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ABSTRACT

A methodology to model and generate variable structure distributed intelligence systems is
presented. First, the objects and the functional entities that belong to the system are defined, as
well as generic interactions between them. A mathematical framework is developed to represent
these interactions. This framework is embedded in Colored Petri Net theory, which is used as the
basic technique to generate variable structures. The set of variable structures that satisfy both
general constraints and user-defined requirements is analyzed with results from Lattice theory. A
class of solutions to the design problem is characterized. This class corresponds to the variable
structures whose variability corresponds exactly to the requirements of the user. This class of
solution is decomposed into subsets of structures with the same input links. Each subset is
delimited by minimal and maximal elements. There is a layer of partially ordered subsets between
one minimal element and one maximal element. Each layer is a lattice. The methodology is
applied to two illustrative examples, the coordination of tasks in a submarine and the
coordination of tasks among air traffic controllers at an airport. Finally, policy considerations of
the research on distributed intelligence systems are presented.
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CHAPTER1

INTRODUCTION

1.1 MOTIVATION

Administrative authorities, because they address the global needs of society, are involved
more and more in the development of extremely complex organizations. Typically, the legislative
or executive branches of government mandate an authority to design, develop, and monitor
systems that perform desirable functions. The administrative authority has to specify
requirements for the system, to define a development plan, to improve the system over time, and
to submit its conclusions and projects to the political authorities for approval and funding.

Feasibility studies constitute critical stages for determining whether or not a project should
be developed, and whether or not a system should be upgraded. The team in charge of research
and development has to answer unambiguously the concerns of policymakers and contractors.
The team must define the technical requirements and demonstrate to the policymakers that a
system can be implemented or upgraded within the given technological and financial constraints.
The team must show that the proposed system will offer substantial advantages. To sustain the
claims, estimates of system performance have to be developed. The political authorities, and
expert panels that are consulted, can base their decision on these quantitative measures. The
predictions furnish criteria by which the actual performance of the system will be assessed by
policymakers, and by which decisions about the outcome of the project will be made.

Many unresolved issues remain in the design and analysis of large-scale distributed systems,
such as the Air Traffic Control System, the various systems of the Department of Defense, and
the information systems of large adrrlinistrative centers. Such systems are large-scale because
they mobilize many resources: Human decisionmakers, computer and communication systems.
Such systems are distributed because they must perform several functions to accomplish their
mission, and the functions are spread out over a range of locations and divided into individual
subtasks, so that each part's activity contributes a little to each of the several functions (Minsky,
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1986). The different entities coordinate their activities by exchanging information over
communications systems. Following are three examples:

» Air Traffic Control: Several air traffic control centers are located throughout a country to
cover its airspace, to direct planes into flight corridors, and to schedule traffic flow. In
each center, the controllers are highly specialized professionals who operate according to
certain rules. Sensors, computers, and communications systems help them accomplish
their tasks.

¢ Command and Control systems. The best definition of command and control is given in
Publication 1 of the Joint Chiefs of Staff: "Command and Control is the exercise of
authority and direction by a properly designated commander over assigned forces in the
accomplishment of his mission. Command and control functions are performed through
an arrangement of personnel, equipment, communications, facilities, and procedures
which are employed by a commander in planning, directing, coordinating and controlling
forces and operations in the accomplishment of his mission". Most systems of the
Department of Defense fall within this paradigm.

« Office Automation. In this context, the model describes the exchange of information that
takes place within a large administrative complex. The exchange of information can be
aided by a computerized information system, for example, when timeliness and
throughput rate are crucial.

Design and analysis of such organizations and their supporting information systems are
highly complex tasks. They involve the cooperation of people with different backgrounds
(policymakers, users, analysts, engineers) and conflicting interests. Consequently, some method
is needed to achieve a common understanding, or to illustrate their differences. To do so, there
are two major options, either modeling or real-scale testing.

Usually, these problems are addressed by building formal models. The assumption is that
models precisely define specific properties or characteristics of a system under study, and
provide the foundation for verifying these properties. As quoted in Hommel (1985): "What is not
specified cannot be verified, and what is not verified may be in error." The economic rationale is
the fact that the systems are generally so complex that the other option, exhaustive real scale
testing or test bed experimentations, requires large amounts of time and resources that cannot be
spent on every dimension of the system. The system designers and the policymakers have to rely
on tools that yield, "cheaply and quickly," reasonable, comprehensible insights into the proposed
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structures. By these criteria the analysts determine the critical aspects to be tested extensively .

The difficulty is that the development of a common understanding usually involves
customers, users of the proposed system on one side, and developers, designers on the other
side. This means that the participants are often divided between those who understand abstraction
and formal terminology and those who cannot. For the latter, formal terminology is
unacceptable. Yet without formal terminolbgy, the specifications of a system cannot be a basis
for development or analysis.

1.2 PROBLEM DEFINITION

Recent developments in the theory of Distributed Intelligence Systems (Levis, 1988) have
addressed the problem of analyzing the performance of a given architecture, or of designing an
organization whose performance would meet specific requirements. Issues related to the design
and analysis of fixed structure systems are becoming well understood. In fixed structure
systems, the interactions between components are fixed and well defined. To meet requirements
of reliability and reconfigurability from users, variable structure systems need to be addressed. In
variable structure systems, the interactions between components can change depending on the
task, while the same task can be performed with different combinations of resources. Indeed,
some pattern of interactions may be more suitable for the processing of a given input than others.
If designed properly, a variable structure system can be expected to achieve a higher overall
performance, provided that it adapts its structure to the most appropriate interactions for each
type of input.

A framework has been already developed to compare quantitatively organizational designs of
large scale distributed systems. This framework includes both fixed and variable organizations.
Three problems have to be addressed to implement a methodology that links the design problem
to existing analytic tools:

(a) A framework that is appropriate for a mathematical formulation of the design problem
should be identified. It should give the designer the means to tackle quantitatively his
practical problem and should be applicable to fixed as well as variable structure
architectures.

(b) The concept of variability has to be refined. Several types of variability must be
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distinguished, based on the characteristics of the system that vary.

(c) In generating distributed systems architectures, designers face the problem that the
enumeration of all the systems that satisfy the constraints of the design is intractable, even
for systems with a small number of resources. The design problem should be kept
computationally feasible by putting restrictions on the methodology without drastically
altering its scope.

This effort would fill a gap between the analytic tools and the design issues. Once a designer
has specified his requirements for the system, he can obtain every candidate structure that
satisfies his requirements. Once the structure is chosen, it can be evaluated quantitatively.

1.3 THEORETICAL BACKGROUND

A quantitative methodology for modeling, evaluation, and design of fixed structure systems
has been developed at the MIT Laboratory for Information and Decision Systems (Boettcher and
Levis, 1982; Andreadakis and Levis, 1987; Remy et al., 1988).

The organization is seen as a system performing a task. The processing of the task is
achieved through the execution of well defined procedures or algorithms that human
decisionmakers, intelligent nodes, and the supporting information system possess. In this model,
the human decisionmakers and the intelligent nodes have a four stage internal structure that
makes it possible to differentiate types of interactions.

The mathematical formulation of the fixed structure problem is based on Ordinary Petri Net
theory (Reisig, 1985). Petri Nets have been introduced to model organizational forms, as they
show explicitly the interactive structure and the sequence of operations between the components
of the organization. Petri Nets have proven their efficiency as modeling and analytical tools. In
particular, the formalism of System Effectiveness Analysis (Dersin and Levis, 1981;
Bouthonnier and Levis, 1984; Cothier and Levis, 1986) yields quantitative estimates of the extent
to which a specific structure satisfies the mission requirements.

An indirect approach to the generation of architectures has been developed for fixed structure
organizations. In Remy and Levis (1988) a framework was presented which allows designers to
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express their design problem in mathematical terms. Then, an algorithm was developed that
makes it possible to characterize and generate partially ordered sets of fixed structures that satisfy
the designers' requirements. The computational requirements of the algorithm are very modest.

Monguillet and Levis (1988) initiated the investigation of variable structure decisionmaking
organizations. He introduced the use of extensions of Ordinary Petri Net theory, High Level
Nets, to deal with variability. Two major models of High Level Nets have been developed by
Net theorists: Predicate Transition Nets (Genrich, 1987) and Colored Nets (Jensen, 1987).
These models follow different approaches, but are equivalent (Every Colored Petri Net can be
translated into a Predicate Transition Net, and vice versa). Based on the theory of Predicate
Transition Nets, Monguillet extended the framework of System Effectiveness Analysis for
comparing both variable and fixed structure organizations.

1.4 GOALS AND CONTRIBUTION

This thesis takes the point of view of the members of a Research & Development team. They
want to study all feasible configurations of the system, given the constraints of both the mission
and the technology. An additional constraint is that they must interact with non technically
oriented people. This thesis answers the question of whether or not it is possible to devise a
methodology that satisfies the conflicting interests, i.e., a methodology that yields significant
improvements in the design process.

This thesis presents a major extension of the earlier work by addressing the problem of
designing variable structure organizational forms. An appropriate mathematical framework, that
of Colored Petri Nets, is defined to investigate systems that adapt their structure of interactions to
the input they process. The properties of such a set of variable structure organizations is
presented. An illustrative application, the design of two hypothetical systems - one civilian and
one military - is described. Both the advantages and the limitations of the methodology proposed
in the thesis are addressed, based on these examples. Then, a policy analysis is performed that
analyzes how the methodology better satisfies the needs of the policymakers, the users, and the
analysts. Finally, recommendations on the use of the methodology are presented.
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1.5 THE THESIS IN OUTLINE

This thesis is organized as follows. Chapter II is an introduction to Petri Net theory, and
describes basic notions about Ordinary Petri Nets and Colored Petri Nets. Chapter III is a review
of the results on equivalence relations and partial orderings that are used in the subsequent
chapters. In Chapter IV, a methodology to model, represent, and analyze variable structure
distributed intelligence systems is defined. Chapter V translates this framework into the language
of Colored Petri Nets, and formulates the design problem of a Research and Development team.
Chapter VI introduces the constraints that must be satisfied by a solution to the design problem.
Chapter VII characterizes the set of solutions to a design problem as well as some of its internal
properties. Two illustrative applications are presented in Chapter VIII. Chapter IX analyzes the
political and scientific environments within which this research has been conducted. Finally,
Chapter X concludes this thesis and suggests some directions for further work.
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CHAPTER II

PETRINET THEORY

This chapter is an introduction to Petri Net theory. First, the basic level of the formalism,
that of Ordinary Petri Net, is presented. Then the limitations of this framework, as far as the
modeling of nets with variable structures is concerned, are identified. One extension of the theory
that overcomes some difficulties has been described in the literature as High Level Nets. Two
major models have been developed within that approach, Predicate Transition Nets and Colored
Petri Nets. The concepts of High Level Nets are presented using Colored Petri Nets, which will
be used below. More introductory material can be found in Peterson (1981), Brams (1983), and
Reisig (1985). High Level Nets have been described in Genrich and Lautenbach (1981).
Advanced materials on Predicate Transition Nets are provided in Genrich (1987) and Monguillet
(1988). An extensive presentation of Colored Petri Nets is given in Jensen (1987).

2.1 INTRODUCTION

Large-scale distributed systems have certain characteristics:

They exhibit concurrency or parallelism. Several components can work at the same time on
the same task. There is thus a need to represent the precedence relations between the processing
of the different components. The precedence relations determine the degree of parallelism that is
present in the system.

These systems very often offer alternatives. One process may be done by several
components, or several combinations of components. Conversely, a particular component is
usually able to perform different types of processes.

A choice may create a conflict. Suppose, for example, that a component A has been assigned
to some task B. Suppose that some task C arrives that can only been processed by A. C cannot
be processed. One option is that the conflict will be resolved, so that the processing of C will be
done as soon as A finishes the processing of B. However, if it is not resolved, the system may
reach a deadlock.
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The operations executed by the various components are asynchronous. There are no global
mechanisms that coordinate the scheduling of the processings. Each component usually starts its
processing as soon as it has received all the information it needs. If several tasks are requested, a
queuing discipline (First In First Out (FIFO), Last In First Out (LIFO), etc...) is enforced to
schedule the individual requests.

Petri Nets have been introduced in the modeling of Distributed Systems because they give a
graph-theoretic representation of the communication and control patterns, and a mathematical
framework for analysis and validation. Petri Net modeling is appealing for the following reasons:

» Petri Nets provide an integrated methodology, with well developed theoretical and

analytical foundations, for modeling physical systems together with complex cognitive
decision processes.

» Petri Nets capture the precedence relations and structural interactions of concurrent and

asynchronous events. Deadlocks and conflicts can be easily identified on a Petri Net .
» The graphical nature of Petri Nets helps to visualize easily the complexity of the system.
They are thus appealing both to the layman as to the analyst.

» Various extensions of the basic theory allow for quantitative analysis of resource

utilization, throughput rate, effect of failures, and real time implementation.

2.2 ORDINARY PETRI NETS

2.2.1 Definitions

Definition 1.1
An Ordinary Petri Net is a bipartite directed graph: (P, T, I, O).
There are two sets of nodes:

« P={pl, .., pn} afinite set of places.
A place is depicted by a circle node.

A place models a resource, a buffer, or a condition.
o T={tl, ..., tm} a finite set of transitions.
A transition is represented by a bar node.

A transition stands for a process, an event, or an algorithm.
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» The arcs or connectors that connect those nodes are directed and fixed. They can only
connect a Place to a transition, or a transition to a place. They are given by:
e I:PxT->{0,1}
I is an input function that defines the set of directed arcs from P to T.
I(p,t) = 1 if the arc exists, I(p,t) = 0 otherwise.
An arc from a place p to a transition t indicates that the process t requires the
availability of the resource p, the fulfillment of the condition p, or the availability of
information in the buffer p, in order to occur.
e O:PxT->{0,1}
O is an output function that defines the set of directed arcs from T to P.
O(p,t) = 1 if the arc exists, O(p,t) = 0 otherwise.
An arc from a transition t to a place p indicates that when the process t is finished,
it either enables the condition p, makes the resource p available, or sends an item of
information to the buffer p.

Example 2.1: Consider the Ordinary Petri Net shown in Figure 2.1

Opl >lt1 p2

p4

O—F
Fig. 2.1 Ordinary Petri Net

The set of places P, the set of transitions T, and the input and output functions that define
the arcs for this net are:

P={pl, .. p5} T = {tl, t2, t3}
I(pl, t1) = I(p2, t3) = I(p3, 12) = I(p4, 13) = 1 I(p, t) = 0 otherwise.
O@P2,t1)=0(p4,t2)=0(p5,t3) =1 O(p, t) = 0 otherwise.
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This Petri Net describes the elementary task of writing. The place p1 describes a resource,
the pens on the desk. The place p2 represents the condition that one has taken a pen in the hand.
Place p3 represents a stack of paper in the desk drawer, place p4 indicates that paper is on the
desk. Finally, place p5 indicates that one is writing. There are three processes in the system. The
process t1 models the act of picking a pen, while the act of getting some paper is modeled by t2.
Transition t3 models the start of the writing activity.

One can pick up a pen only from the pens on the desk (Link from p1 to p2). Similarly, some
paper is on the desk only if it has been taken from the drawer (Link from p3 to p4). Finally, the
links from p2 and p4 to t3 indicate that one needs both a pen in the hand and some paper on the
desk to start writing.

Definition 2.2

A Petri Net is pure if and only if it has no self loop, i.e., no place that can be both an input
and an output of the same transition.

The net of Fig. 2.1 is pure. All Petri Nets that are considered in this thesis are pure. For an
extensive discussion of this modeling issue, see Hillion and Levis (1986).

Definition 2.3
A path is a set of k nodes and k - 1 connectors, for some integer k, such that the i-th
connector either connects the i-th node to the i+1-th node or the (i + 1)-th node to the i-th

node. The path is directed if the i-th connector connects the i-th node to the (i + 1)-th node
for alli = 1,.k..

Example 2.2: In Figure 2.1
p3-12-p4 -3 - p5 is a directed path,
PS5 - t3 - p2 is not a directed path.

If a Petri Net has sources and sinks, then any path from a source to the sink is called an
information flow path. If an information flow path is a set of k nodes such that the k nodes are
distinct, then the information flow path is said to be simple. The path p1 - t1 - p2 -3 - Pp3 is, for
example, a simple information flow path of the Petri Net of Figure 2.1.
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Definition 2.4
A Petri Net is connected if and only if there exists a path - not necessarily directed - from
any node to any other node.

Fig. 2.1 depicts a connected net. Intuitively, this definition formalizes the idea that a Petri
Net models a whole system. There are no partitions of the set of nodes into disjoint subsets, such
that the nodes in one subset are not connected to the other subsets.

Definition 2.5
A Petri Net is strongly connected if and only if there exists a directed path from any node
to any other node.

The net of Fig. 2.1 is not strongly connected because, for example, there is no directed path
from p1 to p2.

2.2.2 Petri Nets with Markings

A Petri Net can contain tokens. Tokens are depicted graphically by indistinguishable dots
(»), and reside in places. The existence of one or more tokens represents either the availability of
the resource, or the fulfillment of the condition, or the number of items of information in the
buffer. The travel of tokens through the net is controlled by the transitions. A marking of a Petri
Net is a mapping M that assigns a non negative integer (the number of tokens) to each place.

Example 2.3: Consider the Petri Net in Fig. 2.2 with the indicated marking.

Gpl Dltl

p2

®p3 :’Ia

Fig. 2.2 Petri Net with Marking
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M(1) = M(p3) = 1; M(p4) =2; M(p2) =M(5) = 0.

It is the same net shown in Fig. 2.1. If the interpretation of Fig. 2.1 is used, this marking
indicates that there is one pen on the desk, one sheet of paper in the drawer, and two sheets of
paper on the desk

Definition 2.6
A transition is enabled by a marking, if and only if all of its input places contain at least
one token.

In Example 2.3, t1 and t2 are enabled. All the conditions to be satisfied are fulfilled. One
can either pick up the single pen or put another sheet of paper on the desk.

Definition 2.7
An enabled transition can fire. The firing of the transition corresponds to the execution of
the process or the algorithm. The dynamical behavior of the system is embedded in the
movement of the tokens; when the firing takes place, a new marking is obtained by
removing a token from each input place and adding a token to each output place.

Example 2.4: In Fig. 2.2, if t1 fires, then the resulting marking is shown in Fig. 2.3.

Opl ”Itl p2

p4

O &
Fig. 2.3 Petri Net after Firing

Transitions t3 and t2 are now enabled. If t3 fires, the new marking is shown in Figure 2.4.
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Opl >It1 p2

© L L

Fig. 2.4 Petri Net after second Firing

Remark: A transition may fire concurrently more than one token, i.e., a process may handle
several tasks at the same time. Each firing of a transition is thus characterized by an integer k, the
firing pattern of the transition. A transition can fire according to the firing pattern k, if and only if
all of its input places have at least k tokens. When the firing takes place, k tokens are removed
from each input place, and k tokens are added to each output place. The firing pattern is 0 if a
transition does not fire.

2.2.3 Linear Algebraic Approach

So far, Petri Nets have been described as graphs. An alternative and equivalent approach can
be developed using linear algebra with integer coefficients (Memmi and Roucairol, 1980).

Definition 2.8
A Petri Net with n places and m transitions can be represented by a n X m matrix C, the
Incidence Matrix. The rows correspond to places, the columns correspond to transitions.

c Ci=1 if there is a directed arc from the j-th transition to the i-th place. 1 indicates
that the firing of the j-th transition adds one token to the i-th place.
Cij=-1 if there is a directed arc from the i-th place to the j-th transition. -1
indicates that the firing of the j-th transition removes one token from the
i-th place.
Cij=0 if there is no arc from the j-th transition to the i-th place.

Example 2.5: The incidence matrix of the net on Fig. 2.1 is
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e B

-1 0 0{pl
1 0 -1 p2
C=| 0 -1 01|p3
01 -1 p451
L0 0 1_P

Properties

» The marking of a net can be represented by a n X 1 vector M, where M; = M(pi).
The i-th entry corresponds to the number of tokens in the i-th place.

* The firing pattern of the net can be represented by an m X 1 firing vector F, where F; is
the firing pattern of the i-th transition.

» Given an incidence matrix C, an initial marking M, and a firing pattern F, the new
marking M'is

M=M+C=*F. (2.1)

Example 2.6: The matrix equation that corresponds to the firing of Fig. 2.3 is

1 -1 00 0
0 1 0 -1 1 1
M=|1]|+| 0 -1 0 |*|0|=]1 (2.2)
2 01 -1 0 2
0 | 0 01 LO
M C F

2.2.4 Invariants

An incidence matrix makes it possible to use results from linear algebra to infer properties of
the net. Much of the literature is devoted to the study of S- invariants.

Definition 2.9
Given an incidence matrix C, an S-invariant is a n X 1 non-negative integer vector X of

the kernel of CT, i.e.,

" CTxX=0 (2.3)
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Remark: One must pay particular attention to the fact that S must have non-negative integer
coefficients. The rationale for this constraint results from Theorem 2.1, which gives a physical
interpretation to S-invariants.

Theorem 2.1
Let M, be any initial marking, and M be any marking that is reachable from M, after a
sequence of firings. X is an S-invariant if and only if for any My and any M,

XT«M =XT &« M,. 2.4)

This relation is interpreted as a weighted conservation of tokens. A marking is by definition
a vector of non-negative integers. Conservation of tokens must thus be expressed with
non-negative integers.

Definition 2.10
If X is an S-invariant, the set of places whose corresponding components in X are strictly
positive is the support of the invariant, noted <X>.
The support of an S-invariant is said to be minimal if and only if it does not contain the
support of another S-invariant but itself and the empty set.

Theorem 2.2
If X! and X2 are two S-invariants with the same non empty minimal support, then X! and
X2 are linearly dependent.

Proof.
Consider X! = [x1;] and X2=[x2], i=1,..,n. By assumption, X! and X2 are non null
vectors. Nothing is changed if it is assumed that the support is made out of the first p,
0 <p<n, places.
Define r = min; _ ;  (x!;/ x%;) and m an integer large enough so that for every i
mxr*x2; is an integer.
Then m * (X! - r ¥X2) is an S-invariant whose support is strictly included in the support
of X! and X2
Indeed, CTxm# (X1-1%X2) =m*xCT«X1-mxr* CT«X2=0-0=0. Forevery i,
m * x1; - m = r * x2 is an integer (Definition of m), and x; - r  x2; is non negative
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(Definition of r). Finally, by definition of r there exists some i0 such that r = x1;, / x2,,
hence m.(X! - 1X2),, = 0.

Consequently, the support of m * (X! - r % X2) is @. Thus m * (X! - r * X2) is zero.
The vectors are linearly dependent.

Definition 2.11
A minimal support S-invariant X is an S-invariant whose support <X> is minimal.

The following important result, due to Memmi and Roucairol (1979), highlights the
importance of minimal support S-invariants. Valraud (1989) presents an application of this result
to analyze structural properties of a net.

Theorem 2.3
Consider a net P. The set of minimal supports of the net P is finite.

If <X>q, ..., <X>y are the k finite supports, and Xj,..., X is a family of S-invariants,
with <X;> = <X>;, then the family X,..., X; constitutes a minimal generating family of the
S-invariants, i.e.,

every S-invariant can be written as a linear combination of Xj,..., X with rational
coefficients.

Definition 2.12
The S-component associated with an S-invariant X of a Petri Net P is the subnet of P
whose places are the places of <X> and whose transitions are the input and output
transitions of the places of <X>.

By extension, a minimal S-component is the S-component of a minimal support

S-invariant.

Example 2.7: Consider the Petri Net P of Figure 2.5.
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Fig. 2.5 Petri Net P

The incidence matrix of P is

110
10 -1
C=l11 o0
10 1

X =[x1, x2, x3, x4] is an S-invariant if and only if CT %« X =0.

This yields x1 = x3 and x2 = x4. There are two minimal supports <X1> = {pl, p2}
and<X2> = {p3, p4}. The S-components associated with <X1> and <X2> are depicted
in Figures 2.6 and 2.7.

Fig. 2.6 S-component associated with <X1>
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Fig. 2.7 S-component associated with <X2>,
2.2.5 Marked Graphs

Definition 2.13
A marked graph is a connected Petri Net in which each place has exactly one input and
one output transition.

Throughout this thesis, marked graphs play an important role. One crucial result about
marked graphs is Theorem 2.4 (Hillion, 1986). This result has been applied extensively in Remy
(1986) to characterize Petri Net model of fixed structure systems, and is used in Chapter VII.

Example 2.8: The net in Figure 2.1 is not a marked graph., because this net has two
sources, i.e. two places without input arc, and one sink, i.e. a place without output connector.
Figure 2.8 shows a marked graph.

P2

Fig. 2.8 Marked Graph
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Theorem 2.4 is stated after the introduction of two new terms.

Definition 2.14
A directed circuit is a directed path from one node back to itself.
In Fig. 2.8 p1-t1-p3-t2-p4-t3-pl-t1-p2-t2-p4-t3-p1 is a directed circuit.
A directed elementary circuit is a directed circuit in which only one node appears
more than once.
In Fig. 2.8, pl-tl-p3-t2-p4-t3-pl is a directed elementary circuit. The place p1 is the
node that appears more than once.

Theorem 2.4
The minimal S-components of a marked graph are exactly its directed elementary circuits.

Theorem 2.4 is important, because it indicates that the computation of the minimal
S-components can be done by an efficient algorithm based on Linear Algebra, such as the
algorithm of Alaiwan and Toudic (1985).

In this thesis, a particular type of nets are of importance. In these nets, all the places but two
have exactly one input and one output transition. There is one place with only one output
transition (the source or the external place) and one place with one and only one input transition
(the sink). These nets can be transformed into marked graphs by merging the external place and
the sink into a single place p0. Under those circumstances, the simple information flow paths
from the source to the sink are exactly the directed elementary circuits that contain the place p0.
The simple information flow paths can be computed in that case using the efficient algorithm of
Alaiwan and Toudic. See Valraud (1989) for an extensive treatment.

2.2.5 PETRI NETS WITH SWITCHES
The theory of Ordinary Petri Nets does not provide a convenient way to model a stage at
which several alternatives exist. For that purpose, a modified transition, a switch, has been

introduced in Levis (1984).

A switch is a node with multiple output places. As with any transition, a switch is enabled
whenever there is at least one token in each of its input places. When a switch fires, a token is
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put in only one of its output places. This place is chosen according to some decision rule.
The decision rules associated with the switch can be anything. They can be deterministic or
stochastic. They can take the information that is contained in the inputs into account, etc. It is

thus possible to model distributed variable structures with switches.

Example 2.9: Figure 2.9 represents a Petri Net with a switch.
O —of

Fig. 2.9 Petri Net with Switch

At the stage modeled by the switch s1 there are three alternative courses of action. According
to some rule, only one is chosen. In each case, the course of action that is chosen will satisfy the
condition modeled by p5.

2.3 COLORED PETRI NETS

2.3.1 Introduction

The theory of Ordinary Petri Net has some drawbacks. First, when it comes to the modeling
and analysis of real distributed systems, an Ordinary Petri Net model may become very large. A
detailed analysis shows that the size of the nets tends to increase dramatically because the model
fails to exploit some symmetries. For example, when one process is used repetitively,
unnecessary replications of parts of the net occur.

Second, as was stated in section 2.2.5, the grammar of the theory is poor as far as varying
structures are concerned. To overcome some difficulties, switches were introduced. However,
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these tools are far from perfect. Consider for example the case of the net on Figure 2.10.

Process 1.1

s (1 ”I DO

Source 1 Process 1.2

‘e

Process 2.1

Process 2.2

f >

Fig. 2.10 Petri Net with two Switches

There are two stages, s1 and s2, at which some decision must be made. Each switch has
two settings and each source has one token. Switch s1 chooses the setting (2), and switch s2

chooses (2). This yields the net and the marking of Figure 2.11.

Process 1.1

s, DI DO

Source 1 Process 1.2

O

Process 2.1

Process 2.2

2 O

Fig. 2.11 Petri Net after Switch Settings

The system has reached a deadlock! Process 1.2 must receive some item of information
from process 2.1, but this item will never arrive because the token of Source 2 has been put into
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the input place of process 2.2. Unless having a deadlock is a desirable property under these
circumstances, one can observe in this example that the settings of the switches cannot be
independent. There is a thus a need for a tool that indicates the correlation of the rules.
Furthermore, to be consistent with the graphical nature of Petri Nets, the correlation of the rules
should be expressed on the graph.

Finally, in most cases one would like to have the information content of the tokens. This
information is important if the structure varies depending on the content, or/and if the system can
handle several types of tasks simultaneously, etc.

In order to improve the modeling and analytical power of Ordinary Petri Nets, extensions

called High Level Nets have been devised. These models are based on common ideas:

» The tokens can be differentiated. They have an identity (color).

e The identity describes some information about the physical meaning of the
token. If a token models a communications message, its identity may be the pair
(Sender, Receiver), which describes the source and the destination of the message.

» They provide a way for describing the logic that drives the control process of the
transitions.

2.3.2 Definitions

Let us illustrate these notions by introducing Colored Petri Nets, as defined in Jensen
(1986), which are used in the rest of this thesis to model variable structure distributed systems.

Definition 2.15

A Colored Petri Net (CPN) is given by (P, T, C(t); i, » C(P)p in p» M(P)pinp I, O):

e P, aset of places.
As in Ordinary Petri Nets, a place models a resource, a buffer, or a condition, and is
depicted by a circle node.

« T, a set of transitions.
As in Ordinary Petri Nets, a transition models a process, an event, or an algorithm and is
depictéd by a bar node.
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 Each transition t has attached to it a finite set of occurrence-colors with © elements:
C(t)={ C(1)1, .., C(t)n}. Each occurrence color corresponds to one firing mode: to
one pattern of behavior of the process. In the case of Ordinary Petri Nets, when a process
offers s > 1 courses of action, it is modeled by a switch with s branches. In the case of
Colored Petri Nets, every process is modeled by a transition and the set C(t) keeps track
of the alternative courses of action.

« Each place has attached to it a finite set of token-colors with T, elements.
C(p) = {C(p)L, ...C(p)m,}. Each token color corresponds to one type of information
content attached to a token. Only tokens that have their color in C(p) can be placed in p
and one place can simultaneously contain several tokens with the same color.
Conversely, one place can contain tokens of different types, provided that their color
belongs to C(p).

+ The marking of a place is a T;x 1 vector M(p)
M(p) = [B1 - Bis-wes Brpl T, where 8; indicates that p contains 8; tokens of color C(p)i.

Finally, the input and output incidence functions I and O are are such that:

* I(p;p)is a m, x m matrix for any transition t and any place p.
The rows correspond to the elements of the set of token colors, C(p), that is the colors of
the tokens that can be put in the place p. The columns correspond to the elements of the
set of occurrence colors of t, C(t), the alternative courses of actions.
I(p.); i describes the number of tokens of color C(p)i that are removed from the place p,
when the transition t fires according to the firing mode j.
If some entries of I(p, t) are non null, an arc is drawn from the place p to the transition t
in the graphical representation of the Colored Petri Net. This arc is annotated by the
matrix I(p, t).

* O(p,t)is a m, x m matrix for any transition t and any place p.
The rows correspond to the elements of the set of token colors, C(p), the colors of the
tokens that can be put in the place p. The columns correspond to the elements of the set of
occurrence colors of t, C(t), the alternative courses of actions.
O(p.t) 5 describes the number of tokens of color C(p)i that are put in the place p,
when the transition t fires according to the firing mode j.
If some entries of O(p, t) are non null, an arc is drawn from the place p to the transition t
in the graphical representation of the Colored Petri Net. This arc is annotated by the
matrix O(p, t).
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2.3.3 Examples

Let us develop two examples to understand the concepts of Colored Nets.

Example 2.10: Consider a mail clerk sorting mail. This clerk sorts the mail for three people
and has to put it in appropriate boxes. Suppose that the initials of the persons are J, RN, and RT.

The job of sorting the mail can be represented by a Colored Petri Net in Figure 2.12.

P2

Cp2) = {<J>}

pl

RN> C(p3) = (<RN>)
Cpl) = ) =

pl)= {<J>, <RN>, <RT>]\Y

{<J>, <RN>, <RT>}
p4

C(p4) = {<RT>}
Fig. 2.12 Mail Sorting

In this example, every place contains tokens, which represent letters. It is thus very natural
to assume that the color of the tokens belong to {<J>, <RN>, <RT>}, the names on the
envelope.

Place p1 stands for the letters to be sorted. Its Color set is {<J>, <RN>, <RT>}, as this
place can contain any combination of letters to be distributed to J, RN, and RT. The initial
conditions depicted on Figure 2.12 are that two letters, one for J and one for RN have to be
sorted. '

Place p2 models J's mailbox, which contains exclusively the letters for J, C(p2) = {<I>}.
Similarly, p3 is the mailbox for RN, and C(p3) = {<RN>}. Finally, the place p4 is the mailbox
for RT, and C(p4) = {<RT>}.

The transition t models sorting. The clerk has three courses of actions, which have also been
labeled by <J>, <RN>, and <RT>. J models the fact that the clerk is sorting some mail for J,
<RN> models sorting mail for RN, and <RT> models putting mail into RT's mailbox.
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The arcs of the CPN have been annotated by the matrices I, U, V, W, where I is

<J> <RN><RT>

10 0]<>
I=10 1 0O|<RN>
00 1Jwrr>

I indicates that the clerk takes only one letter for J when he' sorts mail for J, that he takes one
letter for RN when he sorts mail for RN, and that he takes only one letter for RT when he sorts
mail for RT. The other matrices that annotate the arcs are

() RN) (RT) () (RN) (RT) () RN) (RT)
U=[1 0 0 V=0 1 0 W=[0 0 1].

U indicates that one letter is put into J's mailbox if the clerk sorts mail for J.
V indicates that one letter is put into RN's mailbox only if the clerk sorts mail for RN.
W indicates that one letter is put into RT's box if and only if the clerk sorts mail for RT.

This example is simple, because the token-colors are natural, and because the firing modes
of t correspond exactly to the token-colors. Note that this is variable system, the clerk puts the
mail in different mailboxes, depending on the name on the envelope. Example 2.11 describes a
Colored Petri Net that is less obvious.

Example 2.11:
Figure 2.13 represents another Colored Petri Net.
The set of places is P = {p1, p2, p3, p4, p5}.
The set of transitions is T = {t1, t2, t3}.
The set of token-colors for pl and p2 is A = {al, a2}.
The set of token-colors for p3 and p4 is B = { b1, b2}.
The set of token-colors for p5 is C = {c1, c2, c3}.
The transitions t1 and t2 have two firing modes, which are labeled 1 and 2.
The transition 3 has three firing modes, which are labeled 1, 2, and 3.

37



Fig. 2.13 Colored Petri Net

where the matrices that annotate the arcs are

111
11 10 110 100
Ll:[o 1}’ L2=[0 1}’L3=[0 1 1}’1‘4:[0 1 1}'1‘5:[8 8 g]

¢ L1 indicates that the first firing mode of t1 (first column of L1) removes one token of
color al from p1, and places one token in p2. The second firing mode (second column)
removes one token of color al and one token of color a2, and places both in p2 .

» L2 indicates that the first firing mode of t2 removes one token of color bl from p3, and
places it in p4. The second firing mode removes a token of color b2, and places it in p4.

» L3 indicates that the first two firing modes of t3 remove one token of color al from p2.
The third firing mode removes one token of color a2.

» L4 indicates that the first firing mode of t3 removes one token of color bl from p4. The
other two firing modes remove one token of color b2.

» L5 indicates that all firing modes of t3 place one token of color c1 in p5.

2.3.4 Firing Rules

The firing rules for Colored Nets are similar to those of Ordinary Petri Nets. The firing
mode C(t)i is enabled for the transition t if and only if each input place of t contains at least the
colored tokens that are indicated by the i-th column of I(p,t). An enabled transition can fire if at
least one of its firing modes is enabled. If the transition t fires according to the firing mode C(t)i,
the colored tokens that are indicated by the i-th column of I(p,t) are removed from each input
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place p. For each output place p', colored tokens that correspond to the i-th column of O(p',t) are
added to the place p'.

One transition may fire concurrently according to several modes, i.e. a process may be able
to handle tasks of different natures at the same time. Within each category, i.e. given one firing
mode, several tasks of the same nature may be processed concurrently. The firing pattern of a
transition in a Colored Petri Net is thus given by a nx1 vector F,, where [F,]; describes the
number of concurrent activations of the i-th firing mode. If the firing pattern of the transition is
F, then the combination of colored tokens indicated by the i-th column of I(p, t) is removed [F];
times from each input place p. Similarly, the combination of colored tokens indicated by the i-th
column of I(p', t) is added [F,]; times to every output place p'.

Example 2.12:
In the CPN of Fig 2.12, only the first mode of t1 and the second mode of t2 are enabled:
+ The input place of t1, p1, contains only one token of color al. L1, the annotation of the

adjacent arc is
1 2

1 1fal
Ll:{o 1]a2

The firing mode 1 removes one token of color al. The initial marking of pl enables
this firing mode. This is not the case for firing mode 2, because p1 does not contain a
token of color a2. Finally, as pl contains one and only one token of color al, tl1 can
process at most one task al, and F(t), is either O or 1.

» The input place of t2, p3, contains only one token of color b2. L2, the annotation of the

adjacent arc is

12
1 0| bl
0 1(b2

Firing mode 1 removes one token of color bl. The marking of p3 does not enable

-

this firing mode. This is not the case for firing mode 2, because p3 does contain a
token of color b2. Finally, as p3 contains one and only one token of color b2, t2 can
process at most one task b2, and F(t), is either O or 1

If t1 fires according to the firing mode 1, and t2 according to its firing mode 2, the marking
of the net is changed into the marking of Figure 2.14.
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Fig. 2.14 Colored Petri Net after Firing
2.3.5 Incidence Matrix

A Colored Petri Net with n places and m transitions can be represented by a n X m block
matrix C: the Incidence Matrix. The entries of the matrix are themselves matrices.

The rows correspond to places, the columns correspond to transitions.

+ C;j= O(1p) if there is a directed arc from the j-th transition to the i-th place. O(t,p)
indicates the colored tokens that can be added, as determined by the firing modes.

* C;j = -I(1,p) if there is a directed arc from the i-th place to the j-th transition. -I(t,p)
indicates the colored tokens that can be removed, as determined by the firing modes.

¢ Cij = Null matrix if there are no arcs.

The marking of a net can be represented by a nx1 block vector M, where M; = M(pi). The
i-th entry corresponds to the colored tokens in the i-th place.The i-th entry is thus a column with
one row for each element of C(pi).

The firing pattern of the net can be represented by a mx1 firing vector F, where F;, the entry
that corresponds to the j-th transition, is itself a vector with 7;; entries, i.e. as many rows as
firing modes of tj.

Given an incidence matrix C, an initial marking M, and a firing pattern F the new marking is

M'=M+C*F (2.5)
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Example 2.13:
The Colored Petri Net of Fig. 2.12 has the following Incidence matrix:

(110 0|
L1 0 -L3
c=|l 0o 12 0
0 12 14
0 0 LS|
The initial marking is given by:
" Mpl) |
M(p2) 1 0 0 1
M=| M(@p3) |, with M(pl) = [0], M(p3) = [1], M(p2) =M(p4) = [0]v M@ps5)=| 0
M(p4) 0
| M(p5)_

The place pl contains only one token of color al, p3 contains only one token of color b2, p2

and p4 contain no tokens, and p5 contains only one token of color c1. Finally, the firing pattern
of Fig. 2.13 corresponds to

F1 1 0 0
F=| F2 ,withF1=[0],F2=[1], F3=(0]
F3 0

This chapter introduced basic concepts of Ordinary Petri Net theory and Colored Petri Net
theory. Only the notions that are of relevance in the subsequent chapters have been defined, and
the reader may find more material in the references given in the introduction of this chapter.
Next, this thesis turns to review of equivalence relations and partial orderings.
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CHAPTER III

EQUIVALENCE RELATIONS AND LATTICES

This chapter gives basic results about equivalence relations and lattices. The fundamental
theorem of section 3.2 about equivalence relations is used in Chapter VII to characterize variable
structures. Lattice theory is used extensively in Chapters IV, VI, and VII to address the
generation of structures. Complementary material on lattices can be found in Birkhoff (1948)
and Gritzer (1971). Relationships between lattices and graphs are explained in Carré (1979).

3.1 DEFINITIONS.

Definition 3.1
A relation R on a set A is called a binary relation if and only if
V (x,y) € A? the condition x R y either does or does not hold.
In other words, for each (x, y) "x R y" is meaningful, being either true or false.

Example 3.1: Let A be the set of graduate students at MIT, and R be the relation "is in
the same department."” R is a binary relation.

Definition 3.2
A relation R on a set A is an equivalence relation if and only if

* R is reflexive: Vxe A xRx.

* R is symmetric: V (x,y) € A2 (xRy) = (yRx).

* R is transitive: V (x,y,z) € A3 (x Ry)and (yR z) = (xR z).
Example 3.2: The relation R defined in Example 3.1 is an equivalence relation.

Definition 3.3
A relation R on a set A is an ordering, if and only if
* R is reflexive: Vxe A xRx.
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* R is antisymmetric: VEye A xRy)and(yRx)= x=Yy).
* R is transitive: VY (x,y,z) € A3 (xRy)and (yRz) = (xR 2).

Example 3.3:
+ In {0,1) the relation "is smaller than", denoted by <, is an ordering.
* Let S be the set of vectors with three entries in {0,1}: X=[x;, X,, X3] X;, X5, X3 in
{0,1}. Define on S the relation « :
X«Y, X=[x1,X3,X3] Y=I[yy, ¥yl if and only if
X1Sy1 XSy, X3<y3.
It is easy to conclude that « is an ordering of S.
A last classical example is the relation "is included in" among sets, which is an ordering.
In this thesis, the ordering "is included in" is used essentially to order the elements of the
set P(X), the set that contains all the subsets of a given set X.

Definition 3.4 .
An ordering R of a set A is a total ordering if and only if -
Given any (x,y) € A2 eitherx Ry or yRx,
If an ordering is not a total ordering, it is called a partial ordering.

Example 3.4:

» The set of real numbers is totally ordered by the binary relation "is smaller than" (<).

» The set S of example 3.2 is not totally ordered by «. Neither [ 1, 0, 0] « [0, 1, 0] nor
[0,1,0] «[1, 0, 0] are true.

» The set P(X) is not totally ordered by the ordering "is included in".

3.2 EQUIVALENCE RELATIONS

There is an important connection between equivalence relations on a set A and partitions of
A into disjoint subsets, as expressed in the following theorem (Carré, 1979).

Theorem 3.1
Every equivalence relation on a set A induces a partition of A into disjoint subsets, called
equivalence classes. Conversely, given any partition of A into disjoint subsets P;,..., Py,
there exists an equivalence relation whose equivalence classes are exactly P;,..., Py.
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Proof:
1) Let R be an equivalence relation on A. For each element x let us define the set
Erx={yin As.t. xRy} Note that R reflexive implies that for every x, x € Eg ,.
For each pair (x, y) € A2, the equivalence classes are either equal or disjoint with
Erx=Egry ifxRy.
Erx NEry=90 if x R y does not hold.
This is easily seen from the definition of an equivalence relation. Since every element of
A belongs to some equivalence class, and distinct equivalence classes are disjoint, the set
of all equivalence classes is a partition of A induced by R.

2) Conversely, given any partition P of a set A into disjoint subsets P;,..., P, let us define
the relation R on A by:
xRy ifandonlyif xandy belong to the same P;.
One can easily be convinced that this is an equivalence relation, and that the equivalence
classes with respect to R are exactly Py,..., Py.

3.3 ORDERINGS

An ordered set can be depicted very conveniently by a diagram, called the Hasse diagram.
In this diagram, each element is represented by a point, so placed that if x R y then the point
representing x lies below the point representing y. Lines are drawn between two points x and y if
and only if y covers x,i.e., x Ry but there is no element z, z # x,y such that x R z R y. Figure
3.1 shows the Hasse diagram of the set S described in Example 3.3.

1, 1,1]
P
1, 1, 0] [0, 1, 1] (1,0, 1]
[0, 0, 0]

Fig. 3.1 Hasse Diagram



If a set is ordered, totally or partially, some elements with remarkable properties must be
distinguished. In the next paragraphs, some of these elements are defined.

Definition 3.5
Let R be an ordering of A.
* If A contains an element @ such that @R x for all x in A, then  is unique, and is called
the least element of A.
+ If A contains an element €2 such that x R €2 for all x in A, then Q is unique, and is called
the greatest element of A.

Remark: These elements do not always exist. For example, in S, these elements exist. The
least element is [0, 0, 0], and the greatest element is [1, 1, 1]. However, if « is restricted to the
subsetof s S - {[0, 0, 0], [1, 1, 1]}, it is impossible to find a greatest and a least element.

Definition 3.6
* Anelement m of A is a minimal element if there does not exist any element in A that is
strictly inferior to m:
x £ m implies x = m.

* Anelement M of A is a maximal element if there does not exist any element in A that is
strictly superior to M:
M <x implies x = M.

Theorem 3.2 (Birkhoff, 1948)
Every finite ordered set A has at least one minimal and one maximal element.

Proof:  Let the elements of A be x;,..., X,,. Define the finite sequences m, and M, by:
m; =M; =x, ’
m, = x, if x, < my and my = m,_; otherwise
M, = x if My < xy and M = M, otherwise.
Then m,, is by construction a minimal element of A, and M,, is by construction a
maximal element.
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Example 3.6: InS - {[0, 0, 0], [1, 1, 1]} we have three minimal elements, and three
maximal elements.
The minimal elements are [1, 0, 0], [0, 1, 0], [0, O, 1].
The maximal elements are [1, 1, 0], [1, O, 1], [O, 1, 1].

3.3 LATTICES

If the set is totally ordered, its structure is particularly simple. In most cases however, an
ordering is not total. In order to gain some insights into the structure of the set, some new
concepts are needed. For that purpose the notion of lattice is introduced, which is based on local
properties of the set.

Definition 3.7
Let B be a subset of a partially ordered set A.
* An upper bound of B is an element of A such that y <a for all y in B.
The least upper bound (1.u.b) of B, if it exists, is the least element of the set of all upper
bounds of B.
« By analogy, the greatest lower bound (g.1.b) is the greatest element, if it exists, of the set
of all lower bounds of B. '

Example 3.7: Let B be {[0, 0, 0], [1, 0, 0], [0, 1, 0]). B is a subset of S.
It has a l.u.b, which happens to belong to B: [0, 0, 0].
It has a g.1.b, which does not belong to B: [1, 1, 0].

Definition 3.8
A lattice is a partially ordered set L in which any two elements x,y have
* a g.l.bor meet (denoted by xny ) that belongs to L.
* alu.borjoin (denoted by xUy ) that belongs to L.

By extension, L'is a sublattice of a lattice L if and only if L' is a subset of L such that the
join and meet of any two elements of L' are in L'

Figure 3.2 illustrates the local condition. Given two elements x and y, there exists only one
element in the Hasse diagram, the join, which covers both x and y. Similarly, there is only one
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element, the meet, which is simultaneously covered by both x and y.

Join

Meet

Fig. 3.2 Local Condition

The lattice property ensures that the set L has some structuring patterns. It is possible to
identify, for any two elements x and y, two unique boundaries in L, the join and the meet. Every
element that is below x and y must be below the join. Any element that is above x and y must be
above the meet.

Remark: Every Lattice L has a least and a greatest element. The least element is the join,
which belongs to L, of all the elements of L. The greatest element is the meet of all the elements
of L. This meet belongs to L, by definition of the lattice.

Example 3.8:
» Sis alattice.
On {0, 1} the join and meet operators are defined as:
0n0=0 0uo0=0
0n1=0 oul=1l
1n0=0 1V0=1
Inl=1 lul=1.
The operators are extended on a component-wise basis:
XNY =[x;Ny, X3NYy X3MNysl.
XUY=[x3Uy, X3V Yy X3Uys].
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* Let X be a set, and P(X) be the set of all subsets of X. (P(X) is a lattice with the partial
ordering "is included in".
The meet of two subsets of X, A and B, is the intersection A N B.
The join of two subsets of X, A and B, is the intersection A U B.

Definition 3.9
If x1, Xy, ..., X, are n elements of a lattice L, the sublattice generated by the n elements
X1, X2,..., X, in performing join and meet operations is called the lattice polynomial, and is
denoted by L( x;, x,...,X, ).

This last notion plays an important role in Chapter VII for a constructive characterization of
variable structure systems. After this brief review of orderings and equivalence relations, the next
chapter, Chapter IV, introduces the reader to the fundamentals of the theory of Distributed
Intelligence Systems. Some of the results of this chapter are used in Chapter IV, while most of
them recur throughout this thesis.
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CHAPTER1V

DISTRIBUTED INTELLIGENCE SYSTEMS

This chapter is an introduction to the methodology developed in this thesis. Section 4.1
provides basic concepts of distributed intelligence systems. Section 4.2 restricts the scope of the
thesis to the modeling and the design of a particular class of systems, called variable structure
systems. Each system in that class is characterized by several parameters that are described in
section 4.3. A unified framework to represent variable structure systems is defined in Section
4.4. Finally, sections 4.4 and 4.5 provide notions and results to study variable structures
systems. The relationships between variable structure systems and Colored Petri Nets are
described in Chapter V.

4.1 BASIC CONCEPTS

This thesis models a class of distributed intelligence systems, teams of decisionmakers
(Grevet et al., 1988; Levis, 1988). A team is defined as a number of persons working together to
accomplish a task. The team members have a common goal. They share the same interests and
beliefs. Their skills must be coordinated under well-specified rules of operation so as to achieve
high efficiency. The human decisionmakers are assumed to be well trained, to execute well
defined tasks, and to be constrained by bounded rationality (Boettcher and Levis, 1982). The
latter notion refers to a limited ability of human beings to process information. While performing
his tasks, the decisionmaker may decide to use a decision aid (Perdu et al., 1988).

The objects are the components necessary to carry out the task. They are physical,
technological, and human components, which receive, process, generate, and transmit
information. They include the members of the team, communication devices, computers,
software, decision-aids, etc. From the organizational perspective, the objects have synergistic
activities. The individual processes result from partitioning the organizational task into subtasks.
It is necessary to combine the results of the different processes to perform the mission.
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The structure is the description of the relationships between objects, as determined by the
objectives of the mission. These relationships can be considered at different levels: they may
describe the physical position of such elements (location, layout in a room); they may describe
the communication links, or the rules and protocols that trigger sending of information through
these links; they may describe the way tasks performed by the objects are coordinated.

The objects, the structure, and the interface with the rest of the universe form the system.
The system can be thought as an entity because of these relationships. The system is included in
an environment, which in turn is part of a context.

Environment

Context

Fig. 4.1 The System and the Rest of the Universe

The Environment is the part of the universe on which the system has some ability to act.
The system can sense the environment, and acts upon it, if necessary. Reciprocally, the
environment can act upon the system. The Context denotes the rest of the Universe: the set of
conditions and assumptions within which system and environment exist. The context has some
influence on the system, yet the system cannot act on it.

In general, the mission is to achieve a particular (desired) state of the environment, given a
specific context. For that purpose, the system senses the environment with sensors. The inputs
to the system are the observations or messages carried out by the sensors. These items of
information are transmitted to their proper destinations within the organization. They are
analyzed, and the selected response is finally implemented by the effectors.

4.2 VARIABLE STRUCTURES

This thesis focuses on one body of research about distributed intelligence systems, the
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modeling and generation of structures, as opposed to the design of efficient objects, accurate
sensors, responsive effectors etc. There are two main reasons for this choice.

* One reason has to do with current engineering practice. Systems are being developed
without much consideration of the impact of structure on performance. The requirements
for a system are translated into a natural structure. Typically, only small variations around
that basic structure only investigated. Most of the effort is concentrated on designing
efficient objects. Over the last decade, the engineering community has realized that
considerable improvement in performance could be achieved by optimizing over
structure. There is thus a need to investigate the whole set of structures that makes sense
given the requirements for a system.

* The second reason is that little is known about the generation of structures. The generic
problem of investigating the whole set of structures is computationally too demanding,
due to its combinatorial nature. There is thus a need to highlight some properties of this
set in order to gain some understanding of it.

4.2.1 Variability

The structure of a system can exhibit some properties that are defined below. It must be
noted that throughout this thesis, the emphasis is on describing how the structure is influenced
by the inputs, as opposed to a description of the information content of the interaction.

Definition 4.1

A structure is fixed if the relationships between objects remain constant, whatever the
mission, the state of the environment, or the context. Reciprocally, a structure is variable if the
interactions between objects can vary.

Of course, variable structure systems are far more common than fixed structure systems.
However, a well developed body of theory has been developed only for the latter. This thesis
makes an effort to extend results that have been obtained on fixed structures systems to the much
larger class of variable structure systems. It is convenient to distinguish three mechanisms that
trigger variability (Monguillet, 1988). Each mechanism focuses on one aspect of variable
structure that is of practical relevance. A system is said to be

» Type 1-variable, if it adapts its structure to the input it processes. For example, one

pattern of interactions may yield a higher efficiency than others for a given input.
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» Type 2-variable, if it adapts its structure of interactions to the environment.
The performance of a given structure may depend strongly on the state of the
environment. A structure may accomplish its mission perfectly if the arrival rate of the
inputs is low. This structure may not be the optimal one if the arrival rate is high. There
may be a need to change the relationships between objects.

» Type 3-variable, if it adapts its structure of interactions to the system’s parameters. In
case of failure or destruction of some components, for example, it might not be possible
to accomplish the mission with the current structure. The system has to be reconfigured.

Of course, a particular system may exhibit simultaneously the three types of variability; the
Airport Surface Traffic Control system (ASTC) is an example. This distributed intelligence
system is treated in more depth in Chapter VIIL It monitors the landings and the takeoffs as well
as the movements of planes in an airport and in its immediate vicinity. The interactions between
air traffic controllers are Type 1-variable if they change depending on the planes, their
destination. The interactions are Type 2-variable if they change depending on the weather
conditions. The interactions between controllers are Type 3-variable if they change when some
radar or some communication networks do not function properly. In order to limit the scope of
the thesis, assumption 4.1 is made

Assumption 4.1
This thesis models structures whose variability is triggered by parameters that are external
to the system, can be sensed by some processes, and can be communicated to the objects.

The model obviously encompasses Type 1 variability because the sensors communicate
observations to some objects. The model addresses also Type 2 variability, if the parameters that
characterize the state of the environment can be assessed by some objects from a source of
information. The weather condition is an example of the latter type in the ASTC system. Even
though the Control Tower does not have a sensor that describes explicitly the condition on the
field, the controllers can assess it by looking outside. In the rest, the term variable is restricted to
mean variability as defined in this paragraph, the term inputs is used to mean the observations of
the sensors as well as the parameters of the environment, and the expression variable structure
stands as a short hand for variable structure systems.
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4.2.2 Functional Approach

The modeling approach follows the formulation (Levis, 1988) of the research issues for
distributed intelligence systems within the framework advocated by Minsky (1986). In this
approach, the team is seen as an information processing system that must perform several
functions to accomplish its mission. The functions are spread out over a range of locations and
divided into individual tasks, so that each object's activity contributes a little to each of the
several functions. The individual tasks can be performed both by humans and by intelligent
computerized nodes, i.e. by an intelligent decisionmaking process. Each individual task is itself a
combination of well defined algorithms that describe the manipulation to be done to their inputs.
Two individual tasks are said to be equivalent if and only if they incorporate the same
algorithms.

An individual task is thus a role : a prescribed pattern of behavior, as determined by the
mission. The same role can be performed by several decisionmakers, provided that they have
received adequate training. Similarly, one decisionmaker can perform several roles, depending
on his experience and training. Finally, an intelligent node can perform several roles, according
to the knowledge and resources that have been embedded in it.

The emphasis is placed on describing the roles of the system. The components of the
system, human and physical, are treated as resources. This approach leads to the distinction of
two mechanisms:

Functional Flexibility. If the interactions between roles can vary, the system is
functionally flexible. This flexibility induces varying interactions between the
physical elements once they have been assigned to the roles.

Resource Flexibility. If the assignment of resources can vary, there is flexibility in the
utilization of resources. This flexibility induces changing patterns of interactions between
physical elements because they are being assigned.

Of course, one organization can have both mechanisms simultaneously. Suppose that the
system is a team engaged in an automobile competition. There are two roles, the role of the pilot
and the role of the copilot, and two resources, human beings A and B. There is flexibility in the
assignment of the resources if A and B can perform both roles: A can pilot and B can copilot, or
B can pilot and A can copilot. There is functional flexibility in the system if the copilot is
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subordinated to the pilot under normal racing conditions, and if the copilot takes the lead if an
error of navigation has been made. A structure is thus characterized by two substructures.

* The functional structure. This is the description of the interactions between roles, and
between roles and the external environment through sensors and effectors. It depicts the
flow of data from the sources to the roles, the exchange of information between roles,
and the communication of messages to the effectors. Functional flexibility corresponds to
varying exchanges of information within that structure, which is also called the Data
Flow structure.

 The resource structure. This is the description of how resources can be assigned to roles.
Resource flexibility corresponds to different interactions in the resource structure.

4.2.3 Consistency and Determinism.

As defined in section 4.2.2, a variable structure system adapts its interactions to the inputs it
processes. Further properties of the variability modeled in this thesis are defined in this section.

Definition 4.3
A system is temporally consistent if it processes only observations that refer to the same
temporal origin, i.e., to an event with a specific time of occurrence (Grevet, 1988).

Many systems have this property. For example, the ASTC system monitors in real time the
movements of planes. To add another example in a very different context, the automated trading
centers of large brokerage firms are distributed intelligence systems that monitor "on-line" the
conditions of various financial markets.

Assumption 4.2
The thesis models only variable structures that are temporally consistent.

It must be noted that this assumption does not imply anything about the nature of the
processing, which may be globally synchronized, locally synchronized, or totally asynchronous
(Bertsekas and Tsitsiklis, 1988). This assumption is made because most of the systems for
which this methodology is developed have this property. The Air Traffic Control system or any
Command and Control system work under relatively high tempos of input arrivals, and monitor
the environment "on line".
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Definition 4.4
A variable structure is said to be deterministic if and only if the processing of one set of
simultaneous observations is achieved while involving a unique set of interactions.

Assumption 4.3
This thesis models only variable structures whose functional structures are deterministic.

From the functional approach taken by this thesis, it seems reasonable to assume that the
systems under study verify assumption 4.3, which proceeds from several rationales. The first
rationale is that a role corresponds to a set of algorithms. Each algorithm describes a
manipulation of its inputs according to some rules of first order logic. It therefore produces for
each set of inputs to the algorithm one and only one output, and interacts with one and only one
pattern. The second rationale is that the activities of the roles are assumed to be coordinated, so
as to produce a unique response, that of the structure, for each set of simultaneous inputs to the
system. Each set of simultaneous observations must thus be processed according to one and only
one global pattern of interactions. Finally, because this separation between functional and
resource structures permits modeling not only of structures in which the interactions between
objects are deterministic, but also of structures with a deterministic functionality and some
randomness in the assignment of resources to roles. In the rest of the thesis, the term variable
structure is used as a short hand for a variable structure that is consistent and functionally
deterministic. The next section provides a mathematical model of the terms that have been
described so far.

43 MATHEMATICAL MODEL
4.3.1 Sensors

A variable structure processes data from N sources of information, i.e. sensors. Each
Sensor n, n = [1,..N], can output one letter from its associated alphabet Xn = {xn,, . SR
These alphabets describe the basic items of information, also called colors or attributes, which
are communicated to the system. The alphabets include the null element, i.e., the case where no
item of information is transmitted. It is assumed that each source is statistically independent of
the others. This is accomplished by introducing supersources, which aggregate the observations
of sensors that are statistically correlated (see Stabile and Levis, 1984).
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As shown in Fig. 4.2, each independent Sensor n, n = 1..N, is modeled by a place
annotated by Xn. A transition whose unique input place is Sensor i models the communication
of the sensor's observations. The temporal consistency of the observations is modeled by the fact
that all sensors are the output of a single process. This process has a single input place p0, which

is called the external place.
Sensor 1 L
Communication process
D( >X ) DI from Sensor 1
* %
p0 Sensor 2
O I I I O : I Communication process
X2 from Sensor 2
* *
Sensor N o
\ O : I Communication process
from Sensor N
XN

Fig. 4.2 Sensors

From the system point of view, temporal consistency implies that the input is a
N-dimensional vector: x = (x1, X2, ..., XN). This vector has as components the N independent
observations and belongs to the alphabet X, cross-product of the source alphabets:

X=X1x X2 x...x XN.
4.3.2 Four Stage Model

In the Petri Net formalism, each role in a fixed structure has been modeled by a subnet with
four transitions and three internal places, presented in Figure 4.3. As explained in Chapter II,
places are depicted by circles and stand for resources or messages. Transitions between places
are depicted by bars and stand for algorithms. The arcs denote the precedence relations between
these algorithms. The four stage decisionmaking process consists of four algorithms SA, IF, CI,
and RS. This model shows explicitly the different kinds of interactions that can exist between
roles, and between a role and the environment.
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SA IF CI RS

A z A4

& & O

Fig. 4.3 Four Stage Model of a Decisionmaker or Intelligent Node

x (O— WOR,

In Figure 4.3, x represents an input signal from an external source of information or from
the rest of the organization, i.e. from another role. The Situation Assessment (SA) algorithm
processes the incoming signal to obtain an assessment of the situation. The assessed situation z
may be transmitted to other decisionmaking processes. In order to provide some insights into
these definitions, let us consider the case of an air traffic controller. Let us suppose that he wants
to direct a plane that has just entered the controller's jurisdiction. An air traffic controller receives
information from a radar screen and over radio networks. At the SA stage, he surveys the traffic
by observing radar screens and by listening to radio communications.

Concurrently, the role may incorporate one or several signals z" from other parts of the
system. The signals z and z" are merged together in the Information Fusion stage (IF) to
produce the final situation assessment z'. At this stage, a controller can incorporate information
about traffic density in other jurisdictions. The next algorithm, the Command Interpretation
algorithm (CI) receives and interprets possible commands (v') from other roles, which restrict
the set of responses that can be generated. At the CI stage, an air traffic controller can receive
some instructions about the course of action to be taken, for example, if some planes have
suddenly priority over others (Case of emergency). The CI stage outputs a command v which is
used in the Response Selection algorithm (RS) to produce the response of the role, the output
y. This output can be sent to the effectors and/or to other roles in the system. An air traffic
controller sends a pilot directions, operating procedures, etc. This information can also be sent to
other controllers.

Of course, this model does not capture all the subtleties of an intelligent decisionmaking
process. HoWever, it has proven its usefulness by showing explicitly different types of
interactions between decisionmaking processes. Furthermore, it is broad enough to tackle
realistic examples within acceptable computational requirements. This model is easily extended to

57



a four stage decisionmaking process that is variable by putting switches instead of transitions or
by modeling varying patterns of interactions with a Colored Petri Net, as described in Chapter V.
Three configurations are allowed for the structure of a role :

* SA, IF, CI, RS.

» IF, CI and RS.

* CI and RS.

These assumptions (Remy, 1986) are based on the idea that a role need not have all four
stages. If two given stages are present however, any intermediate stage must also be present. In
the model, the first stage is SA, IF or CI, which are the stages at which the role may receive
external inputs. The last stage must be RS, the stage in which the role selects its response.
Definition 4.5 characterizes roles that are equivalent in a functional sense.

Definition 4.5
Two roles are equivalent if and only if they have the same configuration and the same
algorithms SA, IF, CI and RS.

Example 4.1
Consider the roles in Figures 4.4 and 4.5. Let two IF algorithms IF 1 and IF 2 be
different, and the algorithms for the other stages be identical. Then the roles are different.

O— P> O—4—0—4—O0—4HO
&

SA IF2 CI RS

O—1—0O—1—0O—l >0

Fig. 4.5 Role 2

Fig. 4.4 Role 1
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4.3.3 Interactions between Roles

To be consistent with the interpretation of the different stages, only certain types of
interactions are allowed. The interactions between two roles, i and j, are the ones suggested for
interactions between decisionmakers in Remy et al. (1988). They are presented on Fig. 4.6.

SA IF CI RS Rolei
S .

O—h—O—ob—O—oh—O—shd—+0
0 o, 3

Hj; £

7

j

S.

SO O—H—150

S

i
SA IF CI RS Role

Fig. 4.6 Allowable Interactions between two Roles

Remark: For the sake of clarity, only the links from the i-th role to the j-th role have been
represented. The symmetrical links are valid interactions as well.

Physical significance of the allowable interactions:

* RS of i-th role to external environment : s;.
The i-th role communicates the response it has selected to the effectors. At the system
level, the coordination of the responses is shown on a Petri Net model by adding
an output transition, as in Fig. 4.7. If Role i sends its response to the effectors,
then there exists a link between the RS stage of Role i and this output transition. This
output transition has a unique output place, which is called the sink.

59



* SA of i-th role to IF of j-th role: F;.
The situation assessment which is produced as an output of the SA stage is sent to the
j-th role to be fused with the assessment of the j-th role, and/or assessments from
other roles.

* RS of i-th role to SA of j-th role: G;;.
The response selected by the i-th role is the input of the j-th role.

* RS of i-th role to IF of j-th role: Hj;.

This link shows the sharing of a result. The i-th role informs the j-th role of its final

decision. The j-th role may or may not take this information into account.

RS of i-th role to CI of j-th role: Cj;.

This interaction has been introduced to model hierarchy between roles. It describes

the possibility of role i sending a command to role j.

Role' i
Output transition

O

Sink

Role"

RS
Fig. 4.7 Interaction Role - Sink
4.3.4 Interactions with the Sensors

Every component of the system might not have access to all the sensors' observations. It
might base its processing on a restricted number of observations. The communication of the
observations from the N sensors are modeled by the processed represented on Figure 4.8.

Physical significance of the links:

S,-j for i = 1..N : This link models the fact that the observation from the i-th sensor is
communicated to the SA stage of Role j.
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Communication process
from Sensor 1 SA

—>O %Q@D]

PO
X
Communication process

from Sensor N
Fig. 4.8 Interaction Role-Sensors

4.3.5 Resource Allocation

A role is performed by a human being with an adequate training or by an intelligent node
programmed for that purpose. The resource structure describes how resources can be allocated to
roles, and one example such example is depicted on Figure 4.9.

SA1 IF1 CI1 RS1 Role 1

Resource 1

O

Resources Role 1

CIl RS1 Role 2

Resource 2
Resources Role 2

Fig. 4.9 Interactions between two Roles and two Resources
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The resource structure is constructed in several steps.

First, one resource place is created for every physical resource. The marking of this place
describes whether the resource is available or has been assigned to some role.

Then, a place is attached to each role, whose marking indicates how many of the physical
resources that have been assigned to the roles are not processing some input. If a role starts a
process, it removes one token from the place that contains the physical resources that have been
assigned to the role. A token is put back in that place at the end of the process.

Finally, the assignment of a physical resource to a role is depicted by a switch. If there is
one link from the switch to a role, then the resource can be assigned to the role. If there are no
links, then the resource cannot be used by that role. The switch corresponds to the fact that a
resource can be assigned to one and only one role. On Figure 4.9, for example, both resources
can perform Role 1 and Role 2. Both resources are available and unassigned.

4.4 MATRIX REPRESENTATION

Section 4.3 described a model of the components from which a variable structure can be
built, and a set of interactions between these components. This section presents a unified
framework to describe a system.

4.4.1 Matrix Form

From section 4.3, the model of a structure is characterized by the following parameters
* Rrroles, which are ordered Role 1..Role R according to some appropriate rule.
* N sensors, which are ordered Sensor 1..Sensor N.
¢ X =Xi1x X2 X..x XN, the set of inputs. X is ordered by the lexicographic ordering.
* D decisionmakers or intelligent nodes, which are ordered Resource 1.. Resource D.

Within the model of section 4.3, the functional structure is described by the interactions F,
G, H, C, S, and s. The resource structure is described by the interactions between the resource
places and the resource structures of the roles. Below, Proposition 4.1 gives a straightforward
characterization of a variable functional structure, while Proposition 4.2 gives a simple
description of the resource structure.
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Proposition 4.1
A variable functional structure is determined by IT= (S, s, F, G, H, C).
* S isaNxRarray. Fori=1,.Nand j = 1.R, Sij models the link between the i-th
sensor and the SA stage of the j-th role.
* s isalxNarray. Fori=1..R, s; models the link between the RS stage of the i-th
stage and the effectors.
* F, G, H, C are four R xR arrays. Fori=1..R and j = 1..R,
F;; models the link from the SA stage of Role i to the IF stage of Role j.
G;; models the link from the RS stage of Role i to the SA stage of Role j.
H;; models the link from the RS stage of Role i to the IF stage of Role j.
Cij models the link from the RS stage of Role i to the CI stage of Role j.
* Everyentryin S, s, F, G, H, Cis a IXI x IXI diagonal matrix L.
L;; = 1 if the i-th input in the lexicographic ordering activates the link.
L; = 0 if the i-th input in the lexicographic ordering does not activate the link.

Proof:
The matrices S, s, F, G, H, C describe uniquely all the interactions that can be found
in the functional structure.
The functional structure is deterministic. The IX| x IX| matrix attached to each
interaction keeps track of the fact that each set of inputs, i.e. each x in X, either
activates or does not activate the interaction.

Example 4.2
Consider a system with two roles, Role 1 and Role 2 and two sensors, Sensor 1 and
Sensor 2. The output alphabet X1 is {a, b}. The output alphabet X2 is {c, d}.
Therefore, X is {a, b}x{c, d} and <a,c> is the first input in the lexicographic ordering,
<a, d> is the second, <b, ¢> is the third and <b, d> is the fourth.
A variable pattern of interaction is given by [T as follows

I 1 0 0 0 M
S=[I J’s:“ I]’F=G=H=[0 0}’C=[0 0]

* Lis the 4 x 4 identity matrix. It indicates that every input activates this link.
* 0 the 4 X 4 null matrix. It indicates that the link is never activated.
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*Mis

1000|<ac>
010 0(<ad>
000 0|<b,c>
000 O0]<b,ad>

M indicates that the link is activated only for the first two inputs: (a,c) and
(a,d).

* S shows that the outputs of Sensors 1 and 2 are sent to Roles 1 and 2.

* s indicates that both roles send their response to the effectors.

* F, G, H indicate that the roles do not exchange information between the SA

and IF stages, the RS and SA stages, and the RS and IF stages.

* The matrix C indicates that Role 1 issues a command to Role 2 if and only if the

observations processed by the organizations are <a, ¢> and <a, d>.

Similarly, the following proposition characterizes the resource structure.

Proposition 4.2

The resource structure is given by a R x D matrix. The rows stand for the roles and the
columns stand for the intelligent resources Resource 1...Resource D.

RD;; = Lifrole i can be performed by the intelligent resource J.

RD; = 0ifrole i cannot be performed by the intelligent resource j-

Proof

An intelligent resource is either able or unable to perform a particular role. The matrix RD
keeps track of it.

Example 4.3: Consider the resource structure of Figure 4.9. Then
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4.4.2 Well Defined Functional Structures

The functional and resource structures play different roles in this thesis. More emphasis is
placed on understanding the properties of functional structures than resource structures. There
are two main reasons for this approach. The first reason is that distributed systems are generally
generated by creating their data flow structures (Andreadakis, 1988), or analyzed using a
functional approach (Valraud, 1989). Within the framework of this thesis, the exchange of
information between the elementary functions is depicted by the functional structure. The second
reason is that separating the functional structure from the resource structure reduces the
complexity of the design problem. The designer is prevented from computing architectures that
are symmetrical, in the sense that they correspond only to different assignments of resources. In
the rest of this section, two sets V and W are defined.

Definition 4.6
A Well Defined Variable Structure (WDVS) of dimensions R, the number of roles, N, the
number of sensors, X, the set of inputs, is any

II=(S,s,F,G,H,C)
where
*§ is an N«IX| x IXI array, which is decomposed as a N x 1 block array.
* s is a R«[XIx Xl array, which is decomposed as a R x 1 block array
*F,G,H, C are four RxIXl x R«IXI arrays, which are decomposed as R x R block
arrays.
* Each block is a IX] X IX| diagonal matrix with Os and 1s on the diagonal.

Let V (R, N, X) be the set of Well Defined Variable Structures of dimensions R, N, X.

Each variable functional structure characterized by R, N, X is an element of V (R, N, X)
(Proposition 4.1). It is important to remark that the converse might not be true. Structures that
correspond to some elements of V might not make much physical sense.

Below, it is assumed that the parameters, R, N, X are explicitly fixed. To make notation less

cumbersome, V(R, N, X) is abbreviated by V. In order to gain some insights into V, it is
important to note that a fixed functional structure is a special case of a variable structure. In the
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case of a fixed structure, the interactions in the system do not depend on the inputs to the system,
and a link is either present (and the diagonal entry in the appropriate block array is the [XI x IXI
identity matrix) or absent (and the diagonal entry in the appropriate block array is the IX| x IXI
null matrix). Proposition 4.2 provides a notation for fixed structures.

Proposition 4.2
A fixed functional structure is given by X =(S", s’, F’, G’, H’, C’).
» The N x R matrix S' describes the interaction between sensors and roles; the 1 x R
matrix s' describes the interactions between roles and effectors; the R x R matrices
F', G, H, C' correspond to the interactions between roles.
» The entry of each matrix belongs to {0, 1}.
It is 1 if the corresponding link is present in the system.
It is O if the corresponding link is not present in the system.

Example 4.4:
The following matrices describe a fixed structure system.

10 1] 00 01
' l=1’1 F|=G|=Hv= v
S=lo1] ® e ool € =|oo

This is a functional structure with two roles and two sources.

Role 1 receives the observations from Sensor 1, Role 2 receives the observations from
Sensor 2 (Matrix S).

Both roles send their response to the effectors (Matrix s').

Role 1 issues a command to Role 2 (Matrix C"), and there are no other interactions
between roles (Matrices F', G', H").

As was done for variable structures, this proposition leads to the following definition.

Definition 4.7
A Well Defined Fixed Structure (WDFS) of dimensions R, N is any

z - (Sl, sl’ Fl’ G|, Hl’ Cl )
where
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* S’ isan N x 1 array,

+s’ is aR x 1 array,

*F',G',H’,C " are four R x R arrays.
* Their entries belong to {0,1}.

Let W (R, N) be the set of Well Defined Fixed Structures of dimensions N, R. Each fixed
functional structure characterized by R, N is an element of W(R, N) (Proposition 4.2). Note that
here again the converse might not be true. Some elements of W(R, N) might not make much
physical sense. To make notations less cumbersome, W(R, N) is also abbreviated by W.

4.4.3 Decomposition of Variable Structures

Intuitively, one can think of a variable functional structure as a collection of fixed structures
and some rule for assigning a unique fixed structure to each input. This fixed structure describes
the exchange of information in the structure while x is being processed. Proposition 4.3 gives a
mathematical characterization of this concept within the larger framework of the sets V and W
introduced in section 4.3.2.

Proposition 4.3
Any WDFS [I = (S, s, F, G, H, C) in V can be represented as a mapping from the set of
inputs X into the set W. Reciprocally, any mapping from the set of inputs X into the set of
fixed structures W corresponds to one variable structure in V.

Proof:
For each x, if x is the k(x)-th input in the lexical ordering of X,
let us define IT (x) = (S'(x), s'(x), F'(x), G'(x), H'(x), C'(x))
* S'(x) is an N x R array. Fori = 1..N and j = 1..R,
S' (x5 = [S] k) k)
where, by proposition 4.1, [Sy] xx) k(x) takes its value in {0, 1}
and indicates whether or not the set of observations x activates S;;-
* s'(x) is an R x 1 array. Fori = 1..R
$'(x); = [8i] k() k()
where, by proposition 4.1, [s;] x k(x) takes its value in {0, 1}
and indicates whether or not the set of observations x activates s;.
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* F'(x), G'(x), H'(x), C'(x) are four R x R arrays. Fori=1..R and j = 1.R
F(x);i = [Fyl k) x(x) '
where, by proposition 4.1, [Fy] yx) kx) takes its value in {0, 1}
and indicates whether or not the set of observations x activates E;.
G'x);5 =[Gyl kx) k(x)
where, by proposition 4.1, [Gjj] k) kx) takes its value in {0, 1}
and indicates whether or not the set of observations x activates Gj;-
H'X); = [Hjl ko k)
where, by proposition 4.1, [Hjj] k) k(x) takes its value in {0, 1}
and indicates whether or not the set of observations x activates H;;
C' x5 = [Cyl k) xm)
where, by proposition 4.1, [Cy] () Kx) takes its value in {0, 1}
and indicates whether or not the set of observations x activates G
» The entries of each array are thus Os and 1s. They describe whether or not the
corresponding link is present in the structure when the set of inputs is x.

It is easy to see that each [I(x) is a fixed structure in W, and that it describes the
interactions between roles, and between roles and environment, when the system
processes the set of inputs given by x = <xi1,...,xn >. Each well defined structure is thus
given by a mapping from X to W that assigns to each x the fixed structure [T(x).

Reciprocally, consider a mapping which associates to each x in X
IT (x) = (S'(x), s'(x), F'(x), G'(x), H'(x), C'(x)) in W, and define
*§ aNXxRblock array. Fori=1,.Nand j = 1..R, S;; is a IXI x IXI diagonal
matrix with [Syl, , = [S'(x)];; and u = rank of x in lexicographic ordering of X
* s alxNblock array. Fori=1..R, s; is a IXIxIX| diagonal matrix with
[Sijluw = [s'(X)]; ; and u = rank of x in lexicographic ordering of X.
* F, G, H, C four R x R block arrays. Fori =1..R and j = 1..R,
E;; is a X1 x IX| diagonal matrix with
[Fij]u v = [F(x)]; j
and u = rank of x in lexicographic ordering of X.
G;;is a IXI x IX| diagonal matrix with
(Giluu= [G'(X)]ij
and u = rank of x in lexicographic ordering of X
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Hj; is a [XI x IX| diagonal matrix with
[Hjly v = [H&)];
and u = rank of x in lexicographic ordering of X.
Gjis a X1 x IXI diagonal matrix with
[Cijluw = [C()];
and u = rank of x in lexicographic ordering of X.

IT is by construction a WDVS such that if one link is present in [](x), then this link is
activated by x in []. Thus [T represents a variable structure for which each IT(x) describes the
interactions in the system when it processes the set of observations x.

Proposition 4.3 states therefore that it is equivalent to work in the set V or to work in the
set of all assignments from X to W. In the rest of this thesis an effort is made to use the
framework that is most convenient for each problem. For any WDVS, the notation I] is used
either to mean the set of arrays S, s, F, G, H, C or the mapping that associates to each x a
WDEFS. From the characterization of [] as a mapping, one can easily understand Definition 4.8.

Definition 4.8
Let T be a WDVS; then the range of the mapping in W is called the support of the WDES.

It follows from the definition that if a WDFS J belongs to the support of [T, then at least one
input is processed according to the fixed pattern J.

4.4.4 Lattice Approach

The modeling of variable and fixed structures in a matrix form leads to a natural ordering of
the sets V and W. The importance of this ordering appears in Propositions 4.4 and 4.5, which
state that V and W are lattices. First, Definition 4.9 provides an essential tool.

Definition 4.9
An array [Aij]iinI.jinJ » Al_] =Q0or 1, is "smaller than" [Bl_]] iinLjinJ> Bl_] =Q0orl
if and only if

For every i and for every j, A;;<B;;
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One sees without any difficulty that the relation "is smaller than" is a partial ordering. First,
a binary relation SUB is defined on W.

Definition 4.10
Consider two WDFS Y. and X' in some W. The binary relation SUB is defined by
2=(,s,F,G HC)SUB X = (S, s, F, G, H, C) if and only if
* S is smaller than S', s is smaller than s',
« F is smaller than F', G is smaller than G',
» H is smaller than H', C is smaller than C'.

SUB is trivially a partial ordering of W. 3, SUB X' means that every interaction in Y, is
present in Y'. The WDFS X' has more interactions than WDFS Y. In other words, 3, SUB ¥
means that the Ordinary Petri Net that represents 3. is a subnet of the Ordinary Petri Net that
represents Y.'. Similarly, a binary relation on W is given by Definition 4.11.

Definition 4.11
Consider two WDVS I and IT' in some V. The binary relation ACT is defined by
II=(S,e,s,F,G,H,C)ACTII=(S,e,s,F,G,H,C")
if and only if
Vij S;jis smaller than S;j, s; is smaller than s,
E;; is smaller than F'y, G;; is smaller than G';,
Hj; is smaller than H';;, C;; is smaller than Cy

In other words, IT ACT IT' if and only if for each x, [I(x) SUB IT'(x). Here again, one
sees that ACT is a partial ordering. [T ACT [T' means that every input that activates an interaction
in [T activates the same interaction in [T'. T has fewer interactions than [T'.

The partial orderings SUB and ACT are important in this thesis. They provide the major
tools that are used in Chapter VII to structure the set of solutions to the design problem. They
have been introduced for two reasons. First of all they make sense. Since this thesis focuses on
the interactions as they are induced by the observations, it seems logical to say that a structure []
is less active than another [T if every link is activated at least as often over the set of inputs in IT'
as in []. The second reason comes from Propositions 4.4 and 4.5.
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Proposition 4.4
(V, ACT) is a lattice

Proposition 4.5
(W, SUB) is a lattice

Proof
The meet of two structures [] and [T' (X and X' resp.) is the structure which consists of
the interactions that are common to [] and IT' (¥ and X' resp.).
Every structure [I" (X" resp.) that is < than both IT and IT" (X and Y'resp.) is
necessarily < than the meet.

The join of two structures [T and IT' (X and X' resp.) is the structure which consists of
all the interactions of [T and [T' (¥ and ' resp.).

Every structure [I" (X" resp.) s.t. [I<TI" and IT <II" (X £ X" and X' < X" resp.) is
necessarily < than the join.

4.5 PARTITIONS OF X

There are three types of interactions in a Well Defined Variable Structure.

» The inadmissible links. These are the links which correspond to the entries of I] that
are the IXI x IX! null matrix. No input requires this interaction to be processed.

» The permanent links. These are the links which correspond to the entries of I] that are
the IX| X [X| identity matrix. Every input requires this interaction to be processed.

» The variable links. These are the links which correspond to the entries of ] that have
Os and 1s on the diagonal. Some inputs require this interaction to be processed, while
some do not. Each variable link defines a partition of X into two subsets: the set of
inputs that activates the link and the set of inputs that does not activate the link.

Inadmissible links and permanent links are of little interest as far as variability is concerned.
If a link is inadmissible or permanent between two stages, then the stages have a fixed pattern of
interaction irrespective of the input to the system. This cannot be the case for variable links. If a
system is processing some input, the stages must know whether they interact or not. This
decision must be based on the information received by each role, and the major difficulty is that
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different roles might not have access to the same sources of information. Thus there is a need to
describe the relationships between the sources of information that are commonly accessed by the
stages, and the potential partitions of the set of inputs X into the subset for which a message is
exchanged and the subset for which no messages are exchanged.

First, Definition 4.12 introduces a family of binary relations on X, to characterize the
partitions of X that are based on a single common source of information. Recall that a system
processes information from N sensors, Sensor 1,.., Sensor N. The observation of Sensor i, xi,
belongs to the output alphabet, Xi = {xi;,.., xi x;} where IXil is the number of outputs in Xi.

Definition 4.12
Fori=1..N, the binary relation R; is defined on X =X, x .x Xy by:
xR x', x=<x1,..,xN> X' =<x'l,..x'N>
if and only if

Two inputs are equivalent according to the relation R; if and only if they correspond to the
same output from Sensor i, irrespective of the outputs of the other sensors. Proposition 4.6
describes the fundamental result of these binary relations.

Proposition 4.6
The binary relations R;, i = 1..N, are equivalence relations.

Proof:
Let i be any integer between 1 and N.
Any x = <x,....xN> has the same i-th component as itself, thus R, is reflexive.
If x;=x'; is true, then x'i = xi is true thus x' Rj x is true, and R; is symmetric.
Finally, if x and x' have the same i-th component and if x' and x" have the same i-th
component, i.e. x; = X'; and x'; = x"; , then by transitivity of equality, x and x" have
the same i-th component, i.e. x; = x";. Therefore R; is transitive.

Every equivalence relation R; induces a partition of X into equivalence classes, as described

by Theorem 3.1. By definition, two inputs to the system belong to the same equivalence class if
and only if they correspond to the same output of Sensor i. Each equivalence class is thus an
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element of Xi={xi,,.., xi x; }, where xi; is the subset of all inputs whose i-th entry is xi,.

Suppose that a variable interaction is triggered by the outputs of Sensor i only. For
example, an interaction exists if and only if Sensor 1 outputs x1,, irrespective of the observations
of Sensors 2 to N. The set of inputs to the system that activates the link is xi ;, and the set of
inputs that does not activate the link is given by the union of the equivalence classes x1 wk#l
More generally, a variable interaction triggered by the output of a unique sensor, Sensor i, is
characterized by Proposition 4.7.

Proposition 4.7
A variable interaction is based exclusively on the output of Sensor i if and only if there
exists a partition of Xi ={xi ;, ..., xi j; } into two sets I1 and I2 such that:

AC=u_. . xi, is the set of inputs that activate the link.
xi, inIl k

DC=u_. . xi, is the set of inputs that do not activate the link
xi, inl2 k

Proof
If the variability of an interaction is based exclusively on the observations of Sensor i,
then there exists a partition of the output alphabet Xi into I1 and I2 such that
« I1 is the subset of outputs for which the interaction exists and
* 12 is the subset of outputs for which the interaction does not exist.
Let AC =UyxjtrmnXiy andDC =U yj pin2Xix then AUB=Xand ANB =0.
Consider any input x to the system. The statement "x belongs to AC" is equivalent to
"The output of Sensor i belongs to {xi, kisinI1}," i.e., x activates the link.

Consider a partition of X into two subsets AC and DC. If there exists a partition of Xi into
two sets I1 and 12 such that AC = Uy jnn Xi ¢ and DC = U y; 4 in 12 Xi ;. then the output
alphabet Xi is said to be an effective alphabet of the partition AC, DC. Proposition 4.7 indicates
that the partitioning of the inputs is based, in this case, on the information carried out by the
output of Sensor i exclusively. These definitions and propositions can be easily extended to
characterize partitions that are determined by several sources of information.
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Definition 4.13
Letil,.., ik bein [1.. N]. The binary relation R;; j, _y is defined on X by:
x Rj ..k X' X = <X1,...,XN> X' = <x'1,...x'N>
if and only if
x R;j; x' and..and x Ry x".

and only if they correspond to the same outputs of the sensors Si1 to Sik. These binary relations
verify without any further comment Proposition 4.8.

Proposition 4.8
The relations R;; i ik ij,.., ix in [1..N] are equivalence relations.

that is the number of different observations of the sensors Si1 to Sik. Each one can be
represented without any difficulty as an element of Xi; X ..x Xi.

Example 4.5:
Let us suppose that there are only two sensors. Their output alphabets are
X1={ A, B, C} and X2 = {T, U}. The equivalence classes of
* R;are
A ={<AT>, <A, U>)
B ={<B,T>, <B, U>}
C = {<C,T>, <C, U>}
* Rjyare
U = (<A, U>, <B, U>, <C, U>}
T ={<A,T>, <B, T> <C, T>)

* Rypare
<AT> ={<AT>)} <A, U> = {<AU>}
<B,T> = {<B,T>} <B,U > = {<B,U>}
<C,T> = {<C,T>} <C,U> = {<C,U>}.

74



Proposition 4.9
A variable interaction is based exclusively on the outputs of Sensor ij,...,Sensor i , if and
only if there exists a partition of Xi; x ..x Xi, into two sets I1 and I2 such that:
¢« AC= <xil ., ,..., xik., >
1 Jk

. oo
<x11’.1 - J\:tk‘,.‘r > in 11

is the set of inputs that activates the link.
= u ] - e . ] .
« DC <xi]j1 y e xikjk > in 12<xllj1 yeesy xlk}k >

is the set of inputs that does not activate the link.

* There exist k outputs Xiy,.. Xi, some i, in ij,..,i; and some x'i,, in X such that
<Xif,. Xip,.. Xiz> 1s in AC and <xi;,. x'i,,, Xiz> is in DC.

Proof

The first part of the proof is similar to the proof of Proposition 4.7. The second
part describes the conditions under which a partitioning depends on the observations of k
sensors exclusively. There must exist two sequences of k observations that differ by one
and only one output, such that one sequence activates the interaction and the other one
does not activate it. It is necessary to know the k observations xij,.., Xi, to decide
whether an input that contains the observations Xiy for p in [1..k] p # m activates or does
not activate the interaction.

Consider a partition of X into AC and DC such that Xi; x ..x Xi; can be partitioned into
two sets I1 and I2 with:

= U . .
e« AC <xilyy iy > in T1 <xllﬂ xlkjk >
= u ) . ey ] .
° DC <xi1j1 ) eeey xikjk > in 12<xl.lj] yeeey XIka >

* There exist k outputs Xiy,.. Xiy , some iy, in iy,..,i; and some x'i, in X s.t.
<Xif,. Xip,.. Xip> 1s in AC and <xij,. xi,, xii> is in DC.

Then, Xi,,.. Xiy are said to be effective alphabets of the partition AC, DC. Proposition 4.9
indicates that the partitioning of the inputs between AC and DC is based in that case on the
information carried out by the outputs of the sensors Sensor i;,..., Sensor . Effective alphabets
are important in Chapter VI in order to define some structural constraints on the set V and to
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decompose some user defined constraints in Chapter VII.

Note that such a decomposition always exists. The classes defined by the equivalence
relation Ry, n are indeed exactly the elements of X. Thus, each subset S of X can be written as
the union of the equivalence classes corresponding to its elements. X1, .., Xn are potential
effective alphabets of any partition of X between some and some DC. An alphabet Xi is effective
if and only if there exist k outputs Xi,..Xig, some i, in ij,..,iy and some x'i, in X such that:

* <Xij,. Xip,.. Xig> is in AC

o <Xij,. X'iy, Xig> is in DC,

* iis one of the ij,..,i.

Note that the set of effective alphabets is @, i.e. the activation of the link is not based on any
source of information,

» if AC =@, DC = X (inadmissible link)

» if AC=X, DC =@ (permanent link).

Example 4.6:
Consider the case of the interaction represented by the matrix M of Example 4.2

1 000]<ac>
010 0|<ad>
000 O0]<b,c>
00O0O0]|<b,d>

The set X is partitioned into {<a,c>, <a,d>}, which is the set of observations that
activate the link, and {<b,c>, <b,d>}, which is the set of observations that does not
activate the link. Consider the relation R1, which has two equivalence classes a and b,
where a = {<a,c>, <a,d>} and b = {<b,c>, <b,d>}.

The partition of X as AC = {<a,c>, <a,d>} and DC = {<b,c>, <b,d>} corresponds to
AC=a and DC = b . X1 is thus the effective alphabet of the partition.

This chapter defined variable structure distributed intelligence systems. The objects and the
functional entities have been described, and a matrix representation of a variable structure has
been introduced. Finally, variable links have been addressed in more depth. The next chapter,
Chapter V, describes the relationships between variable structures and Colored Petri Nets.
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CHAPTER V

COLORED PETRINET MODELING

A model of variable structures has been described in Chapter IV. This chapter shows how to
translate the concepts that have been defined into the language of Colored Petri Nets (CPN). A
class of CPN is introduced as well as some of its properties, which provides the theoretical
foundation for the methodology. The main rationale for introducing CPNis is that Ordinary Petri
Nets have been used extensively to analyze and generate fixed structure distributed systems and
that CPNs furnish a powerful extension that makes it possible to model variable interactions.

5.1 PRINCIPLES OF COLORED PETRI NET MODELING

First, this thesis addresses variability in the functional structure rather than variability in the
resource structure. The model has been elaborated primarily to describe variable interactions
between the functional units, the roles.

Second, this thesis describes variability based exclusively on the sensors' observations. For
each set of N simultaneous observations <xi,..., XN>, the pattern of interaction between roles, as
expressed by the entries of the matrix representation of any WDVS, is uniquely determined.

Finally, this thesis models the exchanges of information as they are induced by the sensor's
observations, but does not address the actual nature of the information being transmitted, the
information content of the messages.

5.1.1 Token-Colors and Occurrence-Colors

The emphasis of this approach is reflected in the CPN modeling, in which X, the set of
inputs to the system, plays a critical role.

Proposition 5.1
Every transition in a CPN model of a WDVS has the same set of occurrence colors: X.
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Proof:

It is known from Chapter III that each transition models a process in the system.
Each process introduced in Chapter IV is an algorithm performed by a role, and each
process interacts deterministically based on the observations that have been
communicated to it. Each process has one and only one pattern of interaction for each
input x = <x1,...,xN> to the system. X is thus a set whose elements parametrize
completely the behavior of the process: X can be selected as the set of occurrence colors
for any transition in the system. Let x be any element of X and t be any stage in the CPN
model. Then the firing mode of the transition t, x = <x1,...,xN> describes that t does its
part of the total processing for the case where x = <x1,...,xN> is the set of N
simultaneous observations.

Two different types of links have been introduced in Chapter IV: Interactional links, and

internal links. Each link corresponds to two arcs and one place in a CPN model of a WDVS.

* One interactional link corresponds to one link between two different objects in the
functional structure. This is either a link from the communication process of a sensor to
the RS stage of one role, or it is a link from a stage of a role to a stage of another role.

* One internal link corresponds to one link between two stages within the same role. It
describes the fact that the internal processing of a role is continuous.

* Interactional and internal links belong to the functional structure, and messages that have
been generated by the inputs to the system are exchanged in the functional structure.

There is a third class of links in the system, i.e., the links that represent interactions that
must be present in any system, and thus in any CPN model of the system. These are the links
from the external place to the communication processes of the sensors, and the link from the
output transition to the sink. These links are present and permanent because they model the
conditions needed by a system to operate. There must be a constant flow of information from the
environment to the sensors (links from the external place to the communication processes), and a
flow of information from the system once it has selected a response (the output stage) to the
effectors (the sink). These links do not raise particular issues as far as modeling or analysis are
concerned. They are assumed to be present in any CPN model.

Proposition 5.2
Every place in a CPN model of the functional structure has the same set of token colors: X.
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Proof:
Let us consider one place in the functional structure. This place receives messages that
have been generated by some input to the system x = <x1,...,xN>. As this thesis is not
concerned with the nature of the message, it is equivalent to say that a place receives a
message generated by x = <x1,...,XN> or that a token whose color is x = <x1,...,XN> is
put in the place. X can thus be the set of token colors for all places in the functional
structure.

Propositions 5.1 and 5.2 indicate that a functional structure can be represented by a very
simple class of Colored Petri Nets, that in which the sets of token colors and occurrence colors
are identical for all places and transitions in the net. If a token <x1,...,xN> is in some place p in
the CPN model of a functional structure, this shows that some item of information generated by
the set of observations x = <x1,...,.XN> is being exchanged between objects. If firing mode
x=<Xx1,...,XN> is enabled, the stage can do its part of the processing when x = <x1,...,xN> is
the input to the system. When the transition fires according to the firing mode <x1,...,xN>, one
token of color <x1,...,xN> is removed from some input places of the transition and a token of
color <x1,...,,XN> is put in some output places.

A variable interaction corresponds to the case of a transition such that tokens are not always
removed from the same places and are not put in the same output places over all firing modes in
X, messages can be received from different processes and can be sent to a variable number of
processes. As described in Chapter III, variable interactions are embedded in the annotations of
the arcs. Each arc is annotated by a matrix and, as described in Chapter IV, each arc in the
functional structure belongs to a link that models an allowable interaction. It is assumed that a
link (the place and the two arcs) is represented on a CPN model of the structure if and only if the
interaction is activated for at least one set of inputs to the system, i.e., one x in X.

The rows of the matrix attached to an arc stand for the token colors and the columns stand
for the occurrence colors, which happen to be the same in this model: the matrix is a IXI x IXI
matrix. The column corresponding to a firing mode <xi,...,xN> describes the tokens that are
carried through the arc when <xi,...,xN> is the firing mode of the transition. The column is a
null column if the interaction is not activated when some piece of information generated by
<X1,...,XN> is being processed by the transition. The column is non null if the interaction is
activated when <x1,...,XxN> is being processed by the transition. Since this model implies that the
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arc carries exclusively a token of color <x1,...,.xN> if the firing mode of the adjacent transition is
<X1,...,XxN>, an interaction is activated if and only if the diagonal entry that corresponds to
<X1,...,XN> in the IXI X IX| matrix x is "1" and all other entries in the column are Os.

5.1.2 Example

Consider the functional structure shown on Figure 5.1. It has two roles and one sensor
whose output alphabet is {A, B, C}.

External Sensor

Fig. 5.1 Colored Petri Net model of a Functional Structure.

X is the set of token colors for every place, and the set of occurrence colors of every
transition. Each arc in the net has been annotated by either I or L1.

<A><B><C>

1 00(<A
The matrix Iis the 3 x 3 identity matrix |0 1 0O |<B>

0 0 1J<C>

<A><B><C>
1 0 0]
The matrix L1isthe 3 X3 matrix |0 0 0 |<B>
000 <C>

The matrix I indicates that the arc is activated for every input in the system, whereas L1
indicates that the arc is used only if the input to the system is <A>. The functional structure of

80



Figure 5.1 is a structure in which all links are activated over all possible inputs, except the link
from the RS stage of the upper role to the CI stage of the lower role. This link is activated if and
only if the input to the system is <A>.

Figures 5.2 to 5.7 describe variable patterns of interaction in this system. Figure 5.2
describes a case in which the input to the system is <A>. The upper role has done its processing
up to its RS stage, whereas the lower role has done its processing up to its CI stage.

I I I gl I ml L mlI
<A>
1 I
External Sensor
I I I L1 I
L1
place X I Sink
I
X = {A, B, C) I I LRI R B I I

Fig. 5.2 Colored Petri Net with Marking

Note that only the firing mode <A> of the RS stage of the upper role is enabled. This RS
stage has indeed one and only one input place, which contains one token of color <A>.
However, the CI stage of the lower role is not enabled. This stage has two input places and the
annotations of the arcs from the input places to the transition indicate that the arcs must carry one
token of color <A> if the transition is to contribute to the processing of the input <A>. The firing
mode <A> is not enabled because one input place from which a token of color <A> should be
removed does not contain one such token.

Figure 5.3 depicts the Colored Petri Net and its marking once the upper role has selected
a response induced by <A>, i.e., once the transition RS of the upper role has fired according to
its firing mode <A>. Observe that the firing mode <A> of the CI stage of the lower role is now
enabled.
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External Sensor

Fig. 5.3 Colored Petri Net after Firing

If the CI stage of the lower role fires according to its firing mode <A>, the marking becomes
as shown in Figure 5.4.

External Sensor

Fig. 5.4 Colored Petri Net after second Firing

Figure 5.5 depicts a case in which the upper role has done its processing up to its RS stage,
whereas the lower role has done its processing up to its CI stage. The firing mode <B> of the RS
stage of the upper role is enabled because its unique input place contains one token of color <B>.
Unlike the case of figure 5.2, one firing mode of the CI stage of the lower role is also enabled.
This stage has two input places but the annotations of the arcs indicate that only the arc from the
internal place to the CI stage must carry one token of color <B> if the transition is to contribute to
the processing. This place contains one token of color <B>; thus the lower role can proceed with
its command interpretation, irrespective of the fact that its other input place is empty.
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<B
I - - A I
External Sensor 0
I I I I
L1
place X I | Sink
I
X = (A, B, C} I I 1 BN L I I

Fig. 5.5 Colored Petri Net

Both the RS stage of the upper role and the CI stage of the lower role can fire. Figure 5.6

depicts the new marking if both roles fire simultaneously.

I N
I I 1 I I I I g
I I
External Sensor
I I I L1 I
L1
place X I Sink
I
X = {A, B, C} I I 1 ! LB /)] I

Fig. 5.6 Colored Petri Net after Firing

5.1.3 Token-Colors Continued

In order to simplify the notations, this thesis adopts the convention that a link that is always
activated, i.e. which is annotated by the IX| x IXI identity matrix, can be represented by a simple
arc without annotations. This convention applies in particular to the links from the external place
to the sensors, and from the output transition to the sink. Another convention has to do with the
annotations of the arcs that belong to the same link. These arcs are annotated by the same matrix,
so there is no need to annotate twice the same matrix. In the rest of this thesis, most of the CPN
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models annotate one and only one arc of any link. Next, this subsection turns to the tokens in the
resource structure.

Proposition 5.3
A place of the resource structure contains tokens whose colors are <1>,..., <D>.

Proof: = Each place in the resource structure indicates whether a physical resource is
available. Each physical resource has a number, and there is no need to indicate
any more information than the number of the resource involved.

The resource structure is depicted in a very simple way.

The place Resource i, i = 1,.., D, can contain only one token of <i>, because it indicates the
availability of the i-th physical resource. C(Resource i) = {<i>}.

For each role j, j = 1..R, the place Resources Role j, which contains the resources assigned
to Role j, can receive any physical resource. The set of token colors is C = { <1>,..., <D>}.

The transitions that describe the assignment of one resource to the roles have the same set of
occurrence colors C = { <Role 1>,..., <Role R>}, the set of roles.

The arc from every place Resource i to the transition that describes the assignment of the
resource is always activated. Here again the convention is adopted that these arcs need not be
annotated.

If the physical resource i can be assigned to Role j, there exists an arc from the transition that
represents the assignment of resource i to the place Resources Role j. This arc is annotated by the
1 x R matrix whose columns correspond to the roles. The j-th entry is 1 because the physical
resource can be assigned to Role j, the other entries are 0. This arc carries a token of color <i>.

A model of a resource structure is depicted on Figure 5.7. This resource structure
corresponds to two roles and two resources. Resource 1 and Resource 2 can be assigned to
either role. The marking indicates that Resource 2 has been assigned to Role 2 and that Resource
1 has not been assigned. The arcs have been annotated by A and B, where

Rolel Role2 Rolel  Role2
A=[1 0] and B=[0 1].
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SAl IF1 CI1 RS1 Role 1

Resource 1

Resources Role 1

Resources Role 2
Resource 2

Fig. 5.7 Colored Petri Net model of Resource Structure

5.2 COLORED PETRI NET REPRESENTATION OF A WDVS

Section 5.1 described the principles of a CPN modeling of a WDVS. This section proves
that it is equivalent to specify a WDVS in a matrix form or a WDVS with a CPN model.
Throughout this section, the parameters that characterize a family of variable structures: N, the
number of sensors: X, the set of inputs to the system; R, the number of roles; D, the number of
physical resources are supposed to be fixed and well known.
5.2.1 Transitions

Each process of Chapter IV is modeled by a transition whose set of occurrence colors is X.

a) Each role is made of at most four stages. Each role is thus modeled by at most four
transitions, and R roles contribute at most 4xR transitions to the structure.

b) N transitions model the communication process of the sensors' observations.
¢) The transition between the external place and the sensors, which models the fact that the
observations are temporally consistent, and the transition with a single link to the sink,

which models the communication of the response selected by the system to the effectors,
must also be added to a CPN model of the structure.
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Hence, there are at most 4R + N + 2 transitions in a CPN model of a WDVS.
5.2.2 Places

Several notions to be modeled by a place in a CPN model have been defined in Chapter IV.

a) The external place. This place models the environment. A token of color <xi,..., XN> in
the external place indicates that <x1,..., XN> is the set of observations that will be
processed by the system.

b) The sink. This place models the effectors. A token of color x = <x1,..., XN> is put in the
sink to model the reception by the effectors of the response selected,when the input is x.

c) The sensors. N places are created, one for each sensor, Sensor 1,..., Sensor N. A token
of color <xl1,..., XN> put in a place that models a sensor indicates that the observation of
the sensor can be accessed by the roles.

d) Interactional places. An interactional place belongs to a link that models an interaction. A
place is represented in the graph if the interaction is activated for some inputs in X.

+ Atmost N x R places correspond to one link from a sensor to a SA stage, because some
sources of information might not be accessible to some roles.

* AtmostR x (R - 1) places model an interaction between the SA stage of one role and the
IF stage of another role.

* AtmostR « (R - 1) places model an interaction between the RS stage of one role and the
SA stage of another role.

* AtmostR * (R - 1) places model an interaction between the RS stage of one role and the
IF stage of another role.

¢ AtmostR * (R - 1) places model an interaction between the RS stage of one role and the
CI stage of another role.

» At most R places model the communication of the response selected by a role to the
effectors.

€) Internal places are the places that belong to an internal link. Each role is composed of at
most four stages which account for at most three internal links and three places. There are
at most 3 * R internal places.

In conclusion, there are atmost 2+ N*R+4R %« (R-1)+R+3 R=4R2 + NxR +2
places in a CPN model of a WDVS.
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5.2.3 Arcs

Two arcs are created for every link that is activated by at least one input to the system.
Observe, however, that internal links and interactional links are not equivalent as far as the matrix
representation of a WDYVS is concerned. A matrix form describes the activation of the
interactional links, but does not describe the interactional links.

Proposition 5.4
The activations of all links in a WDVS are uniquely determined by the activation of the
interactional links.

Proof:

Suppose that the activation of the interactional links is given. The activation of the internal

links is uniquely determined according to the following rules.

* Links SA --> IF.
A link from the SA stage of a role to its IF stage is activated if and only if the SA
transition has at least one interactional input link that is activated. Furthermore,
the internal link is activated by any input that activates at least one of the input
links, i.e., an internal link processes all information received by its input process.

* Links IF --> CIL
A link between IF and CI of a role is activated if and only if the IF transition has
at least one input link - interactional or internal - that is activated. Furthermore, the
internal link is activated by every input that activates at least one of the input links
of IF.

* Links CI --> RS.
A link between the CI and RS stages of a role is activated if and only if the CI
transition has at least one input link - interactional or internal - that is activated,
and the internal link is activated by every input that activates one of the input links
of CIL.

Proposition 5.5
Let A be an arc that corresponds to an interactional link L in a WDVS []. The matrix that
annotates A in a CPN model of the functional structure is exactly the entry that corresponds
toLin (S, s, F, G, H, C), the matrix representation of [].
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Proof:

By definition, the entry that corresponds to L in (S, s, F, G, H, C) is a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>