. (su € H' " H*NZ2) A (P (u) = h)
Proof.

Assume the system is serial level-wise nonblocking and interface consistent. (3)

Let s € H'NH*NZ?, he (2) . Bpe. (8" .2 42, and sh € H' NT2 (4)

We will now show this implies we can construct a string u with the desired prop-

erties.

We first note that h € (X1)* Xpe.(X1)*. X 42 implies:
(3N € (EH)(p € Tp2) (W € (BY)*) (o € £ p2) s.t. W ph"av = h (5)

We will show that we can construct strings I,1” € (X%)* such that sh'l'ph"l"a €
H' NH?2NZ2. We will also show that P2 (h'l'ph"l"a) = h.

Our approach will be to show that s € (3*.3,2)* (X' U X?)* N 'H?2 N Z? and
p € Eligra(s). We will then use Point 4 of the serial interface consistency definition

to construct a suitable string /. Similarly, we will show that sh/l'p € X*. X p NH?NZ?
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and a € Eligp2(sh'l'p). We will then use Point 5 of the serial interface consistency
definition to construct a suitable string [”.

Since sh € Z? (by (4)), we have that Pp2(sh) € L£(I?). Additionally, it is given
that I? is a command-pair interface (by (3)). Therefore by Point E of the command-
pair interface definition, Pp>(sh) = Pp2(s)Pp2(h) € (Sg2.3 42)*. Since it is given that
h € (BN X (EN)* .2 42, P2(h) = Xge. X2, therefore, Pr2(s) = (Xg2.342)*. This,
therefore, implies that s € P;,'((Zge.Xa2)*), hence:

s € (25 5.) (2 Uux?) (6)

Now note that sh € H* N Z? (by (4)), and that //p < h (by (5)). As H! and Z?

are closed languages, we can now conclude:
sh'p € H' N T?
As W € (3Y)* (by (5)), we also have Pjz2(sh’p) = Pp2(sp). Therefore, we can apply
Proposition 8 Point e, and conclude:
sp € I?

We now have s € (X*.2 42)*.(Z'UX?)*NHZNZ? (by (4) and (6)) and sp € Z? from
the previous step. This allows us to apply Point 4 of the serial interface consistency

definition and conclude:
(3 e (BH) sl'p e H*NT? (7)

As W' € (X%)* by (5), we can conclude Pp(sh'l'p) = Pp2(sl'p) and Py2(sh'l'p) =
Pyz2(sl'p). These facts along with (7) allows us to apply Proposition 8 Point ¢ and
Point e, to show that:

sh'l'p e H* NT? (8)

From (4) and (5), we also have that sh/ph”«a € Z?. Additionally, since h” €

(XH* and " € (2?)* we have that Pp2(sh/ph”a) = Pp(sh'l'ph”a) = Pr(sh'l'pa).

Therefore, we can apply Proposition 8 Point e, and conclude:
sh'l'pa € I?

We also have that sh/l' € H*NZ? due to (8) and the fact that H? and Z? are closed

languages. This along with the above means we can apply Point 5 of the interface
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consistency properties and conclude:
(3" € (2)*) shlUpl"a € H* N T3

Also since b € (X1)* by (5), we can conclude Ppz(sh'l'pl"a) = Pp(sh'l'ph"l" )
and Pgz(sh'l'pl"a) = Py2(sh'l'ph”l" ). These facts along with (9) allows us to apply

Proposition 8 Point ¢ and Point e, to show that:
sh'l'ph/"l"a € H? N T? (9)

We next note that DES I? is a command-pair interface by (3).
As a € ¥ 42 (by (b)), we can now conclude:
Pra(shIph"1"a) € 5%, 542 N L(12)

= Ppr(shl'ph"l"a) € L,,(I?) by Point D of the command-pair interface definition.

= sh'l'ph"l"a € T2, (10)

From (4) and (5), we have sh/ph”a € H'. As I',l" € (X*)* (by (7) and (9)), we
can conclude:

Py (sh/ph"a) = Py (sh'U ph”"l" ) (11)

We can now apply Proposition 8 Point a, and conclude:
sh'l'ph"l" o € H* (12)

Combining (12) with (9), (10), and (11), we have sh'l'ph"l"a € H' N 'H?> N T2,
and Py (R'Uph"l"a) = Pyi(W ph"a) = h. We take u = R'l'ph”l"a, and the proof is
complete. Il

Proposition 5.18:
Let £ C ¥*. For system W, Cy;:(€) is nonempty and closed under arbitrary union.

In particular, Cp; (€) contains a (unique) supremal element that we will denote

sup Cyy; (€).

Proof.
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We will break the proof into three parts: 1) show supC Mzi<5) is nonempty, 2)
show sup Cyi (€) is closed under arbitrary union, and 3) show sup Cy; (€) contains a
(unique) supremal element.

1) show supC Mi (€) is nonempty.

Clearly, @ C £ and the empty set is M IC} with respect to ¥ and is thus in Cy: (€).
2) show sup Cy; (€) is closed under arbitrary union.

Let Zj € Cp;i(€) for all 5 € B, where B is an index set. Let Z = U{Z|0 € B}.
Clearly Z3 C Z for each 8 € B.

= (VBeEB)2;C Z (13)

since prefix-closure preserves ordering. It is, therefore, sufficient to show that Z &

Clearly, Z C £. Hence, all we need to show is that Z is MIC} with respect to
W. This means showing for all s € Gi NZ; N[, e Z;7' N Z, the following conditions
are satisfied:

1. Ehggimﬂ IJH—I (S) N Zu - Ehgzmzi (8)

\)

. EligIHl(S) N X i1 C Ehggimz(s), Vi e J,i

w

(Vs € (B58,) . (2)")(Vp € X)) sp € T = (Al € 222) slp € GL NI N
ﬂjeJ,iI;Hm?

4 (VpeBp) VaeXy)spa e Ly = (A ey, ) splac GNTINN,en I NZ
k

jedi
5.s€I, = (3lec E*Lz) sl e Gl ﬂIﬁnk ﬂﬂjejijfrj;l Nz

Let
seGn (T n;nZ. (14)
jegi
We first note that this gives us that s € Z.
= (I €¥*)ss' € Z
= (30 € B) ss' € Z3, by definition of Z.
= s€ Zg
Therefore, by (14) we have that 35 € B for which

seGin (T NI N2, (15)

jed;
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a) We will now show Eligg: o 7i+1 ()N, C Eliggmzi(s).
It is sufficient to show (Vo € ¥,) so € Gi N ﬂjEJ;i ZJ?“ = s0 € ZNT;. Let

o € Xy (16)
Assume
soegin (7. (17)
jeJ;}

We will now show this implies so € Z N Zi. We immediately have that s €
GinNZiN Nyesi I7"' N Z5, 0 € Xy, and so € G N Nyes Z;*', by (15), (16), and
(17). As Z5 € Cyi (€) by definition and is thus MICj, for W, we can conclude that
so € ZgN1;.

= so € ZNTI} by (13), as required.

Part (a) is complete.
b) We will now show Eligz;ﬂ(s) NE i C Eligg; z(s), j € J;.

Let j € Ji. It is sufficient to show that (Voo € X 4i+1) sa € It = sa € Gi N 2.
Let ]

a € EA§_+1. (18)

Assume

sa € T (19)

We will now show this implies s € GiNZ. We immediately have that s € GiNZiN
Njesi 7 N 25, @ € By, and sa € I, by (15), (18), and (19). As Z5 € Cp; (€)
by definition and is thus MIC} for ¥, we can conclude that sa € Gi N Z;.

= sa € Gi N Z by (13), as required.

Part (b) is complete.
c) We will now show (Vs € (¥*.5 4 )*.(31:)*)(Vp € Bpi) sp € I} = (Jl € E*L?;) slp €
G NN Njesi " NZ.
Let
S € (E*EA}V)*(ZL/@)* and p € ZRi (20)
Assume
sp € Ij. (21)
We will now show this implies that (3 € 222) slp € GENT N ey "N Z. We

immediately have that s € G} ﬂfiﬂﬂjeJi I;“ NZgs, s € (2.8 a)*(B11)"s p € By
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and sp € Ij, by (15), (20), and (21). As Z5 € Cpy;(E) by definition and is thus
MIC}, for ¥, we can conclude that (3] € X%, ) spla € GL NI NN IZH NZs
= spla € GLNTy NNy I, N Z by (13) as required.

]GJ””

]EJZ
Part (c) is complete.

d) We will now show that (Vp € Xpi) (Va € ¥pi) spa € i = (Al € 222) splac €
Gt N Njess L N 20T
Let
pE YR, €%y (22)

Assume

spa € I, (23)

We will now show that this implies (3] € 37, ) spla € G N ﬂjeﬁ I?H NZNI.
We immediately have that s € Gi N Z; N (e IZH NZs, p € Tpy, a € Ny, and
spac € Ij, by (15), (22), and (23). As Z5 € Cpp3(E) by definition and is thus MICj,
for ¥, we can conclude that (3 € X7, ) spla € Gi N ﬂ]eﬂ IHI NZzNI.

= spla € GLNNen W NEZE ﬂIl by (13), as required.

Part (d) is complete.
e) We will now show that s € 7, = (3l € 222) sl € G, NNjesi LiNnzZnI,,.

Assume

jEJZ

s€l, . (24)

We will now show this implies (3] € Ej‘:) sl e G, N Njes; inznI, . We
immediately have that s € G, NZ; N MNjes ' n Zg and s € 7, by (15) and
(24). As Zg € Cyyi (€) by definition and is thus MIC for ¥, we can conclude that
(Al e 222) sle g, N ﬂjeJéI};jgl NZsNI}, .

=slegl, N Njes; ' N Z2NnI, by (13), as required.
Part (e) is complete.

From Parts (a), (b), (c), (d), and (e), we can conclude that Z is MIC} with
respect to the system W. We can thus conclude Z € C M} (€), as required.
Part 2 is complete.
3) Show that Cyi (€) contains a (unique) supremal element.

It is sufficient to show that a supremal element exists, as uniqueness would thus
follow. Let supCy; (£) = U{Z|Z € Cpi (€)}-

Claim: sup Cp;i (€) is the supremal element.
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From Part 2, we have that supCy; (€) € Cpp(€). Clearly, (V2 € Cy:(€)) 2 C
SUPCM; (€), thus sup CM,i (€) is an upper bound for CM?;‘ All that remains to be

shown is that

Let Z' € Cp;i(€). Assume
(VZeCy) 2C 2 (25)

We must now show this implies sup Cy; (€) € Z’. Let s € supCyy; (€), hence we
must show that s € Z’.

s € supCyi (€) = (32 € Cyy3(€)) such that s € Z, by definition of sup Cyy; (€).

= s € Z' by (25).

We can thus conclude that sup Cy; (€) is the supremal element.

Part 3 is complete. O

Corollary 5.23:
For system W, if there exists j € {0,1,2,...} such that Q’ .(Z}) is a fixpoint, then
the system ® with S} = Qg\/[i(Z,’C) and S = Ska satisﬁgs Points 3, 4, 5, and 6
of the multi-level consistency definition, Point ii) of the multi-level controllability

definition, and the multi-level nonblocking definition.

Proof.
AAssgme 35 G {(!, 2,...} such that QMk(Q‘;Wk<Z]2)) = Q?Mk(Z}g) Let S}, =
Qg\q(Z}C) and §; = S, .

By Theorem 5.22, 8!, = sup Cu (Z],.) is MIC;, with respect to W. (26)

m

By Definition 5.17 and using the fact that S; S}, we have for all
seEGNTN (T NS,: (27)

Jjedi

2. Eliggisi(s) N X 4in C Eliggnsi (s), Vi € Jj
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3. (Vs € (2% ZAi)* (ELE)*)(Vp € ER?) sp eIl = (dl e 222) slp € GLNTiN
Njess L NS,
4. (Vp e ER?;) (Va € EA?;) spa €I = (3l € Z*Lﬁ;) spla € glimz}imﬂjeﬂ IZHﬂSl
5. s € Ifﬁk = (E|l € Zzi) sl e g;nk ﬂI’ N n]EJ'” Iz+1 ﬂSZ

We immediately note that Point II of the level-wise controllability definition fol-

lows immediately from Point 1 of (27).

We can then use the fact that Hj, = G, NS, and H,, =G, NS}, to rewrite
Points 2-5 of (27) for all s € H} N ﬂ NI - (28)
jeJt
L. Eligri+1(s) N3 4i+1 C Eth}; (s), Vj € Jli
2. (Vs € (Z5%4) (X)) (Vp € Bpi) sp € I, = (3l € 222) slp € Hy NZ; N
mjejl IH—I
3. (Vp€Xp) (VaeXy) spa €l = (e Zzik) spla € Hy NI, N Niess !
4. seZ), = 3le E*LZ) sle H;, NI, N ﬂjejz VA

We now note that Points 3, 4, 5, and 6 of the interface consistency definition
follow immediately from (28). All that remains is to show the level-wise nonblocking
definition is satisfied. This means showing that H;, NZi, N, Ji it =H, NI N
ﬂ]eﬂ I By (26), we have S, = = sup Cyy; ( Z).

=S, C Z;, . since sup Cui (25, ..) C Z,,. by definition. (29)

=S, CZias 2, CZ].

=S C Zi as Z} is closed and prefix-closure preserves ordering.

= S, C Z;, by definition of Sj. (30)

Substituting for Z;, in (29), we get S;, C G, NI N ﬂ Zf,f[l neEL.. (31

jeJ;
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Substituting for Z}, in (30), we get S;, € GL. NZ; N ﬂ I né;. (32)
jeJi
- i _ i i i i i+l _ i
Usmg the fact that ‘H,, =G, NS, , weget H, NI, N mfGJ;i In;:, =G, N

my?
N Njeri I NS,

= H,, NI, N[ T =S8, by (31). (33)
]EJI
Using the fact that Hi = Gi N Si, we get Hi NZ. N Nyesi " = G.nIin
Njes; L NS
= H,NZ;n (I =S}, by (32). (34)

jeJi

AsSi=8i . by definition, if follows from (33) and (34) that Hi, NZi N ﬂ]eﬂ it =
H:NZin

jedi I’+ , as required. O

Proposition 5.25:
For system @, Let H}! = (Qj, %, 0, ¢4, , Qb,, ). It thus follows that for all s, € L(H}!),
if &}, (q5,. ) = 0},(qf, . t) then

2. Eligri+1(s) N X 41 g EligH}; (s) < Eligyi1(t) N X 4+ g Ehg?—{}; (), Vj € J]i
3. (Vs,t € (X27.241)" (2L )")(Vp € By ) [sp € VANNIEIRS E*-) slp & HL.NZp N

Nieny T & tr € GIN Rl S}, tp ¢ HEN TN I’“]

jGJZ

4. (Vp € Epi ) (Vo € B p1) [spar € AVSIERS 221) spla ¢ HL NI, NN
[tpa € LN [(Tl € EZZ) tploe ¢ Hi, NI N (V;epi I

1
jen L e

jEJ2
5.[s eI, IN[3 € Z*L?;) sl ¢ W, NI, N Njes; Lilete, N3l e
S ¢ Mo, NI, 0 Njey; Tl

Before we present the proof of Proposition 5.25, we need to state two results
from [7]. In the following, the notation s = ¢t means that s is nerode equivalent to

t on the language L. In other words, s and ¢ have the same continuations in the
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language L.

Proposition 14: [7]
Let DES G’L = (Ql? 27 51'7 qoi, sz) (7/ = 17 2) and G = GlHG2H ce HGTL = (Q? Z: 67 4o, Qm)
It then follows that

(Vie{1,2,...,n})(Vs,t € ¥%) 0(qo,s) = 6(qo,t) = s =g, t N s =g,, 1

Proposition 15: [7]
Let G = G1||Ga]| ... ||Gn = (@Q,%,6,q0,Qm), Xo € X, and [; and I be nonempty
index sets for our n DES. It thus follows that for all s,t € ¥*, if 6(qo,s) = d(qo, t)
then

Eligg, (s) N2, € Eligg, (s) < Eligg, (¢) NZ, £ Eligg, (t)
We now present the proof of Proposition 5.25.

Proof.
Let s,t € ¥*. Assume

5(Q07 5) = 5(6107 t) (35>
Using (35) we can apply Proposition 14 of [7] and conclude:

S EgliC t N s =g t
s=pt N os=p L
5 =gi t N s=p 1

S EI;H t N s Eﬂ;ﬂ t (36)

This follows from Proposition 15 of [7] when we take ¥, = ¥, set index I; to

represent Gi N () I]Hl, and set index I, to represent S; NZ;.

jeJi
2. Show Eligz-z:Jrl(S)mzAi_Jrl SZ Eth}; (S) = EligI@H(t)ﬁZAi_H SZ Eligﬂ}'C (t), V) e J,i.
Let j € J;. The desired result follows from Proposition 15 of [7] when we take

Yq = X 4i+1, set index [; to represent I;H, and set index I, to represent Hi.
J
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3. Show (Vs,t € (X*.%4)".(31:)")(Vp € Zpgy) [sp € I AN [(3l € E*») slp ¢
HLNI,NVen I & tpe A3l € Si) tp ¢ HL NN I"“]

jeJi jeJi
Let s,t € (£7.2,;)".(3;)") and p € Xp,. We first note that as s and ¢ are
arbitrary and the condition to be proved is symmetric, it is, therefore, sufficient
to prove [sp € T] A [(3l € X% ) slp ¢ HiNZiN MNjes; M = tpe I3l €
Z*L?;) tlp ¢ H;, NI, N ﬂjeﬂ ;). Assume [sp € I A (3l € 22?) slp ¢
He NN ;M.

From the above and (36), we can now conclude that [tp € Zi]A[(3] € E*Lz) tlp ¢

Hi, NI, N (e I as desired.

jEJZ
4. Show (Vp € pi)(Va € Ny) [spa € YAWNIEINS EE) spla ¢ Hiy NI} N
ﬂjeﬂ I & [tpae I N3l € 222) tplo ¢ Hi, NI N (e Iy,

jedi
Let p € ER}; and o € X Ai- We first note that as s and t are arbitrary and
the condition to be proved is symmetric, it is, therefore, sufficient to prove
[spa € Ti) A [Tl € Zzi) spla. ¢ HL NI} N ﬂyeJ’ I = [tpae e TN [(3l €
Zzé) tpla ¢ Hy NI, N (e ). Assume [spa € i) A (3l € Zzﬁ;) spla ¢
H, NI N Vepi I

jeJi
jeJi
Based on the above and (36), we can conclude [tpa € Z;] A [(T € 222) tpla ¢
Hi, NI, Ny L] as desired.

jei
5. Show [s € Z! A [(3l € 222) sl ¢ H, NI, N Njes; Lillete, I3l e
Z*Li) th¢ H;, NI, N ﬂje%ﬁggl].
We first note that as s and ¢ are arbitrary and the condition to be proved is
symmetric, it is, therefore, sufficient to prove [s € Z} | A [3l € E*v) sl ¢
Mo VLo, Wjess Tl = [t € T, I A [(3L € 2*‘) tl g Hy, NI, N jess Tt
Assume [s € 7, [ A [Tl € Zzi) sl¢ H,, NI, N ﬂ]eﬂ I”l].

JEJZ

Based on the above and (36), we can thus conclude [t € Z}, JA[(3l € ¥3,) tl ¢
k
Hi, NI, N Njes; I, 1] as desired.
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