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ABSTRACT 

A modeling technique for hybrid dynamics systems, using high-level 

Petri nets, is presented. A hybrid dynamics system is a continuous dynamics 

system in which discrete events occur. Modeling of hybrid dynamics systems is 

difficult since continuous dynamics and discrete event dynamics have entirely 

different mathematics. 

The dissertation presents techniques for converting a hybrid dynamics 

system, represented mathematically or by means of a block diagram into a 

Petri net. The resulting Petri net. called the Hybrid Dynamics Petri Net 

(HDPN). captures both the continuous and discrete event phenomena in the 

system. This provides a single formalism for modeling hybrid dynamics 

systems. 

Procedures are also provided for converting a Petri net into a block 

diagram and into a mathematical representation. 

Some examples are implemented to demonstrate the capability of the 

Petri net formalism to correctly model hybrid dynamics systems. The examples 

demonstrate the modeling power of Petri nets for continuous and hybrid 

systems, including non-linear systems and MIMO systems. 
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CHAPTER I 

INTRODU(rnON 

1.1 Introduction 

The subject of this research is the development of a methodolog\ for 

the modeling and analysis of Hybrid Dynamics Systems (HDSs) using Petri nets 

(PNs). The main goal of the methodology is to provide transformation 

techniques between different representations of a HDS. This effort shows that a 

PN representation has the modeling capability to fully specify a HDS. In 

particular, it is desirable to be able to start the modeling process from a HDS 

specified by a block diagram (BD) and convert this specification into a PN 

formalism. The motivation for this research is to take advantage of the PN 

formalism, which is much more powerful than that of the BD to model HDSs. 

A HDS is a Continuous Dynamics System (CDS) in which discrete events 

occur that cause the system to change its state in a discontinuous manner. HDSs 

are very common in industry, especially in Flexible Manufacturing Cells 

(FMCs). such as chemical plants, mill shops and power stations. Also, more 

recently, these systems also appear in the aerospace industry. Modeling of such 

systems is required for the development of control subsystems that make sure 

that the plant operates within specifications. In HDSs. the controlling elements 

may be distributed over multiple nodes connected by a communications 

network. This architecture is termed a Distributed Control System (DCS). Since 

the controllers are distributed, the continuous interaction between the plants 

and the controllers is interrupted by discrete events originating from the 

distributed elements. 

Historically, dynamic systems were classified as either discrete event or 

continuous. Modeling techniques were developed specifically for each class. A 

technique for modeling one class is not suitable for the other and vice versa. 

Thus, none of those techniques alone is sufficient to model HDSs. Usually, a 

combination of techniques has been used to capture both the continuous time 

and discrete event phenomena. This makes the modeling of such systems 

complex and difficult to apply and use. A single model that can capture both 

the continuous time and the discrete event characteristics of a HDS is. 

therefore, very desirable. 



1.2 Research Summary 

In this dissertation, a technique is developed for modeling HDSs by a 

single well-known tool, namely PN. The PN is a classical modeling tool for 

discrete event dynamics. With the new methodology, developed in this work, it 

is not necessary to modify the PNs or extend them. Thus, it will not be 

necessary to redefine all their characteristics. Rather, the well-known 

formalism based on High-Level PNs (HLPNs) is be used. Instead of adapting a 

PN to the dynamic system, the system is adapted to the PN. 

To facilitate the adaptation of a HDS to a PN. two main mechanisms 

are used: time discretization and graph transformation. The time discretization 

makes it possible to model continuous time on a PN. The graph transformation 

converts the HDS BD structure into a PN structure. The following sections 

describe the approach taken. 

1.2.1 Models of Hybrid Dynamics Systems 

Three different representations of a HDS are used in the research. A 

major part of the dissertation is the conversions between these representations. 

In all three representations, it is convenient to regard the HDS as a combination 

of a Continuous Dynamics System (CDS) and a specification of discrete event 

dynamics. 

1.2.1.1 Mathematical Model 

The mathematical representation of a HDS consists of a system of 

differential equations, which model the continuous dynamics and a 

specification (typically verbal) of the discrete dynamics behavior. 

1.2.1.2 Block Diagram 

In this approach, the continuous dynamics are represented by a BD. 

The discrete event policy is modeled by a (typically verbal) specification. The 

specification is displayed as a part of the BD in the form of a legend. 



1.2.1.3 Petri Net 

In this approach, the continuous dynamics are represented by a PN. The 

discrete event policy is modeled by a (typically verbal) specification. The 

specification is displayed as a part of the BD in the form of a legend. 

1.2.2 Structure and Dynamics of a continuous dynamics System 

To further facilitate the modeling of HDSs. it was found convenient to 

break a CDS into two main components: the structure and the dynamics. 

Basically, the dynamics of the dynamic system are the set of the operations 

executed by the blocks in the BD. These operations are typically represented by 

differential equations. The structure of a dynamic system is everything captured 

by the BD "layout." that is the specifics of the interconnections between the 

blocks. The two components are defined and analyzed. It is shown how to 

define the structure and dynamics parts for each of the three models of a CDS. 

1.2.3 Relations Between the Structure of Hybrid 
Dynamics Systems' Models 

An important part of the research is the development of the relations 

between the three representations of HDS. The directed graph (DG) formalism 

is introduced as the common mechanism for expressing these relations. It is 

shown that any model can be represented by means of a DG. Thus, it is possible 

to convert between any two of the models, using the DG formalism. 

1.2.4 The Block Diagram as a Starting Point 

The HDS is assumed to be initially modeled by means of a BD. It is a 

well-known practice to model dynamic systems with BDs. The BD is a 

diagrammatic tool that captures the "structure" of the dynamic system and its 

dynamic characteristics in a visual way. This modeling mechanism is very 

popular in the engineering community. Therefore, it is of great practical 

importance to be able to build a model of a HDS. starting with a BD 

representation. 



1.2.5 From a Block Diagram Structure to a Petri Net Structure 

Procedures are developed for converting the structure of any 

representation into the structure of any other representation, hi particular, it is 

shown how to convert the structure of a BD into a PN structure representation 

of the same HDS while preserving the modeling power of the BD. Three 

different procedures are developed for the conversion process. The user may 

choose any of them, depending on his/her preferences and needs. The first 

technique uses the DG formalism. This approach is formal, which makes it 

useful for formal analysis and research. The second approach is a rule-based 

procedure. This approach is convenient for implementation in a software 

package. The third technique, termed the "fast conversion" is ideal for "paper 

and pencil" style of work. 

1.2.6 Modeling the Dynamics 

After the PN structure was constructed, using any of the methods 

described above, it is necessary to incorporate the dynamics part of the 

dynamic system into the PN structure. All the rules and procedures for 

achieving this task are developed. 

It is shown that in a PN. the dynamics require some additional PN 

components and features. These additional requirements cannot be supported 

by basic PNs. Thus, it is necessary to use an advanced form of PNs. namely. 

time-Hl^h Level PNs (HLPNs). The time-HLPN formalism supports both time 

handling and data manipulation. The time capability is required so that the PN 

can capture and model time. HLPN capability enables modeling and 

manipulation of data flow in the net. 

1.2.7 Networked Dynamic Systems 

One of the classical types of a HDS is the networked system, in which 

\ arious components of the dynamic system are physically separated from each 

other and interact over a communication network. The network introduces 

discrete delays into the system. These delays are random in their order, 

duration, and intervals. Introducing delays into the PN. requires additional 

mechanisms to ensure the correct modeling of the HDS by the PN. The 



dissertation describes the problems caused by the inclusion of delays and the 

solutions for these problems. 

Four possible solutions are suggested. The choice of solution depends on 

the type of HLPN that the user employs and the implementation requirements. 

The advantages and disadvantages of all four options are analyzed and 

recommendation when to use each are provided. 

Additional consideration is provided for various network protocols, 

such as single local controller, single and multiple remote controllers and 

control servers. The work introduces some principles and guidelines for 

implementing time sharing protocols for networked controllers. 

1.2.8 Demonstration 

Several examples are provided in the dissertation to demonstrate the 

applicability of the principles developed in the theoretical part. This part of the 

work is composed of two main portions. 

In the first part, a program was developed to demonstrate the 

conversion process from a BD specification of a HDS into a HDPN. In this 

program, the user draws the BD interactively on the screen. After the BD 

drawing is complete, the program generates the HDPN and displays it on the 

screen. 

In the second part of the demonstration, several HDSs are modeled, 

using the principles developed in this work. Each HDS is originally specified as 

a BD. It is converted into a HDPN and modeled with the Cabernet PN modeling 

package. The output of each simulation is shown to be the required output 

signals of the HDS. 

1.3 Organization of the Dissertation 

Chapter II in this dissertation presents some basic definitions for several 

types of dynamic systems. The purpose of the chapter is to define a HDS and 

place it in context with the other types of dynamic systems. 

In Chapter III. an overview of distributed control systems is presented. 

Their characteristics and relevance to the research are detailed. 

The motivation for the research is the subject of Chapter IV. It describes 

the need for modeling HDSs. and the way they are modeled today. It points out 



the disadvantages of the current modeling techniques and contrasts them with 

the advantages expected from using a single modeling tool, such as PNs for 

HDSs. 

The next chapter presents a literature review of the work that has been 

done in the area of modeling of HDSs. The review covers issues of modeling of 

HDSs and also techniques for graph and diagram transformation. 

In Chapter VI, an overview of BDs is provided. It describes the major 

elements of a BD and the relations between them. The goal of the chapter is to 

make the reader familiar with the basic concepts and terms of BD use. 

BDs are assumed the starting point for the conversion process. Chapter 

VII discusses the other end of the process - the PN. An overview of PNs is 

presented. PNs are formally defined, and their characteristics are detailed. The 

chapter describes the various types of PNs and their relevance to this research. 

Chapter VIII brings a general overview of the research methodology. It 

describes in detail the research goals and the approach taken to achieve them. 

The stages of work done to solve the problem of modeling HDSs are detailed. 

All the following chapters follow the methodology presented in this chapter. 

Chapter IX lays the formal foundation of the research. A CDS is 

formally defined. The concepts of the structure and dynamics of a CDS are 

introduced and defined. The chapter then presents the DG as the mechanism 

for modeling CDSs and for converting between the three representations of a 

CDS. Detailed algorithms are provided for executing these conversions. 

The formal principles, developed in Chapter IX, are applied in Chapter 

X to develop techniques for converting a BD structure into a PN structure, 

called the Continuous Dynamics Petri Net Structure (CDPNS). Three different 

techniques are presented, all achieving the same result in different ways. 

The subject of Chapter XI is the modeling of the system's dynamics in 

the PN. It describes the additions and enhancements to the CDPNS required in 

order to incorporate the dynamics of the system into the structure. It is shown 

that the resulting PN. called the CDPN can completely model CDSs. 

Chapter XII discusses the changes and additions made to the CDPN in 

order to make it a model of hybrid systems, rather than continuous systems. 

The relation between networked systems and HDSs is described. The unique 

phenomena that discrete events introduce into the continuous model are 



described and analyzed and techniques for modeling those phenomena are 

developed. 

Chapter XIIl is the implementation chapter. It describes \arious 

problems and issues, associated with implementing the methodology that was 

developed in the previous chapters. The chapter describes a demonstration 

program that was developed to demonstrate the conversion process from a BD 

into a HDPN. Also the user defined code for handling timing and data 

manipulation in the HLPN formalism, used in this research, is presented and 

detailed. 

In the next chapter (Chapter XFV). a series of examples is presented. 

The examples demonstrate the procedures for modeling HDSs and the use of the 

resulting HDPNs. The execution of the HDPNs on the Cabernet PN modeling 

tool demonstrate the use. applicability and power of the methodology, 

developed in this work. 

Chapter XV summarizes the research and suggests subjects for future 

research. 
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CHAPTER II 

DYNAMIC SYSTEMS 

2.1 Introduction 

Simulation and analysis of dynamic systems are a well established 

engineering and research area. Practically, any collection of quantitative 

entities that change in time can be viewed as a dynamic system. Cook [1986] 

defines dynamic systems as follows: 

A dynamic system is characterized by a set of related 
variables, which can change with time in a manner which is. at 
least in principle, predictable provided that the external 
influences acting on the system are known, (p. 1) 

(It should be noted that chaotic systems do not fall under the above definition. 

However, this research did not deal with such systems.) 

Analysis and design of dynamic systems in general ([Cannon 1967]. 

[Cook 1986], and control systems in particular [Kuo 1987]. are applied in many 

diverse areas such as manufacturing industry, instrumentation, and aerospace. 

The diversity in the application areas created also a diversity in the analysis 

techniques. This diversity is due to both the differences in the nature of the 

various dynamic systems and the different research schools, (mainly historical 

West vs. East [Friedland 1986]. 

2.2 Time Reoresentation in Dvnamic Systems 

One of the most fundamental differences in the analysis methods of 

dynamic systems is the way time is handled. Time is inherent in any dynamic 

system, since it is a fundamental element in the definition of dynamic systems. 

Naturally, it is always desired to know how the system behaves over time. 

However, the treatment of time has traditionally been different in different 

application areas. 

Before discussing "types" of dynamic systems, it is important to stress 

that under Cook's definition of dynamic systems (section 2.1). there is no such 

thing as "different types of dynamic systems." The classification of dynamic 

systems into "different types" just reflects our inability to find a single unified 



model to describe all the dynamic systems [Ho 1989]. Hi a sense, this research is 

an attempt to contribute to the research towards such a unified formalism. 

The following sections describe some of the most important types of 

dynamic systems. They differ particularly in the way time is modeled. 

2.2.1 (Continuous Dynamics Systems 

In a CDS. the system changes continuously over time and it is desired to 

analyze the system's behavior at any time. CDSs are typically modeled by 

continuous differential equations. The two main types in this class are as 

follows: 

2.2.1.1 Distributed Parameter Systems 

Distributed parameter systems are systems in which the parameters 

(dependent variables) are distributed in both time and space. Distributed 

parameter systems are typically modeled by partial differential equations. A 

classic example is the wave equation [Weinstock 1974]: 

y^=^—T-u^at^ 

2.2.1.2 Lumped Parameter Systems 

Lumped parameter S3'stems are a special case of the distributed 

parameter case. This type is much simpler for analysis, especially if the system 

is also linear. Therefore this model is extremely popular and is usually referred 

to. simply, as a "continuous dynamics system." In these systems, the 

parameters are not distributed in space and are said to be lumped at a single 

point. There are \arious ways to model these systems. For example, the 

state-space representation of this type is: 

x=f(x.u,t). 

where x is the state vector, u is the input vector and t is time, which is assumed 

continuous. 
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2.2.2 Delay Systems 

A delay system is also a continuous system. In this type of systems, the 

current value of the parameters depends on their past values. This type of 

system is represented by a delay-differential equation, which for the simple 

case of a single delay. T. has the form: 

x(t) =f(x(t),x(t-T) ,u(t). u(t-T) ,t). 

More delays follow naturally. 

2.2.3 Discrete Time Systems 

In discrete time systems, time is not continuous. Rather, it is assumed 

that time can take up integer values only. Thus, the system is discrete in time. 

The mathematical modeling of such systems is through difference equations of 

the form: 

x( t )=f(x( t - l ) .u( t - l ) . t - l ) . 

Here too. there may be more discrete delay levels. Notice that the values 

of time are spaced with fixed intervals. 

2.2.4 Discrete Event Systems 

Discrete event systems are systems in which changes occur only at 

discrete moments in time. The interval between events is not necessarily fixed, 

depending on the system's functionality, and it is typically random. Between 

these moments, nothing is assumed to be changing. Thus, the system is static, 

and we are not concerned about it. Also, the order in which the events occur is 

usually random. Thus, three main features characterize discrete events: 

1. Their order may be random. 

2. Their duration may be random. 

3. The interval between them may be random. 
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Discrete event systems are modeled by various formalisms such as finite 

state machines. PNs. queuing networks, and function charts. Typical 

application areas of discrete event techniques are in distributed computing 

systems, process control and manufacturing systems. 

2.2.5 Hybrid Dynamics Systems 

Generally, a HDS can be a system that combines more than one of the 

above types. However, the most logical combination is that of continuous and 

discrete event types. Indeed, this is the combination that is mostly used in 

research. For this reason, the expression "hybrid dynamics system" has become 

the "official" name for this type of system. This convention is adopted for this 

research too. and will be used throughout this dissertation. 
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CHAPTER m 

DISTRIBUTED CONTROL SYSTEMS 

3.1 Introduction 

One of the main areas where HDSs are encountered is that of DCSs. 

Control systems engineering in general is one of the most important application 

areas of the theory of dynamic systems. Control theory deals with developing 

mechanisms for controlling the plant. For the purposes of this discussion, we 

loosely define the plant as the central component of the dynamic system whose 

dynamic behavior should conform to some specification [Franklin 1986]. For 

all practical purposes, a plant is of any practical value if it behaves according 

to some specification. However, it almost never happens that a plant alone 

complies with the specification. This requires to add some elements that will 

regulate the plant's operation. These elements are generally termed "controlling 

elements" or. shortly, "controllers." Incorporating controlling elements into the 

system may have the following advantages [Cannon 1967]: 

a. The ability to control the plant motion with acceptably small error. 

b. Improvement in system stability and speed of response. 

c. Performance insensitivity to disturbances and to changes in plant 

parameters. 

When controlling elements are added to a plant the entire system is 

usually termed "control system." 

3.2 Analog versus Digital Controllers 

For many years, controllers were analog. An analog controller is an 

electronic circuit that is continuously fed with an input signal and its output 

voltage continuously provides the output signal that controls the plant. As 

digital computers became sufficiently powerful and small, they were put to use 

as digtal controllers. A digital controller is typically implemented in a 

computer or a microprocessor, the controller operates in discrete cycles. In each 

cycle, the controller samples the input signal and computes the output signal 

then samples again and so on [D'Azzo 1981, Ch. 19]. 
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A control system that works with sampled signals is said to be a 

discrete control system. Nowadays, controllers are almost always digital. The 

discrete nature of the digital control systems is a fundamental feature for the 

proposed research. Thus, for the rest of this research, we will assume that all 

control systems are digital, unless otherwise stated. 

3.3 Types of Control Systems 

There are various types of control systems depending on the type of the 

plant and on the technique the control operations are generated. For the 

purposes of the discussion, we will distinguish between local and distributed 

plants and controllers. 

3.3.1 Local Control Systems 

In a local control system, the controller is physically attached to the 

plant. Communication between the controller and plant is direct, not requiring 

a communication network. The majority of work in control systems is in local 

control. 

3.3.2 Distributed Parameter Control Systems 

This is the area where control problems are solved for distributed 

parameter dynamic systems, described in section 2.2.1 [Leondes 1985]. Note 

that in this category the system's parameters are distributed. Nothing is 

assumed for the controllers. 

3.3.3 Distributed Computer Control Systems 

Distributed computer control does not really belong to dynamic 

systems. This scientific discipline investigates the principles for controlling the 

operations of distributed computer systems. We note it here for completion and 

clarity of terminology [Balakrishnan 1988]. 

3.3.4 Distributed Control Systems 

DCSs are control systems in which the controllers can be located on 

nodes of a distributed computer system. To be more precise, it is necessary to 

distinguish between the following cases: 
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a. Remote Controller - A single controller provides the control service for 

a plant. Strictly, this is not a distributed controller since the control 

function is not distributed over multiple nodes [Enslow 1978]. It resides 

on one node only. Thus, it is remote but not distributed. However, 

traditionally, this type is classified under DCSs [Ray 1988]. 

b. Centralized Controller - A single controller provides the control service 

for multiple plants. Thus, the control service is centralized. Here too the 

controller is not distributed. Again it is considered to belong to the class 

of DCSs. 

c. Distributed Controller - The control service requirement is serviced over 

several nodes connected by a communication network. This is a true DCS 

in the sense of Enslow [ 1978]. 

3.4 Application Areas of Distributed Control Systems 

Application of distributed control techniques began about fifteen years 

ago in the automated manufacturing processing, electric power and chemical 

processing industries [Elmqvist 1991, Waggoner 1991. Thakkar 1991]. The 

control problems in these industries are of the process control type. Process 

control is characterized by the following [Waggoner 1991]: 

1. The control is digital and performed on a remote controller. 

2. Manufacturing units exchange data through a communication network. 

3. The plant's overall operation is monitored by a human/machine 

supervisor. 

Distributed control in these application areas has been so successful 

that today this technique is practically a standard for process control [Willey 

1990]. 

More recently, applications of distributed control began to spread 

rapidly to other areas. The main area is in the aerospace industry [Ray 1984. 

1987, Hopkins 1981]. 
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3.5 Distributed Control Svstems as Hybrid Dynamics Systems 

DCSs pose a new situation for modelers. These systems combine 

continuous time and discrete event behavior. As the dynamic plant is "running" 

continuously, discrete events occur in the network and directly affect the 

plant's behavior and performance. Since part of the dynamic system (the 

controllers) is distributed, discrete event phenomena such as communication 

delays, resource sharing, node availability and deadlocks, mix/interfere with 

the continuous time performance of the plant. Usually, these phenomena 

degrade the system's performance [Ray 1988]. Thus. DCSs introduce new 

problems, typical to discrete event systems, into the dynamics of the CDS. 

As described in section 2.2.5. this type of system is called a "hybrid 

dynamic system." Thus, modeling of DCSs implies modeling of HDSs. This is 

the subject area of the research. 
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CHAPTER IV 

MOTIVATION 

4.1 Introduction 

This chapter presents the rationale for this research from two main 

perspectives: the need for modeling of DCSs and the motivation for the 

particular approach taken in this research. 

4.2 Unique Problems of Distributed Control Systems 

DC^ have unique characteristics that do not exist in local control 

systems. These characteristics also introduce their unique problems. Currently, 

control S3 ŝtems engineers have no efficient means for modeling these 

phenomena. The major reason for this is that there does not exist a single, 

unified modeling tool for HDSs that can capture both the continuous time and 

discrete event aspects of the HDS in a uniform representation. Therefore, 

engineers currently have difficulties to solve these problems efficiently. 

Distributing the control function in a DCS introduces new problems that 

do not appear in local control systems. Typically, these problems cause delays 

and even total loss of the control service. The following subsections describe 

these problems. 

4.2.1 Network Physical Delays 

Computer communications networks have inherent delays in message 

transport. The finite speed at which a signal can travel along the network 

channel in itself causes delays. For example, a spacecraft that needs to get 

control information from the ground station earth will experience a delay which 

will typically be (depending on its distance from Earth) from seconds to hours. 

The adverse effect of delays in a control system is well-known and may cause 

poor performance of the system and even instability and failure [Ray 1988]. 

4.2.2 Network Traffic 

In many cases, the communications network used by the plant and its 

controller is not dedicated only to these elements. The network may 

simultaneously service multiple DCSs and other distributed computer functions. 
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Consequently, a plant's message requesting control service will compete with 

multiple other messages on the network. This situation results in the following 

problems: 

a. Delays: A message requesting control may have to wait to be served. The 

waiting time for a message is typically random. Thus, the control 

function becomes intermittent and irregular. This waiting time is a delay 

in the controller's response with the performance and stability penalty 

associated with it. 

b. Message loss: A message requesting control may get corrupted or even 

get lost in the network. This disrupts even more the control function. 

4.2.3 Network Failure 

Any network failure, such as power failure and deadlock, causes total 

loss of the control function. A control system which loses its control service, will 

perform very poorly or suffer total failure. 

4.3 Traditional Approach to Hybrid Dynamics System Modeling 

Before DCSs were introduced, a HDS was modeled either as a 

continuous time or a discrete event system. The system was classified as being 

one of the above types and the appropriate technique for that type was used to 

model it. That approach was sufficient because automatic control systems were 

of the local type and did not incorporate discrete event elements, while 

distributed computing systems did not use any continuous time process. Thus, 

the areas of continuous time systems engineering and discrete event systems 

engineering did not overlap. 

The above situation changed with the introduction of DCSs. As noted in 

section 3.5. a DCS is a HDS. As scientists and engineers began to develop DCSs. 

the need arose to model such systems. 

In order to make it possible to develop DCSs. the hybrid nature of the 

DCS was generally ignored. The DCS was not considered a unique type but a 

combination of two disjoint subsystems: a local control system and a distributed 

computer system. It was assumed that each subsystem can be developed more or 

less independently of the other. 

17 



This approach enables developers to continue to use the "classical" 

methods they had been using for the two subsystem types. This is done, 

typically, by separating the DCS modeling into a local control system and a 

discrete event system. The control systems engineer assumed that the 

controllers were local and designed the system to be robust enough to tolerate 

the additional problems that the network introduced. Computer engineers 

designed the distributed computer system and the communication network from 

a pure computer science perspective, ignoring the implications it had on the 

performance of the control system. 

Naturally, the two disciplines (control systems and computer science) 

use different tools for the development. The control systems engineer uses 

continuous time modeling tools such as Laplace transform, time response 

analysis, frequency response analysis and state space analysis. These tools have 

no capability to handle discrete event systems. Thus, the control systems 

engineer cannot use the tools and techniques of the discipline for the discrete 

event aspect of the HDS. Similarly, the computer scientist uses tools for 

distributed computing systems, which, more generally, are appropriate for 

discrete event dynamic systems. Typically, tools such as Petri nets, switching 

theory and queuing theory are used. These tools cannot model continuous time 

dynamic systems. 

4.4 Limitations of Traditional Approach 

The traditional approach, described above, has several limitations that 

make them difficult and sometimes impractical to use. The following 

subsections discuss some of those problems. 

4 4 1 Low Performance Distributed Control Systems 

The split approach, described above, can work (and is working) when 

the system is a low performance system, that is, the system's 

requirements are not very demanding. The following characteristics are 

examples of what may be "low-demanding requirements": 

I. Large time constants - A large time constant implies a system that 

changes slowly. A slow system allows the controller more time to 
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operate. Thus, the controller can do a better job and the system in 

general is more tolerant to disturbances. 

2. Accuracy requirement - A requirement for a low accuracy system means 

a system which is more tolerant to disturbances. Ignoring the 

disturbances will not cause problems. 

3. "Small" distributed systems - If the distributed part of the system has a 

relatively small size (number of nodes) and low load (number of jobs on 

the system, low traffic), then the impact of the distribution effects on 

the plant may be small. Thus, the adverse effect on the plants 

performance is negligible. 

In systems of the above type, the control system engineer may be able 

to ignore the adverse effects of the distribution. The effects will be typically 

small and the control systems engineer can easily compensate for them by 

designing for greater tolerance and incorporating adaptive control features into 

the design. 

4.4.2 High Performance Distributed Control Systems 

The situation described in subsection 4.4.1 changes, as modern dynamic 

systems become more and more demanding. The dynamic systems become ever 

larger, more complex and more expensive. In addition, to improve their 

performance and to reduce costs, the control systems become increasingly 

distributed. This amplifies the "distribution effects." 

The situation is particularly problematic in aerospace applications. 

These systems are much less tolerant to errors and disturbances. The dynamics 

in aircraft and spacecraft are much faster than, for example, in power stations. 

This means that the time constants in aerospace systems are much smaller. 

Delays in such systems are therefore much more significant and. thus, 

problematic. In addition, aerospace system design continuously moves towards 

full autonomy, where the system will be fully automatic without a 

human-in-the-loop. This requires a much more reliable control system. 
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4.5 Petri Nets - the Unified Modeling Tool 

As noted in 4.4. the developers use two different methodologies for the 

two aspects of the HDS. since a single tool does not exist. As modern dynamic 

systems become more and more demanding, it becomes more and more 

important to be able to model HDSs with a single and unified technique. 

A modeling tool that has these characteristics already exists: Petri net. 

PNs are presented in Chapter VII, which describes their power, capabilities and 

types. Chapter V provides many examples of actual use of PNs for modeling of 

dynamic systems. The ability to use PNs to model HDSs will provide a powerful 

analysis tool for such systems. An important point is that this capability is 

achieved with a single tool that will be able to capture both the continuous time 

and discrete event phenomena of HDSs simultaneously. A single unified 

modeling tool for HDSs will enable the engineers to better design and 

understand these systems. 

A tool that can model HDSs can improve the design o( DCSs in several 

ways that are detailed in the following subsections. 

4.5.1 System Optimization 

In the context of this work, to optimize the HDS means to optimize the 

plant's performance with respect to its performance specification. 

The tools that the control systems engineers use can optimize the 

functionality of the control portion of the system assummg the system is local, 

which is incorrect for the HDS. The tools that the computer engineers use can 

optimize the functionality of the distributed computer portion of the system. 

None of the tools can do both. Thus, it stands to reason that the above methods 

cannot achieve real overall optimization. Since the performance of the 

distributed portion of the system directly impacts the performance of the 

control function, it is necessary to be able to model both portions 

simultaneously in order to be able to optimize the entire system. 

4.5.2 Catastrophic Problem Tracking 

As described in 4.2.3. a network may have failures which void the 

control function. Some of these failures, such as deadlock, may be the result of 

a bad design of the networked computer system. Design problems of this type 
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can be identified with the appropriate modeling tools (such as PNs). A unified 

tool will enable the designer to identify these problems during the design phase 

and improve the design to minimize the probability of catastrophic failures. 

4.5.3 Performance Assessment 

As noted earlier, control systems engineers do not have currently tools 

to model the impact of networking on the performance of the plant. A single 

unified tool will enable the engineer to methodically model this interaction and 

find exactly how the various delays impact the performance. 

4.6 From a Block Diagram to a Petri Net 

A natural approach for modeling HDSs by means of PNs is to first 

model them with BDs. There are many similarities between BDs and PNs. Both 

are diagrammatic models. Both use elements from graph theory. Both can 

handle time simulation and data flow and manipulation. Finally, both enable 

simulation and additional analytical operations on the dynamic system. 

4.6.1 The Block Diagram as a Starting Point 

The BD is a classical modeling tool for CDSs. It may be said that BDs 

are for CDSs what PNs are for discrete event dynamic systems. Indeed. BDs are 

widely used by control systems developers. It is important to note that BDs are 

often the developer's first (and sometimes even only) choice. That is. the 

developer models the dynamic system directly by a BD without lising other 

models such as differential equations. 

This phenomenon is even more distinct when it is required to model 

HDSs. Modeling of HDSs by means of models other than BDs is usually much 

more complex and cumbersome. The chapter on related work demonstrates 

these problems. BDs. on the other hand, can easily model at least the structure 

of the CDS. 

A result of the above is that control systems engineers will naturally 

prefer to continue to use the BD as their major or. at least, first modeling tool. 

When a control systems engineer begins development of a control project, 

he/she typically starts with a BD. This important fact was also recognized by 

Brielmann [1994]. who stresses the importance of giving the control systems 
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engineer a software tool with the user interface he/she is used to. This user 

interface should use the well-known BD metaphor, even if the tool itself uses a 

different model, internally, for analysis. 

Thus, it is reasonable to assume that every control system modeling will 

start from a BD. This is the reason why the BD was chosen to be the starting 

point for the conversion of a HDS into a PN. 

4.6.2 Limitations of the Block Diagram 

The major limitation of the classical BD as a model for HDSs is its 

inability to capture the networking features. Perhaps the two main networking 

characteristics of a distributed control system are randomness and multiple jobs 

with concurrency. 

The BD does not have any means for representing stochastic events 

such as network delays, arrival times and execution times. Also, a BD cannot 

capture such phenomena as service requests, job queues and service protocols. 

The conclusion from this limitation is that although the BD is usually 

the first choice of the control systems engineer, it is not powerful enough. 

Another modeling tool should be found, that can capture both continuous and 

discrete event phenomena. This need was the major motivation for the research. 

4.6.3 The Petri Net as the End Point 

The previous sections of this chapter already detailed many of the 

advantages of PNs for modeling DCSs. There are additional advantages which 

are directly associated with the BDs. 

PNs can capture the unique phenomena of DCSs, that BDs cannot. 

After all. PNs were especially developed to model parallel and concurrent 

dynamics, which are classical phenomena in DCSs. 

In addition, PNs preserve the important properties of the block 

diagram: 

1. structure - PNs capture the system's structure in the same way block 

diagrams do. 
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2. Continuous dynamics - With appropriate design (which is a major part 

of this research), the PN is able to model the continuous dynamics which 

are native to the BD. 

3. Diagrammatic representation - Both BDs and PNs have a diagrammatic 

representation. 

All the above reasons make the PN mechanism a good choice for 

modeling of HDSs in general and DC^s in particular. 
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CHAPTER V 

RELATED WORK 

5.1 Introduction 

This chapter provides an overview of the work that has been done in 

modeling of HDSs in general and DC^s in particular. The research in DCSs can 

roughly be divided into two eras: The traditional approach and the unified 

approach. Since this research may be classified as being in the area of the 

"unified" type, the traditional approach will be described only briefly. 

5.2 Split Modeling 

The traditional approach is by far the one that is being used today in 

"real" applications. The reason is that the unified approach is still in its infancy 

(as will be detailed later.) The traditional approach applies standard control 

engineering and computer system design techniques to DCSs 

DC^s have been used extensively for about twenty years, mostly in 

manufacturing systems and process control. As noted earlier, a DCS was 

modeled either as a continuous time or a discrete event system, due to lack of a 

unified model. Thus, the development of these systems was based on traditional 

methods which are not adequate for this type of problems. Although a large 

amount of work has been done in this area, most of it was of the 

implementation type. Research of this type is tightly tailored to a specific 

system. 

Kalani [1988] for an excellent presentation of this material. Figure 5.1 

is a reproduction of Figure 1.3 from Kalani [1988]. This figure shows a generic 

architecture of a large DCS. 

The nomenclature for Figure 5.1 is as follows: 

Hub: A corporate level mainframe computer. 

Mini: Minicomputer. 
OS: Operator station, the main operator interface of a control system. 

Host: A supervisory microcomputer. 

HC: Hiway controller. 
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Figure 5 .1 : Main Elements of a Microprocessor Based Control System [Kalani 1988] 
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DH: Data hiway - the artery of DCSs. 

CM: Control module. 

RCM: Reserve control module. 

PC: Programmable controller/personal computer. 

DM: Data acquisition module. 

RDM: Reserve Data acquisition module. 

The system is hierarchically divided into five levels: 

Level 1 - Loop level - physically linked to the process. Consists of 

control modules, data acquisition modules and programmable 

controllers. 

Level 2 - The hiway-based operator stations. The primary 

man-machine interface. 

Level 3 - The host. Supervises several process areas. 

Level 4 - Maintenance, scheduling production control, long-term 

historization. simulation and optimization. 

Level 5 - The hub. Coordinating several plants. 

5.3 Unified Modeling 

Another type of research is the unified approach. In this approach, a 

unified methodology attempts to provide a single tool or environment for 

modeling HDSs. Although this approach has started in the mid-eighties, it is 

still in a research stage. Thus, there is very little actual implementations in 

industry. 

Over the years, the concepts of a unified modeling tool for HDSs have 

evolved. They started with direct simulation of the system which provides only 

a limited modeling capability, through combining two models and up to 

presenting a single model. The following sections will review these efforts and 

put them in perspective as a basis for the current research, which is an attempt 

to introduce the next step in this evolutionary process. 
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5.4 Simulation 

The simulation technique used for DCSs is an extension of the 

simulation of HDSs. Technically, simulation of HDSs requires the integration of 

simulation of discrete events into a continuous time simulation scheme. This 

actually is an extension of the continuous time simulation technique. A 

simulation program that numerically solves the differential equations is written 

in some programming language. This program is extended to include 

subroutines that manage and simulate the discrete events during the integration 

of the differential equations. Several simulation packages have been developed 

over the years that implement this approach [Corbin 1991]. 

Application of simulation to DCSs has been very common. This is the 

simplest way to model a HDS. However, traditionally, the discrete events 

simulated where only of the supervisor type. In these events, the supervisor 

implements major policy decisions about the overall functioning of the plant. 

There is no simulation of the DCS of the system. The dynamics of the control 

elements are simulated as a local CDS, independently from the entire plant, and 

assuming no discrete events occur. A good overview of this approach is given by 

Kalani [1988, section 3.6]. 

Very little work has been done in DCS simulation, which actually 

accounts for the continuous time/discrete event nature of the dynamic system 

and the effects of the distributed control on the dynamic performance of the 

system. The author found only one such example in the literature. This is the 

workby Ray [1987]. 

In this work, the author tested the impact that the computer 

communications network has on the performance of a plant with a remote 

centralized controller. This architecture is common in airborne control systems. 

The purpose of the research was to compare the impact of different 

communication protocols on the performance of a DCS. 

The system that was simulated consisted of a single linear plant and a 

single remote linear controller. These two elements are connected by a computer 

communication network. Figure 5.2 shows this arrangement [Ray 1987]. while 

Figure 5.3 shows the structure of the simulation program [Ray 1987]. 

The Network Protocol Sub-model simulated the network operation. Its 

main features were as follows: 
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Figure 5.3: Diagram of Simulation Program Structure [Ray 1987] 
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a. The network consists of 31 nodes. 

b. Node #1 is the sensor and actuator terminal. 

c. Node #2 is the controller terminal 

d. Terminals #1 and #2 have periodic traffic with fixed-length messages 

e. Terminals #3 through #31 are modeled as ordinary nodes with 

inter-arrival time and message length. 

f. The plant is a second-order linear system. The controller is a minimum 

phase integrator. 

The system was simulated with two different protocols and various 

scenarios of inter-arrival time and message length. The research demonstrates 

how the plant performance degrades as a result of the delays that the 

communications network introduces into the system. The plant's response 

degrades as the offered message traffic on the network increases. This 

demonstrates the significant impact that distributed control has on the 

performance of the plant. 

5.5 Hybrid Models 

The motivation for the hybrid modeling approach is the concept that if 

the real dynamic system can be viewed as a combination of a continuous time 

system and a discrete event system, then it can also be modeled by combining 

two such models. Usually, this concept is implemented by executing two 

independent modeling mechanisms with some interface that provides 

communication between them. 

One of the early examples of this type of modeling was proposed by 

Peleties [1988. 1989]. In their work, the authors built a model of the 

management for profit of a fishery resource. The quantity of fish in the 

resource is changing continuously and is modeled by a nonlinear first-order 

differential equation. Management decisions for running the fishery are discrete 

events, and are modeled by a Petri net. These are the two models, and they are 

combined through an interface. This is done by defining functions that map 

one model into the other. To facilitate this mapping, the authors define a 

continuous time event as follows: "An event in the continuous time world is the 

occurrence of a sample or set of samples that satisfy a particular set of 
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properties" [Peleties 1988. p. 1150]. Thus, when a sample that satisfies a 

particular set of properties occurs, it is defined as an event and is mapped into 

the discrete event model. 

Peleties [ 1989] presents a more formal definition of the above concept. 

In both papers, the authors only present this model theoretically with the 

specific example of the fishery. They do not describe an actual implementation 

and/or testing of the model. 

5.6 Modeling of Differential Equations with Petri Nets 

An approach which makes an important contribution to the 

development of a single unified model for HDSs is the use of PNs to directly 

model continuous differential equations. Several works have been published in 

this category. The basic approach in these works is to rewrite the differential 

equations for the continuous time system in some different form that is suitable 

for modeling with PNs. The two main techniques are discussed in the following 

subsections. 

5.6.1 Quantization of the Dependent Variables 

In this technique, the parameters (dependent variables in the 

differential equations) are mapped from continuous real numbers into a range 

in which they reside. The model is no longer concerned with the exact value of a 

parameter. Instead, it tests in what range the parameter lies and what range it 

moves into as the dynamics evolve. This is therefore a coarse discretization - or 

quantization in fact - of the parameter space. This technique is not suitable, of 

course, if accurate control is required. Also, in some cases the decision of the 

next range into which the parameter moves is not unique. Examples of this 

approach are found in work by Peleties [ 1994] using symbolic dynamics and 

Brederbusch [ 1994] and Fanny [ 1994] using qualitative states. 

5.6.2 Discretization of Time 

Discretizing time in a CDS model converts it into a special subset of 

discrete event systems where the discrete events occur at fixed deterministic 

intervals. This conversion makes it possible to model the system with PNs. 
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The earliest work in this category is by Alukaidey [1984]. In this work, 

the authors transform the representation of the system from differential 

equations to an algebraic form via the z-transform. Thus, first, the continuous 

differential equations are to be rewritten in the z-transform. The z-transform 

representation contains only arithmetic operations and time delays. These can 

be modeled by logic circuits: A time delay by a D-type flip-flop, summation 

by an ALU and multiplication by a binary multiplier. The authors also define a 

sub-class of place/transition PNs, called "Cubic PNs." They then show how 

cubic PNs can model these logic elements. The authors do not show how time is 

handled in this technique. Obviously, since they use place/transition PNs. time 

is not represented in this model. Thus, this technique only performs calculations 

in the z plane. 

Another approach in this category is taken by Cukrowski [1991]. Here 

too. the solution is designed to be easily applicable to logic circuits. However, 

unlike Alukaidey [1984], the author represents the dynamic system by linear 

state space equations. Thus, the solution of the equations again requires only 

arithmetic operations and integrations. As in Alukaidey [1984]. the arithmetic 

operations are simulated by the PNs, while the integrations are carried out 

numerically on the states which are associated with the tokens. 

A variation of this approach is proposed by Brielmann [ 1995]. Here the 

authors represent the system in state space form (which may be non-linear). 

They then proceed to discretize the equations. This provides a set of discrete 

space state equations in matrix form. The authors build a PN which solves these 

equations. 

In yet another approach by Brielmann [1993.1994]. the authors convert 

the differential equations into difference equations. Again, a difference 

equation is in algebraic (and not differential) form. They then build a PN that 

computes the difference equations. 

5.7 Graph Conversion 

A central feature in the research is the development of a methodology 

for converting a BD to a PN. Both models can be defined and characterized by 

using graph theory methods. Thus the research involved conversion of graphs. 

The following paragraphs describe some relevant work. 
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Joller [ 1980] proposes a methodology based on general net theory for 

converting reliability diagrams to PNs. The author begins with the standard 

definition of a net from general net theory. Then the author proceeds to define 

PNs and reliability BDs as special cases of the basic net. Finally, the author 

defines a procedure for converting a reliability BD net into a PN. 

Barker [ 1988] provide algorithms for converting between a BD and a 

signal flow graph, which is another popular modeling mechanism for CDSs. The 

authors represent each type of diagram by a connection matrix. Then they 

define techniques for converting from one matrix to another. The authors 

suggest both a matrix conversion technique and a rule based technique. After 

trying both methods on some examples they conclude that the rule based 

approach is easier to use and more flexible. 

El-Rhalibi [1994. 1995] propose an algorithm for transforming a PN 

into a function chart (termed "Grafcet" in France, where this work was done). 

The motivation for this work is to exploit the more powerful PN model to 

analyze the system that was originally modeled by a function chart. Here, the 

authors define PNs and function charts using set theory principles. They then 

define a relation n:G ^ R. from the function chart to the PN to facilitate the 

conversion between the models. 
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CHAPTER VI 

BLOCK DIAGRAMS 

6.1 Introduction 

As noted previously, the starting point of the research is the modeling 

of HDSs by means of BDs. BDs are one of the most popular modeling tools for 

CDSs. As noted in Kuo [ 1987]: 

Because of its simplicity and versatility, BD is often used 
by control engineers to portray systems of all types. A block 
diagram can be used simply to represent the composition and 
interconnection of a system. Or. it can be used, together with 
transfer functions. to represent the cause-and-effect 
relationships throughout the system, (p. 71) 

This chapter provides an overview of the use of BDs for modeling HDSs. 

The chapter presents only the essentials of the use of BDs for control systems 

engineering. The interested reader can find more information in any basic 

textbook on control systems engineering (for example, Shinners [1978], D'Azzo 

[1981] and Kuo [1987], To maintain simplicity of the presentation, it is 

assumed that the dynamic systems are linear, that is, all the differential 

equations that describe the system are linear. 

6.2 Block Diagrams 

This chapter introduces the main features of BDs. As its name implies, 

a BD is a diagrammatic model. The diagram is made up of blocks connected 

with arrows. Each block represents an element in the dynamic system. Arrows 

represent data connections between the elements. Data signals "flow" along the 

arrows from one block to the next. The BD has one or many inputs, represented 

by arrows without origin blocks, and one or many outputs, represented by 

arrows without destination blocks. 

Each block in the diagram represents the dynamics of the 

corresponding element in the dynamic system. That is. each block is associated 

with a function of time. Thus, the input signal of a block is the function domain 

and the block's output is the input's image under the function. The function 
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itself is typically a differential equation. A block may be associated with special 

cases of differential equations, such as an integrator, a derivative or a constant. 

Figure 6.1 shows an example of a BD. 
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Figure 6.1: A BD 

6.3 Block Diagram Elements 

BDs are built from basic elements. These elements can be combined in 

different ways to produce larger and more complex diagrams. For the purposes 

of this research, the BD element are a single block, a summation point and a 

split point. 

6.3.1 Block 

A block is defined as an element with one input and one output. A 

block is a most fundamental component in any BD. Figure 6.2 shows the 

diagrammatic representation of a block. 

X(s) Y(s) 

Figure 6.2: A Block Element 
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A single block element has an input signal (X(s)). a block (G(s)) and 

an output signal (Y(s)). The block represents the dynamics of the 

corresponding dynamic system element. As described above, the dynamics are 

modeled mathematically by some function of the input and time, typically a 

differential equation. Thus, the output signal is the solution of the differential 

equation with the input as a driving function. For example, let the block 

dynamics be modeled by a second-order linear differential equation. Then: 

ay"(t)+by'(t)+cy(t)=x(t), y(0)=y'(0)=0. 

If the system is linear, as in the above example it is very advantageous 

to express the mathematical representation of the dynamics in the Laplace 

domain. The differential equation can be converted to the Laplace domain by 

applying the Laplace Transform. In the Laplace domain, the above differential 

equation becomes the Transfer Function, which is an algebraic equation: 

G(s) = 
Y(s)^ 1 
X(s) as^ + bs + c" 

Components G and H in Figure 6.1 are blocks. 

6.3.2 Summation Point 

A summation point is an element that has more than one input and a 

single output. The value of the output signal is the sum of the input signals. A 

summation point is shown in Figure 6.3. 

u -0 

Figure 6.3: A BD Summation Point 
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The summation point is represented by the circle. The signals u and r 

are the input signals and s is the output signal, where s=u+r. The "-" and "-" 

symbols indicate the sign of each input signal. Component S„ in Figure 6.1 is a 

summation point. 

6.3.3 Split Point 

A split point is an element that has one input and more than one 

output. The signal of each output is equal to that of the input. Figure 6.4 shows 

a split point. 

u -*^ 

Figure 6.4: A Split Point 

The split point is represented by a dot. The use of symbol u on all the 

branches of the point implies that each output signal is equal to the input 

signal. Component Sp in Figure 6.1 is a split point. 

In addition to the basic elements. Franklin [ 1986] defines three 

important structures in BDs: the series connection, the parallel connection and 

the feedback loop. 

6.3.4 Series Connection 

The series connection is shown in Figure 6.5 (the Laplace independent 

variable, s, in the labels was removed for clarity): 

Figure 6.5: A Series Connection 
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The overall transfer function for a series connection is given by: 

G=GiG2. 

6.3.5 Parallel Connection 

The parallel connection is shown in Figure 6.6. The figure shows blocks, 

a summation point and a split point. 

split point 

. summation point 

Figure 6.6: Parallel Connection 

The overall transfer function for a parallel connection is given by: 

G=Gi+G2 

6.3.6 Feedback Loop 

The feedback loop element is shown in Figure 6.7: 

1 

Figure 6.7: A Feedback Loop 
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Using the definitions of the previous elements it is easy to verify that 

the overall transfer function of a feedback loop is: 

G= 
l+GiG2" 

6.4 System Overall Gain 

In linear systems, the control systems engineer usually wants to know 

the overall transfer function of the system. This function gives (among others) 

the overall gain of the system. Notice that the transfer function gives the 

relation between the system's output and input in the Laplace domain. Thus, by 

applying the inverse Laplace transform to the transfer function, we get the 

system's overall differential equation in the time domain. 

Mason [1953. 1956] developed the rule for finding the overall transfer 

function of a dynamic system modeled by a BD. This rule is based on the BD's 

structure. To apply the rule, the BD has to be viewed from a graph theory 

perspective. To do this we make the following adjustments to the BD: 

1. define the block into which the system's input arrow enters, the "input 

node" (or "source") and the block from which the system's output arrow 

exits, the "output node" (or "sink"). 

2. delete the input arrow and output arrow. 

After applying these modifications, the BD can be regarded as an 

annotated digraph. Some analysis will show that there must exist at least one 

pure path from the input node to the output node. Also, note that a feedback 

loop in the control systems terminology is a cycle in graph theory. 

Next, define any pure path from the input node to the output node as a 

forward path. Also, define path gain as the product of the gains associated with 

the nodes on the path. Finally, define two paths as touching if they have a node 

in common, each path in a pair of touching paths is a touching path and a 

graph in which all paths touch as a touching graph. 

For simplicity, we define the special case of Mason's rule for a touching 

graph. For the general case where the graph is not touching, refer to Mason 
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[1956]. Mason's rule for a touching graph can be stated as follows [Franklin 

1986. p. 51]: "The gain of a feedback system is given by the sum of forward 

path gains divided by one minus the sum of loop gains." 

We illustrate the use of this rule by an example from Franklin [1986. 

Figure 2.31]. In this example, it is required to find the overall transfer function 

of the system modeled by the BD in Figure 6.8. which is reproduces from 

Franklin's book. 
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Figure 6.8: Example of Application of Mason's Rule [Franklin 1986] 

Applying Mason's rule, we have (the numbers for the paths are the 

numbers in circles in Figure 6.8): 

Forward Path 

1 2 3 4 5 9 

1 2 3 6 9 

Path Gain 

G1G2G5 

GiGe 
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Loop Path Path Gain 

2 3 8 2 G1G3 

2 3 4 7 2 G1G2G4 

This gives the overall transfer function: 

Y GiGsGs+GiGf 

X l-(GiG3+GiG2G4) 

6.5 Simulation 

One of the important operations a control systems engineer performs in 

the design of a control system is simulation of the system. In this context, 

simulation of the system means solving the overall differential equation of the 

system. The solution of the differential equation of the system may be either 

analytical or numerical. Except in very simple cases, analytical solution of the 

differential equation of the system is not practical for the following reasons: 

1. The equation of the overall system is very complex. Solution is either 

very hard to find or even not possible. 

2. Because the overall solution is complex, it is difficult to gain insight into 

the behavior of the system. 

3. The overall solution does not provide results for any elements of the 

system other than the output element (assuming a single output system). 

4. If the system is non-linear the difficulty to perform mathematical 

analysis increases substantially. 

Since an analytical solution in most cases is not practical, a numerical 

solution is obtained through simulation of the system. If the system is modeled 

by a BD. constructing a simulation program is straightforward. The simulation 

program has to perform two types of operations: 

1. Numerically calculate the output of each block in the BD. 

2. "Transfer" signals along the lines connecting the blocks. 

40 



In order to be able to simulate a continuous system on a digital 

computer, it is necessary to discretize time. This requires to implement an 

iterative procedure. This procedure is shown in Figure 6.9. 

PROC SIM 

Initialize variables 

Initialize Time 

Until TerminationCondition = TRUE 

Get system Input 

Calculate outputs of all the blocks 

Record system output 

Advance time 

LOOP 

STOP 

END PROC 

Figure 6.9: Simulation Pocedure 

The following paragraphs detail the procedure. 

a. Initialize variables - Differential equations have initial conditions. 

Before starting the simulation, it is necessary to set up the initial 

conditions for each block. 

b. Initialize Time - Time is set to its initial value, usually zero. 

c. Until TerminationCondition^TRUE - This is the main iteration loop. 

Inside the loop the outputs of the blocks are calculated for each time 

step. The termination condition is typically the total simulated time 

required or the attainment of some state of the simulated system. 

d. Get system Input - Get the value of the input (driving) function of the 

system, associated with the current time. 

e. Calculate outputs of all the blocks - Each block in the BD is associated 

with a function. The procedure has to "visit" each block in the diagram. 
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For each block, the procedure calculates the output of the associated 

function, typically, by numerical integrating a differential equation. For 

the integration, the program uses the initial conditions and the driving 

function associated with this differential equation. The current value of 

the driving function is the current value of the input signal to the block. 

The current values of the initial conditions are the values of the block's 

output from the previous time step, 

f. Advance time - After all the blocks in the BD have been visited, time is 

advanced by one time interval (integration step) as a preparation for the 

next iteration. 

6.6 Example 

The following example shows a fairly complex BD. The example is 

taken from Grace [1990 p. CR-15]. It describes a typical three-loop autopilot 

system. The system's representation as a BD is reproduced from Grace [1990], 

is shown in Figure 6.10. The data for the transfer functions are: 

CASZ = .65: CASW - 220 

GYRZ = .65: GYRW = 380 

GYFZ = .65: GYFW = 2000 

ACCZ = .75: ACCW = 700 

ACFZ - .65: ACFW = 250 

Ka= .00225: cj,= 10: Kr = .16 

Ms = -280: M^ - -250: M^ = -1.5 

Zg = - .23:Z«= -1.6 

V„, - 4220: DX = 2.235. 

The simulation time period was from 0 to 1 sec. 

The driving input to the system is NC and the output is NL. 

Figure 6.11 shows the output of the system as a response to a step 

function input, as generated by simulation [Gotesman 1994]. 
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6.7 Block Diagrams for Distributed Control Systems 

As noted in section 6.1, BDs are one of the most popular modeling tools 

for continuous control systems. If a control systems engineer needs to model a 

distributed control system, he/she will most probably begin with a BD. 

However, BDs have no mechanisms for modeling the unique features of a 

distributed control system. Therefore, a BD of a DCS will look exactly like one 

of a "regular" continuous control system. 

As a result, even though a BD is used to model the DCS, the engineer 

will be able to perform only continuous analysis with the model. In other words, 

the DCS is actually modeled as a continuous control system. 

As an example, consider the example BD shown in Figure 6.9. Blocks 4. 

6. 17. 18 and 19 in the diagram represent controllers. If this same system 

should be implemented as a DCS, at least one of these blocks will represent a 

remote controller or a node of a distributed controller. This node, typically, 

serves other plants too. providing its control services to all its clients over a 

communications network. This architecture introduces new phenomena into the 

system, such as random delays and job queuing. However, as is easily seen from 

the figure, none of these phenomena can be modeled by the BD. This 

shortcoming of the BD is a major motivation for the research. 
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I + ^ + o 

-*-

18 

I 

2(;s ŝ  
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Figure 6.10: Example of a BD of an Autopilot [Grace 1990] 
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SYSTEM:linear:closed loop::step:input=inputl 
- damping ratio: 0.614 
- over shoot: 1.096 at: 0.2919[s] 

Figure 6.11 Output of the a .Autopilot System [Gotesman 1994] 
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CHAPTER VII 

PETRI NETS 

7.1 Introduction 

PNs are a very powerful tool for modeling discrete event systems. The 

power of a PN derives from several factors [Peterson 1981]: 

1. It can model a very wide range of systems. 

2. It has a simple and straightforward graphical representation. 

3. Its graph formalism enables it to be mathematically analyzed. Thus, the 

modeled system can be analyzed quantitatively. 

PNs were invented by Carl Petri in 1962 [Petri 1962]. Since then, 

thousands of works have been published on this subject, both on the theory of 

PNs and applications of the nets. Over the years, many variations and 

extensions of the basic PN have been developed. A complete survey of the 

various types of PNs and their characteristics and uses is beyond the scope of 

this work. The interested reader is referred to Murata [ 1989] for an excellent 

overview on PNs in general and David [ 1994] for a survey of PNs for modeling 

of dynamic systems. This chapter will present an overview of only the major 

types of PNs which are relevant to this work. Some analysis features of PNs will 

be presented to demonstrate their use and power. Detailed references on this 

topic can be found in the works by Peterson [1981], Reisig [1985] and Murata 

[1989]. 

7.2 Place/Transition Petri Nets 

Place/transition PNs are the basic type of the PN. In this section, a 

formal definition of a PN is given. Also the graphical representation and an 

example are presented. This presentation is brief and intended mainly to 

provide a common language and notation for the rest of this document. The 

interested reader is referred to the publications by Peterson [1981], Reisig 

[ 1985] and Murata [ 1989] for a complete and formal presentation of PNs. 
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7.2.1 Petri Net 

A PN is a collection of transitions and marked places connected by 

directed arcs. An arc always "goes" from a place to a transition or from a 

transition to a place. A marking is a set of integers, each of which is associated 

with a place in the PN. Thus, each place is associated with an integer which 

represents the number of tokens in that place. 

Formally, a PN is defined as follows Murata's approach [Murata 
1989]: 

A Petri net is a 5-tuple P=(T.T.7.W.MQ) where: 

'^={Pi'p2 Pm) is a finite set of places, 

T={ti.t2 in) is a finite set of transitions, 

:?^c(7'xr)U(rx7') is a set of arcs. 

)V:7^ {1.2,3....} is a weight function, 

MQ.T^ {0.1.2,3....} is the initial marking. 

Pr\T=o.T\jr^o. 

A Petri net structure. N. is defined as the 4-tuple N-[P.7.J.W). 

where T.7.7.W are defined as above. Thus, a PN structure is a PN without the 

initial marking. MQ. 

The pre-set of a transition is the set of places from which an arc "goes" 

to the transition. The post-set of a transition is the set of places to which an arc 

"goes" from the transition. Similarly, the pre-set of a place is the set of 

transitions from which an arc "goes" to the place. The post-set of a place is the 

set of transitions to which an arc "goes" from the place. 

Formally. 

J,= {p | (p . t ) e :^ .pe7 ' . t€^} is the set of input places of t. 

Or{Pl(t.p) ^7.^ePx^7] is the set of output places of t. 

Jp= {t| (t.p) G :^.p € T'.t G T] is the set of input transitions of p. 

(7p={t|(p,t) G^^^.pGT^.tG^} is the set of output transitions of p. 
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7.2.2 Petri Net Graph 

Mathematically, it is easy and beneficial to describe a PN as a graph. 

Formally, a PN graph. G. is a bipartite directed multi graph. G={V.S). 

where V={vi,v2 Vj} is a set of vertices and 5={ei.e2 Qr) is a bag of 

directed arcs, e,=(vj,V;t-), with VJ,V^GV. The set V can be partitioned into two 

disjoint sets. T and 7. such that V=Tn7. TU7-0. and for each directed arc. 

ej G S. if e,=( Vj.v^). then either VjG P and v^G 7" or Vj G ^ and V;̂ G 7̂ . 

Since a PN is defined by a graph, it is straightforward to describe it 

diagrammatically. The convention is to represent places by circles, transitions 

by bars and arcs by arrows. A marking of a place is usually symbolized by dots 

inside the place, where the number of dots is the value of the marking. Figure 

7.1 shows an example of a simple PN graph (based on Figure 2.17 in [Peterson 

1981]). with >/=( 1.0,0,2,1). 

P4 

Figure 7.1: Example of PN [Peterson 198l] 

7.2.3 Execution Rules 

A PN models the dynamics of the system through execution rules. A 

transition is said to be enabled if each of its input places has at least one token. 

Formally, a transition t G ^ in a PN. ?^(T.7.7.M). is enabled if 

^ ( p ) > 1 for all pG J,. 
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A transition which is enabled may fire. A transition that fires changes 

the marking in the following way: For each input place of the firing transition, 

tokens are removed in the amount equal to the number of arcs from the place to 

the transition. For each output place of the firing transition, tokens are added 

in the amount equal to the number of arcs from the transition to the place. 

Formally, firing an enabled transition, t. results in a new marking, M\ 

where 

M{p)-W{p.i).pe7, 
M'{p)=\M{p)^W{t.p).peO,. 

Mip). else 

In Figure 7.1. transitions tj. ta and t4 are enabled. If t4 fires the 

resulting PN graph has a marking M={ 1.0.1.2.0). This is shown in Figure 7.2. 

P4 

Figure 7.2: The PN of Figure 7.1 After t4 Fired [Peterson 198l] 

7.3 Generalized Petri Nets 

If more than one token is to be removed/added from/to a place, it is 

designated by multiple arcs between the appropriate place and transition. For 

example, in Figure 7.2, there are two arcs from transition ti to place P4. This 

means that if transition ti fires, two tokens are to be removed from place pi 
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and two tokens should be added to place P4. If there are many arcs between a 

given place and transition, the diagram becomes crowded and. thus, difficult to 

read. The generalized PN solves this problem. In a generalized PN. multiple arcs 

are replaced by a single arc with the weight. )y. that specifies the multiplicity of 

arcs. 

Figure 7.3 shows the same net from Figure 7.2 in a generalized form. By 

convention, if a weight of an arc is unity, the weight label for that arc on the 

PN diagram is omitted. In Figure 7.3, the two arcs from ti to P4 and the two 

arcs from p4 to t3 were replaced by a single arc with a weight of two. 

P4 

Figure 7.3: The PN of Figure 7.2 in Generalized Form 

(Adapted From Peterson 119811) 

7.4 High Level Petri Nets 

High level nets are an extension of the place/transition nets. There are 

several varieties of high level nets, of which the two most important are 

predicate/transition nets [Genrich 1981] and colored PNs [Jensen 1992]. These 

two are very similar nets. They only differ slightly in the way they handle 

analysis of the nets. In both cases, tokens have data associated with them. The 

type of data defines the type (color set) of the token. Thus, it is possible to 

distinguish between different types of tokens and handle each type separately. 

Arcs have predicates instead of weights. The predicate controls which 

type of token is manipulated during a firing and in what way. Transitions are 
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also associated with predicates which set conditions that must be true for a 

transition to fire. Finally, when a transition fires, actions can take place that 

change the data associated with tokens. 

It has been proven that any colored PN can be replaced by a 

place/transition net and vice versa [Jensen 1992]. Thus, colored PNs are not 

more powerful than place/transition nets. However, they are richer and more 

expressive in features and. thus, can represent systems in a much more 

condensed and less cluttered format than the place/transition nets. 

The following example, reproduced from the book by Jensen [1992]. 

demonstrates the characteristics of colored PNs and compares them with 

Place/Transition nets. Figure 7.4 shows a generalized Place/Transition net that 

models a resource allocation system. The system has two processes, p-process 

and q-process, that use the resources. There are three types of resources. R. S. 

and T. The places represent the states in which the processes may be. The 

transitions represent the various actions that the processes take and which 

transfer the system into new states. The tokens in the resource places designate 

the available quantity of resources. The tokens in the process places show how 

many processes of each type are in the system. The numbers on the arcs 

designate how many resources are required at each transition firing. 

Figure 7.5 shows the same system modeled by means of a colored Petri 

net. As can be seen, the net is significantly simpler. This simplification is 

possible because of the much richer notation of the color-Petri net. This 

particular net was also set up to count the number of cycles each process has 

completed through the system. The following sentences briefly detail the 

notation. The interested reader can find the full details in Jensen's book 

[Jensen 1992]: 

a. The letter inside a place is the place's name. For example, the topmost 

place in the net in Figure 7.5 has the name A. 

b. The letter next to a place is the place's color set. The color set specifies 

the type of token that can reside in the place. For example, the color set 

of place A is P. The definition of the color set can be seen in the 

declarations box. located at the top left corner of the diagram. The box 

shows that P= {U,I}. where U can take one of the values p and q. and I 
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is an integer that specifies the number of service cycles the process has 

completed. 

c. The underlined expression next to a place is the place's initial marking. 

For example, the expression 3'(q,Q) at place A means three tokens with 

color (q.O). This color matches the color set for this place, (which is P). 

In 3'(q.0). each token is associated with the actual values q (for U) and 

0 (for I.) Thus. P is the color set (type) and (q,0) is the color (values 

assigned to the token of this type). 

d. The number inside a circle next to a place is the current total number of 

tokens in that place, for example, place A has a total of three tokens. 

e. The expression next to a place is the place's cwrent marking. For 

example, for place A. the expression 3'(q.O) indicates that currently. 

place A contains 3 tokens of color (q,0). Since the PN in Figure 7.5 

shows the system at its initial state, the current marking is identical to 

the initial marking (the underlined expression). 

f. The text inside a transition is the transitions's name. For example, the 

topmost transition in Figure 7.5 is named TI. 

g. The expression next to a transition is a guard. A guard is a predicate 

which must evaluate to TRUE for the transition to be enabled. For 

example, transition TI has the guard [x=q]. This means that the 

transition will be enabled if the token color set element x. at place A 

evaluates to q. Otherwise, the guard will evaluate to FALSE and the 

transition will not be enabled. 

h. The expression on an arc specifies a condition for a transition to be 

enabled and how the markings in the input set and output set of the 

transition change when the transition fires. For example, the arc from 

place C to transition T3 is annotated with the expression (x.i). This 

expression is meaningful only after it is bound to actual token values. 

That is. if there is a token in place C whose color set matches the one of 

the arc expression, then that token's color can be bound to the color set 

of the arc expression. If binding is successful the transition is enabled. If 

the transition fires, the arc expression shows what token should be 

removed from the input place. 
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q-process 

p-process 

Figure 7.4: A Place/Transition Net for a Resource Allocation System 

(Figure 1.3 in Jensen 119921) 

As another example, consider the arc expression for the arc from 

transition T5 to place A. This arc dictates the new token in place A after 
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transition T5 fires. This expression is: "if x=q then r(q. i + l) else 

empty." This example demonstrates three additional powerful features 

of the color PN: 

1. An arc expression can be compound. In this example, a token 

will be added to place A based on a test of the color value of the 

token in place E. If the color of the x element of the token is q. a 

new token with color (q,i+l) will be added to A. 

2. Empty token placement. If the x element of the token color in 

place E is not q, no token will be added in place A. This 

demonstrates the feature of color PNs where a transition fires, 

tokens are removed from the input places by no tokens are added 

to the output places. 

3. Transition actions. The expression "i + 1" indicates that the value 

of the i element of the output token color should be greater by 

one than that of the input token. This indicates how color Petri 

nets allow mathematical manipulation of the color of tokens 

during a transition fire. This feature is called "transition action." 

To see how the net executes, assume that transition T2. which is 

enabled in the initial marking. MQ, fires. The resulting net is shown in Figure 

7.6. which is based on Figure 1.8 from the book by Jensen [1992.] This 

transition is enabled under the binding: (T2,<x=p,i=0>). The following changes 

can be noted in Figure 7.6 as compared to Figure 7.5: 

a. One token was removed from place B. The label for place B now shows 

only one token left in this place. 

b. Place S is also an input place to transition T2. Since the transition 

binding for the current firing was (T2.<x=p,i=0>). the arc Case 

expression for the (S.T2) arc evaluated to x=p. For this case, the arc 

expression specifies that two tokens of color e should be removed from 

place S. Thus, the label for place S now indicates that there is only one 

token left in it (compared to three before the firing - Figure 7.5). 
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color 
color 
color 
color 
var x: 
var i: 

U 
1 = 
P = 
E = 
U 

I: 

= with piq 
int; 
-product • [ ; 
= with e: 

3'(q.0) A 
P ( A ) © 3-(q.O) 

if x=q 
then l ' ( q . i + l ) 
else empty 

2 ' ( P . 0 ) 

i I (x.i) 

if x = p 
then r ( p , i + l ) 
else empty 

Figure 7.5: A Color PN for the Resource Allocation System of Figure 7.4 

(Figure 1.7 in Jensen 119921) 

c. Place C acquired a new token of color (p,0) as the arc (T2,C) expression 
dictates. This is shown in the label of place C. 
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7.5 Time Petri Nets 

A time PN is a PN in which a time delay is associated with each 

transition. An enabled transition in a time PN does not fire immediately. It fires 

only after the delay time associated with it has elapsed. This enables the PN to 

model time aspects of the dynamic system. There are several types of time PNs: 

1. Time PNs - the delays are deterministic. A transition fires exactly at the 

end of the delay [Ramchandani 1973]. 

2. Timed PNs - A transition is associated with a delay range. The 

transition fires if the current time is inside the delay range. 

3. Stochastic PNs - the delays are random. 

4. Generalized stochastic PNs - some of the transitions are immediate, that 

is they fire immediately when they become enabled. The rest of the 

transitions have random delays [Marsan 1985]. 

PNs with delayed transitions are called T-Time PNs [Sifakis 1977]. 

Alternatively, delays can be associated with places instead of transitions. This 

type of PNs is called P-Time PNs [Ramchandani 1973]. It has been shown that 

mathematically, both are equivalent [David 1994]. 

7.6 Hybrid Petri Nets 

7.6.1 General 

Hybrid PNs are combinations of two or more types of PNs. These types 

are usually tailored for specific problems and have a somewhat more limited 

scope of application. David [ 1994] provides some examples and additional 

references for hybrid PNs. 

7.6.2 Time High Level Petri Nets 

These nets consist of a combination of colored nets (or. equivalently. 

Predicate/Transition nets) with time PNs. This combination results in colored 

nets (Predicate/Transition nets) enhanced with time modeling features. The 

following example [Jensen 1995] demonstrates this type of nets. 

Figure 7.7 shows the same resource allocation system from section 7.4. 

The system is shown at some stage other than the initial stage. Thus, the current 
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marking is not the initial marking (as in Figure 7.5.) In this figure, the net also 

supports time modeling. When compared with Figure 7.5, the following 

additions in Figure 7.7 are noted: 

color 
color 
color 
color 
var x: 
var i: 

U 
1 = 
P = 
E = 
U 

I: 

=with pIq 
int: 
-product *I; 
^with e: 

3'(q.0) A 
P ( V ) © 3'(q,0) 

P C B I Q l'(p,0) 

(x . i ) 

CcJQ r(p,0) 

if x=q 
then I ' fq . i + l ) 
else empty 

if x = p 
then r (p , i - t - l ) 
else empty 

case X 
p=>2'e 

|q = > r e 

Figure 7.6 The Color PN System From Figure 7.5 After T2 Fired 

(Figure 1.8 In Jensen 119921) 
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a- The symbol "@" should be read as "at." The expression "@+" means 

"delayed by." 

t>- A global time stamp is added to the system. It appears under the 

declaration box. This time stamp shows the current global time. In 

Figure 7.7. the global time is 641. 

c. The token expressions in each place contain a time stamp. Each token 

has its own time stamp. For example, in Figure 7.7. place B has the 

label: "r(p,6)@[567]+l'(q,l)@[602]." This label reads: place B 

contains one token with color (p,6) and time stamp 567. and one token 

with color (q, l ) , and time stamp 602. 

d. The arc expressions have a time delay. For example, the arc expression 

for arc (T2,C) is: "(x,i)@+8." This means that if the transition. T2. 

fires, the time stamp of the new token will be greater by 8 time units 

than the current global time. 

e. A token in a time PN does not have to have a time stamp. This feature is 

an option. A token without a time stamp is available immediately. For 

example, the tokens at places R,S.T carry no time stamps. Thus, the 

token at place R is immediately available, and is removed as soon as 

transition TI fires. 

The firing rules for time colored PNs are extended to incorporate the 

time phenomena as follows: 

a. A transition is enabled if it is color enabled and ready. 

b. A transition is color enabled if it is enabled for colored PNs as noted in 

section 7.4 (see also [Jensen 1992]. Definitions 2.8 and 3.6 for formal 

definitions). 

c. A transition is ready if the time stamp value of at least one token in 

each of its input places is less than or equal to the global time stamp. 

For example, transition TI is color enabled since there are sufficient 

tokens in all its input places and each of those tokens is of the correct 

color. In addition, the time stamp of each token is less than the global 

time. Therefore. TI is also ready. Thus. TI is enabled. If TI fires, the 

token that will actually be removed depends on the binding of the color 
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set (x.i). specifically in this example, the binding of i. If i is bound to 

the constant 4. the r(q.4)@[627] token will be removed. If i is bound to 

the constant 5. the r(q.5)@[598] token will be removed. 

color 
color 
color 
color 
^ar x: 
^ar i: 

U 
1 = 
P = 
E = 
U; 

I; 

= with pIq 
int; 
^product * 
with e; 

I timed: 

Time: 641 

3'(q,0) X 
P ( A ) ® r (q ,4 )@[627l + r ( q , 5 ) @ l 5 9 8 | 

(x, i) 
> i • 

TI 

if x=q 
then r (q , i -Hl ) 

r , else empty @-t-7 
Ix=q| 

2:ip,0) ^ ( x , i ) @ + 3 

l ' (p,6)@f567l + l ' (q . l )@[602l 
(x. i) i fx = p 

then r (p , i - i - l ) 
else empty @-(-5 

(x. i) @-t-8 

^ ^ X (x.i) 
T3 

I 'e ' (x. i) @-i- if x= 

1 T (x.i) 

p then 13 else 9 

T4 

" (x. i) @-t-12 

pQ 
^ ( x . i ) 

T5 

Figure 7.7: A Color PN for the Resource Allocation System with Time Enhancements 

(Figure 7.1 In Jensen 119951) 
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7.7 Analysis of Petri Nets 

So far. PNs were defined and types of PNs were described. The next 

natural question is: "what can be done with PNs?" The interested reader can 

find excellent expositions on this topic in the works by Peterson [1981]. Reisig 

[1985] and Murata [1989]. This section describes some of the basic analysis 

techniques for PNs. The descriptions follow Murata's approach [Murata 1989]. 

7.7.1 Reachability 

When a PN executes, transitions fire in a sequence. Each firing changes 

the net's marking. A fundamental problem in PNs is finding all the markings 

that the net may reach. This is the reachability problem. 

As detailed above, more than one transition may become enabled at the 

same time. The sequence of subsequent transition firings may evolve along 

different paths, depending on which of the enabled transitions will actually fire 

(which may be determined randomly). Thus, starting from an initial marking, 

subsequent markings can evolve along different paths. These paths constitute a 

tree, called the reachability tree. 

Figure 7.8 shows a PN of some system with some initial marking. Figure 

7.9 shows the reachability tree for this system. Each node in the tree is a 

marking. The annotation of an arrow, leading from one marking to another, is 

the transition whose firing caused that change in marking. 

Reachability analysis is very important as it can show if certain 

markings can or cannot occur. If it is important that a certain marking occurs, 

the reachability analysis can verify it. For example, a remote controller must be 

always available to provide control service. A reachability analysis may show 

that the controller becomes unavailable under certain circumstances. 

7.7.2 Boundness 

A PN is said to be k-bound if the number of tokens in each place is 

never more than k. A PN is said to be safe if it is 1-bound. Boundness is 

important when modeling real physical systems that have finite resources and 

capacities. 
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Figure 7.8: A PN for a Reachability Analysis Example 

[211] 

[012 

t2 

[0031 

t3 

[2111 
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10 

t2 

03] 

[211 

Figure 7.9: The Reachability Tree for the PN in Figure 7.8 
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7.7.3 Coverability 

If a PN is unbound, the number of tokens in at least one place may 

grow to indefinitely. Consequently, the reachability tree will also be infinite. To 

keep the reachability tree finite, the symbol cj is introduced, which can be 

thought of as "infinity." The position in the net marking list, which 

corresponds to the unbound place, is then replaced by this symbol. The 

resulting tree is called the coverability tree. 

As an example. Figure 7.10 shows an unbound PN and Figure 7.11 

shows the coverability tree for the PN. 

Figure 7.10: A PN for Coverability Analysis Demonstration 

Some of the properties that can be analyzed using a coverability tree are 

[Murata 1989]: 

a. 

b. 

c. 

d. 

A net is bound and, thus, the set of reachable markings is finite iff u 

does not appear in the tree. 
A net is safe iff the node labels in the tree have only zeros and ones. 

A transition is dead (that is. in can never fire) iff it does not appear as 

an arc label in the tree. 
If a marking. M. is reachable from the initial marking. MQ. then there 

exists a node in the tree, labeled by M' such that M<M\ 
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Figur 7.11: Coverability tree for the PN in Figure 7.10 

7.7.4 Incidence Matrix and State Equation 

Another approach to PN analysis is by means of matrix algebra. For 

this purpose, let N be a PN with n transitions and m places. Define the 

incidence matrix. A = [a,j], as an nxm matrix of integers where each element is 

defined by â ^ = w,j - Wj,-, i represents transition t̂ , and ŵ /̂ is the weight of the 

arc from node k to node 1. The incidence matrix can be used in many ways to 

perform PNs analysis. 

Each element, a^j, in the incidence matrix is the change in the number 

of tokens in place pj as a result of the firing of transition t̂ . A transition, t,, is 

enabled at a marking, M, iff^Vji <M{pj),]= l,2,....m. 

Let P be a PN with m places and n transitions. A marking in the net 

can be denoted by a vector, M^, where M;t(i) is the marking of place p, 

immediately after the k'th firing in some firing sequence. Let the firing vector. 

Ufc, be a vector of length n with n - 1 zeros and a single one at some position, i. 

The one at position i indicates that transition tj fires at the k'th firing. Using 

these definitions, it is possible to formulate the state equation if the PN: 
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M ; , = M ^ - I + A V ^ k=1.2 m. 

where A is the incidence matrix. If M^ is reachable from MQ, it can be shown 

that the following holds: 

Md=Mo +A^x. 
d 

where x is the firing count vector defined by x^y^U/,-. 
A : = l 
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CHAPTER VIII 

MODELING HYBRID DYNAMICS SYSTEMS 

8.1 hitroduction 

In this chapter, a general approach to the modeling of a HDS using 

PNs is presented. The various stages for constructing a PN that models a HDS 

are described. Also, this chapter provides the basic terminology used 

throughout the dissertation. 

8.2 Modeling Hybrid Dynamics Systems 

For the purposes of this dissertation, a hybrid dynamics system is 

defined as a continuous dynamics system in which discrete events occur. It is 

assumed that two major pieces of information are available at the beginning of 

the modeling process of a HDS: a specification of the continuous part of the 

system, typically by means of a system of differential equations, and a 

specification of the characteristics of the discrete event dynamics (DED). 

The goal of the modeling process is to construct a PN that will capture 

both the continuous dynamics and the discrete events, thus, providing a single 

tool for modeling a HDS. The following paragraphs outline the general 

procedure to achieve this goal. In order to achieve the goal, the process is 

broken down into several stages. Figure 8.1 presents a schematic description of 

the stages. Parts of the diagram in full thin line are already known from 

previous research. Parts in full thick line are presented in this chapter and the 

parts in broken line will be covered in subsequent chapters. 

As the box at the top of the diagram shows, the process begins with a 

HDS. As noted, a HDS is viewed as a CDS in which discrete events occur. Thus, 

the next step is to separate the HDS into the continuous part and the discrete 

event part, as shown in the figure. 

From this point on. the modeling process uses such constructs as DGs 

and BDs. These formalisms do not support DED. Thus, it is not possible to 

manipulate the DED directly. Therefore, from this point on, the following 

approach is taken: the modeling process concentrates on modeling the 

continuous dynamics 
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Block Diagram 

BD 

Figure 8 .1: Modeling a HDS 
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only, resulting in a PN that can model the continuous dynamics only. Then, the 

DED is added to the PN to complete the modeling process. 

Since the modeling process involves manipulation of diagrams, it is 

convenient to express a HDS in a way that will be suitable for diagrammatic 

representation. Generally, a diagram can be described as a collection of 

interconnected components and data or actions associated with them. For this 

research, it is convenient to call the components and their interconnections, the 

Structure of the diagram, and the data/actions associated with them, the 

dynamics of the diagram. Following the same convention, the CDS is also 

divided into a Structure and a Dynamics part. These parts are shown in Figure 

8.1 and will be formally defined in Chapter IX. 

The next stage of the modeling process is to convert the CDS structure 

into a DG. This is possible since the structure of the CDS is expressed in terms 

suitable for diagrammatic representation, as described above. As will be shown 

in Chapter IX. the DG is a central mathematical construct in this work, since it 

provides a simple model for the structure of a CDS. Also, using the DG. it is 

easy to generate the structures of the original CDS. the BD and the PN. As can 

be seen from Figure 8.1. once the DG is constructed, the user can continue to 

either the BD or the PN. 

Note that since the DG captures only the structure of the CDS. the 

resulting BD and PN also model only the structure of the CDS. The result is 

therefore, a BD structure and a PN structure. The PN at this stage does not have 

yet an initial marking specification and. thus, is formally only a PN Structure in 

the PN terminology. Since this particular PN structure models the structure of a 

CDS. it is termed the Continuous Dynamics Petri Net Structwe (CDPNS.) 

Similarly, the BD structure, derived from the DG is termed the Block Diagram 

Structwe (BDS). 

As the structure part of the CDS has been modeled in a PN and a BD. 

it is now possible to incorporate the dynamics of the CDS into these constructs. 

As a result, we now get a complete BD that fully models the CDS (structure and 

dynamics.) Similarly, we get a Continuous Dynamics Petri Net (CDPN) that 

models the CDS. It is important to note that at this stage, we have a complete 

PN whose modeling power is equal to that of the CDS and the BD. 
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The final stage of the modeling process is to expand the capability of 

the CDPN to model discrete events. This is done by introducing the DED part, 

which was left outside the treatment, back into the CDPN. This produces the 

Hybrid Dynamics Petri Net (HDPN). capable of modeling HDSs. which is the 

goal of this process. 

8.3 Block Diagrams 

A BD models the signals in a CDS. the paths these signals can take 

inside the system and the actions performed on them by elements in the system. 

These actions typically modify the signals. In order to facilitate the clarity of 

the material of this work, and without loss of generality, it is assumed that the 

BDs represent Single Input Single Output (SISO) systems. However. The 

developments shown in this work can be readily applied also to Multiple Input 

Multiple Output (MIMO) system. MIMO systems will be treated separately. 

As noted in 8.2. it is convenient to distinguish between two main 

elements in the BD. One element is the structwe of the diagram. The structure 

of a BD describes the main components of the diagram and the way they are 

interconnected. The second feature describes the dynamics of the system which 

define how the signals are manipulated while moving through the components 

during the model execution. It is necessary to fully specify both features to 

completely describe the CDS. 

Figure 8.2 shows a CDS represented by a BD. The two major elements 

are clearly shown. The left hand side of the figure is a diagram that describes 

the structure of the system. The right hand side of the figure is a legend that 

specifies the dynamics of the system. 

8.3.1 Structure of a Block Diagram 

The structure of a BD is the diagram itself. This includes the 

components of the diagram and the way they are connected to each other. Two 

types of components can be identified in a BD: execution elements and 

connections. The execution elements are represented in the diagram by blocks, 

circles and dots. The connections are represented by arrows connecting the 

execution elements. 
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An execution element represents a component of the system which 

manipulates signals. The components that are used in BDs are the block, the 

summation point and the split point. These components were described in detail 

in Chapter VI. 

LEGEND 

I - Step funct 

s'^-i-s-t-l 

H^l 

y(0)=0: y(0) = 

on 

=0 i 

Structure Dynamics 

Figure 8.2: A BD of a CDS 

Traditionally, a BD does not have blocks for input and output. 

Consider, for example. Figure 8.3. The input is represented by an "incoming" 

arrow that has no "origin" block (/ in Figure 8.3). The output is represented by 

an "outgoing" arrow that has no "destination" block (Oin Figure 8.3). 

Figure 8.3: Typical I/O Representation in a BD 

In order to be able to formalize the relations between CDSs. BDs and 

PNs. the BD traditional representation is extended in this research to include 

I/O blocks. Thus, the example in Figure 8.3 is modified to look as in Figure 8.4. 
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^ o 

Figure 8.4: Modified I/O representation in a BD 

8.3.2 Dynamics of a Block Diagram 

As shown in Figure 8.2, the structure of the BD does not in itself fully 

specify the dynamic system. The structure does not provide information about 

how data should be handled in the dynamic model. Data manipulation can be 

classified into several types: 

1. System input. It is necessary to define the signal that drives the system. 

2. Block dynamics. As a signal "flows" through a block in the diagram, it 

is manipulated by the dynamics of the component, represented by the 

block. Thus, each block should be associated with some mathematical 

model that describes how the input signal should be processed to 

generate the output signal. 

3. Block initial conditions. In many cases, the dynamics associated with a 

block, are in the form of a differential equation. This requires to specify 

the initial conditions for the block. Also, as the execution of the CDS's 

simulation proceeds, it is required to update and store the initial 

conditions. 

The dynamics of the CDS do not have a diagrammatic representation. 

Thus, they are not shown on the diagram part of the BD. Instead, the dynamics 

are added as a legend to the diagram, as shown in Figure 8.2. 

figure 8.2 provides a full specification of the CDS, where the legend 

indicates that the input signal is a step function, the feed-forward element (G) 

is a second-order system and the feedback element is a pure gain of magnitude 

1. Finally, the initial conditions of the second-order element are also specified. 
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8.4 Analyzing Continuous Dynamics Systems with Block Diagrams 

In order to be able to analyze a CDS using a BD. the CDS must be 

completely specified by the BD model. The BDS must be associated with a 

complete legend, specifying the transfer functions at each block, the input 

functions and the initial conditions. The BD can. then, be used to analyze the 

CDS. The user can employ either off-the-shelf packages or write his/her own 

ones. 

Generally, there are two major types of analysis for CDSs: Simulation 

and non-simulation techniques. Non-simulation methods include such 

techniques as time domain analysis and frequency domain analysis. Usually. 

there are ready made packages for performing these types of analysis. All the 

user has to do is input the structure and dynamics of the BD. 

When analyzing a CDS by means of simulation, an issue that has 

important implications on this research is the requirement to execute all the 

blocks in the BD in the correct order. Note that the BD formalism provides only 

a "geometric" description of the CDS structure but does not define any rules 

for "solving" the system, that is. executing the simulation. This issue was 

described in section 4.4. An off-the-shelf package implements special 

algorithms for this purpose. However, if the user chooses to write his/her own 

package, he/she must implement this algorithm [Gotesman 1994). It will be 

shown that the situation is different in PNs. 

To illustrate the above principles, consider the BD in Figure 8.2. For 

this particular example, the simulation starts with the input element, which is 

the summation point. S„. The summation point generates the signal e=r-f. 

Next, block G is executed generating its output signal, y. from its input signal, 

e. Signal y in this example is also the system's output. Next, block H is executed 

generating its output signal, f. from its input signal, y. This completes a 

simulation cycle. 

8.5 Analyzing continuous dynamics Systems with Petri Nets 

In order to be able to use PNs to analyze CDSs. it is desirable that PNs 

have at least the same modeling power as the BDs. The PN should let the user 

apply the classical analysis techniques such as time domain analysis, frequency 
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domain analysis and simulation. Thus, converting a BD into a PN should be 

such that the resulting PN will retain the modeling power of the original BD. 

It is easy to understand what is involved in the conversion from a BD 

to a PN that models the same CDS. If a PN has to properly model a CDS. it has 

to be able to capture both the structure of the system and its dynamics. To 

facilitate this requirement, the conversion of BD into a PN involves two stages. 

8.5.1 Stage I: The Continuous Dynamics Petri Net Structure 

The first stage in the conversion process is applied to the structure of 

the BD. The result of this conversion step is a PN structure, which captures the 

structure of the original BD. This PN is named the Continuous Dynamics Petri 

Net Structure. 

As an example, suppose it is required to model the CDS. specified by 

the BD in Figure 8.2. using a PN. First, we add I/O blocks to this BD (see 

subsection 8.3.1.) The resulting BD is shown in Figure 8.5. 
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y ( 0 ) = 0 ; y (0 )=0 

Structure Dynamics 

Figure 8.5: The BD of Figure 8.2, Complete with I/O Blocks 

Figure 8.6 shows what the CDPNS might look like. Note that this PN 

structure represents only the structure of the BD. Two important features should 

be noted. First, each component in the BD is represented by a transition in the 

PN. Second the connections in the BD are represented by arcs in the PN 
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structure. Thus, the PN has a layout, similar to that of the BD. It is therefore 

possible to preserve the structure of the BD and, hence, of the DS in the PN. 

/ -a 
Sr 

2 o 

o 
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o 
H 

Figure 8.6: A PN Structure Representation of the BDS in Figure 8.5 

8.5.2 Stage II: The Hybrid Dynamics Petri Net 

The second stage of the conversion of a BD into a PN is the integration 

of the dynamics of the CDS into the CDPNS. The dynamics are composed of 

several mechanisms. Implementing all these mechanisms cannot be achieved 

with basic PNs, as their modeling power is too limited. Therefore, a more 

powerful formalism is necessary. In this work. HLPNs are used. The issues 

involved in specifying the dynamics of the PN are discussed in the following 

paragraphs. 

8.5.2.1 Component Dynamics 

In the BD, the dynamics are given by the annotation in the legend. 

Typically, each element of the annotation is associated with a certain 

component of the BD. For example, G=l/s in the annotation of Figure 8.5 is 

associated with block G in the BD. To achieve the same capability in the PN. 

each annotation is associated with the appropriate transition. Thus, the transfer 

function G=l/s in Figure 8.6 will be associated with transition G. 
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8.5.2.2 Component Function Execution 

One of the important features of HLPNs is the association of an 

"action" with each transition. In the HLPN formalism, when the transition 

fires, the action associated with it is executed. This operation is the equivalent 

of the computation of the output of a block in a BD. Thus, the PN retains the 

capability to compute outputs of dynamic components. 

8.5.2.3 Signal Flow 

Another important aspect of the simulation process is the signal flow 

through the net. In the BD, signals are assigned to connections. For example, 

the output signal of block G in Figure 8.5 is assigned to connection y. The PN 

representation of the CDS must have a similar capability. This, again, is 

possible through the powerful formalism of the HLPN. In HLPNs. tokens can be 

associated with data. As can be seen in Figure 8.6. each connection between two 

transitions has a place on it. For example, the connection between transitions G 

and Sp has place 2 associated with it. This place can be used as a place holder 

for the signal y. Thus, when a token arrives at place 2. it is associated with 

signal y. All the other places/tokens operate in a similar manner. Thus, the PN 

retains the BD's capability to simulate signal flow in the system. 

8.5.2.4 Simulation 

In section 8.4. it was noted that a BD formalism does not include rules 

for simulation execution. The user must implement his/her own algorithm, or 

use off-the-shelf simulation packages which implement an algorithm. The 

situation is entirely different with PNs. The PN formalism not only describes 

the PN but also includes execution rules through the transition firing rule 

mechanism (subsection 7.2.3.) 

This execution support of PNs is a powerful advantage over BDs. The 

execution of the simulation in PNs is built-in into the PN formalism. However, 

the user should take care that these execution rules are in accordance with the 

simulation requirements of CDSs. As detailed in section 4.4, during simulation 

of a CDS, specified by a BD, all the components of the BD must be traversed in 

a certain order. It is required to ensure that the PN execution rules generate the 

same traversal of the transitions. This requirement can be fulfilled through the 
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correct initial marking of the PN. For example. Figure 8.7 shows the PN 

structure from Figure 8.6 with an initial marking. Note that in PN terminology, 

when an initial marking is added to a PN structure, we get a complete PN. 

• & 

o 

<3- <3-

3 
O 

H 

Figure 8.7: A PN Representation of the BDS in Figure 8.5 

The initial marking in this example has a token at places / and 3. This 

ensures that the first transition to fire will be S ,̂ which is also the block that 

executes in the BD. It is easy to see that the sequence of firings will be: S„. G. Sp 

and H. This is exactly the same sequence as in the BD in Figure 8.5. The tokens 

in the input places of a transition are associated with the component's input 

signal. When the transition fires, its associated action is executed. The resulting 

output signal will be assigned to the tokens in the output places. Thus, a 

transition firing simulates a block execution in the BD. The tokens that "travel 

across" the transition simulate the signal flow across the dj^namic component. 

Thus, the transition firing rules make it possible to simulate the CDS. 

After all the above issues have been incorporated into the CDPNS. the 

result is a PN which completely models the CDS. Both the structure and the 

dynamics of the CDS are now represented in the PN. Thus, the resulting PN is 

ready for use as an analysis tool for CDSs. In this work, this type of PN is 

named the Continuous Dynamics Petri Net. 
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8.6 Modeling Hybrid Dynamics Systems 

The research subject is the modeling of hybrid dynamics systems. In 

sections 8.3 through 8.5. continuous dynamics systems have been discussed, the 

reason being that a BD models only continuous dynamics. 

Unlike BDs. PNs are excellent for modeling discrete events. Therefore, 

once a PN has been constructed for the continuous dynamics, the discrete 

events can be readily specified. Thus, the incorporation of the discrete event 

dynamics into the PN comes only as an addition to an already existing PN. The 

concepts and issues that arise from this phase are discussed in a separate 

chapter. 
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CHAPTER IX 

MODELING THE STRUCTURE OF THE 

CONTINUOUS DYNAMICS SYSTEM 

9.1 Introduction 

The specification of a CDS by means of a PN involves two phases: 

modeling the structure of the CDS and incorporating the system's dynamics. 

The first stage results with the CDPNS. This chapter covers this first stage. The 

chapter provides a formal treatment of the relations between the structures of a 

BD. a PN and a CDS. This formal approach uses graph theory principles to 

obtain and analyze the graph representation of the structures of these entities. 

The directed graph (DG) is used as a common specification tool for all three 

entities. It is shown that the structure of a CDS and its representation by a BD 

and a PN can all be modeled by a single DG. Thus, the DG is a fundamental 

mathematical construct in this work, that provides a unified representation of 

the structure of a CDS. 

The relation between the various models is shown in Figure 9.1. This 

figure is a variation of Figure 8.1. In Figure 9.1. the portion covered to this 

chapter was emphasized by thick lines. The portions of the figure that are 

shown in broken line will be treated in subsequent chapters. 

The major feature shown in Figure 9.1 is that it is possible to derive 

different representations of the structure of a CDS from a single DG. It will be 

shown that a DG is actually a model of a CDS. Thus, it is possible to use it to 

construct the structure of a BD and a PN that models the CDS. It is also possible 

to reconstruct the structure of the CDS from the DG. 

This characteristic of the DG also provides the mechanism for 

conversion between the structures of any of the above representations (CDS. BD 

or PN). Given the structure of any of these forms, derive its DG. then use the 

DG to construct the structure of any other form. Thus, the DG plays the role of 

an agent for conversions between models' structures. 

The relation between a DG and a PN structure is well established in the 

literature [Murata 1989]. This is indicated in Figure 9.1 by the broken line 

connecting the blocks DG and CDPNS. In this research, the application of the 
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Figure 9 .1 : Modeling a CDS Structure 

78 



DG is extended to "complete" the picture. New formal definitions are developed 

for the relations between a DG and the structures of a BD and a CDS. 

9.2 A continuous dynamics System 

The term "continuous dynamics system" encompasses a wide range of 

characteristics in a system. It may be necessary to model all the physical 

components in the system, their interconnections, the system's initial state, 

operational specifications and physical structure and characteristics. This work 

involves modeling a CDS by a BD. Thus, for the purpose of this research, the 

parts that need to be modeled include those features captured by the BD. 

A continuous dynamics system of degree n is defined as follows: 

Dy(y)=D^(t.X) (9.1) 

where. 

D is an n-element vector of differential operators, 

t is the independent variable, time, 

y is an n-element vector of dependent variables. 

X is an nxn matrix. Each element of X is either a dependent 

variable or a special variable. o. such that 

D(t.O.Xi.X2. . . . )=D(t.Xi.X2. . . . ) . 

In the rest of this dissertation, and without loss of generality, it will be 

assumed that a CDS is specified by a system of SISO linear differential 

equations. However, it should be emphasized that this restriction is only for 

purposes of convenience and that the following applies also to non-linear and 

MIMO systems. 

Consider, for example, the following CDS: 

a=at+^ 

b=a 

c=a 

aid+/?id+7id=b 

(1) 
(2) 

(3) 

(4) 
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«2e+/?2e+72e=c 

f=d+e 
(5) 

(6) 

In terms of equation (9.1). we have: 

D,=(/././.D2(c.i,/Ji.7i).D2(a2./52.72)./)'' 
D:,=(L(a./?)././././.L(l,l))^ 

y=(a,b.c.d,e,f)^ 

X= 

o 
a 
a 
b 
c 
d 

o 
o 
o 
o 
o 
e 

D is a second-order linear differential equation and L is a linear function. 

9.3 Structure and Dynamics of a continuous dynamics System 

A complete specification of a CDS by means of a BD involves two 

elements: the structure and the dynamics. It is thus, very helpful if the formal 

definition of a CDS, as in equation (9.1) could also be "broken" into such two 

parts. For this purpose, new definitions are presented of the structure and 

dynamics of a CDS. 

9.3.1 The Structure of a continuous dynamics System 

Given a CDS in the form of equation (9.1). the structure. S. of the CDS 

is defined by the ordered pair S^(y,X). where y is an ordered n-tuple such that 

Mi)=y(i) ^^^ ^ is an ordered n-tuple whose elements are sets. S,. of n 

elements each, such that S/(j)=X(i.j). 

9.3.2 The Dynamics of a continuous dynamics System 

Given a CDS in the form of equation (9.1). the dynamics. D. of the CDS 

are defined by the set D=[Dy,Dj.} 
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9.3.3 Input Operator 

An input operator is an operator that has only the independent 

variable (time) as an operand. Typically the operator degenerates to a function 

of time such as: D{i)=8i^+et+o. 

9.3.4 Identity Operator 

The identity operator is defined by: 

/(y)=y. 

This operator will be used in special cases of (9.1). where it is desirable that the 

operator does not change its operand. 

9.3.5 Summation Operator 

A summation operator is an operator that has more than one 

dependent variable as operands. The summation operator always generates the 

sum of its operands: D(yi,y2....)=yi+y2+.... 

9.3.6 System Input 

If Dj- in (9.1) is an input operator then y is the system input. 

9.3.7 Summation Point 

If D̂ - in (9.1) is a summation operator. D:r(xi.X2....). then the ordered 

tuple (y.{xi.X2....}) is a summation point. The component {xi.X2....} is the 

point's input and y is its output. The operator always has the form: y=Xi+X2+.... 

9.3.8 System Output 
A dependent variable that appears in y but not in X is the system 

output. 

9.3.9 Split Point 

Suppose a dependent variable, x, appears in more than one row in X. 

say. rows a.b then the ordered tuple ({ya^y^'"-! -x) is a split point, x is the 
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point's input and {ya-yfo.-..} is its output. The equations in rows a.b.... are 

always of the form: VQ^X. yh=x 

9.3.10 Block Point 

If a row. a. in X contains only one variable (other than o ) . the 

ordered pair (y^.x^) is a block point. 

To illustrates the above terms and characteristics, consider the 

example from section 9.2. The following characteristics are now explicitly 

described: 

a. There is a total of 6 equations in the system. Thus, the system is of 

degree 6. 

b. Equations (2). (3). (4) and (5) contain a single variable each on the 

right-hand side. Thus, they are block points. 

c. In (1), the right hand side of the equation depends on time only. Thus, 

a is the system input. 

d. The variable a appears in the right-hand side of both (2) and (3). Thus. 

({b.c} .a) is a split point. 

e. The variable f appears on the left-hand side of (6). but it does not 

appear on the right-hand side of any equation. Hence, f is the system 

output. 

f. The right-hand side of (6) is a summation, thus, (f,{d,e}) is a 

summation point. 

g. The left hand side of (2) and (3) use the identity operator D(b) = /(b)=b 

and D(c)=/(c)=c. 

The structure of the system is: 

S={y^X). 

& 

where. 

v=(a.b.c.d,e.f) and 

A'=({o,o},{a,o},{a.o}.{b.o}.{c.o},{d.e}) 
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The dynamics of the system are: 

where Dy and D̂ - are defined in the example in section 9.2. 

9.4 Directed Graphs 

The DG is pivotal to this work as it provides a single mathematical 

modeling tool to capture the structure of CDSs. BDs and PNs. For completeness, 

a formal definition of a DG is given as follows [Mayeda 1972]: 

Let V and E be sets. If every e^S corresponds to exactly one ordered 

pair (v/.Vj) where Vi.VjEV. then every member in E is an edge [arc). 

every member in V is a vertex [node) and the set G={V.S] is a directed 

graph. 

Although a DG is a pure mathematical construct, one of the useful 

things about it is that it can be represented by a diagram. Consider, for 

example, the following DG: 

G={V.S]. V={ 1,2.3,4,5}. £:={(1.2),(3.2),(3.1),(1,5).(4.5).(3.4)}. This graph 

can be represented graphically by the diagram in Figure 9.2. 

Figure 9.2: A Directed Graph 
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9.5 Directed Graphs and Continuous Dynamics Petri Net 
Structures 

It has been shown that it is possible to derive a PN structure from a DG 

and vice versa (Murata 1989]. This section reviews the relation between the DG 

and the PN structure derived from it and their relation to the CDPNS. 

9.5.1 From a Directed Graph to a Continuous Dynamics 
Petri Net Structure 

In order to derive a CDPNS from a DG. we first review the derivation 

of a PN structure from the DG. Let G={ V.^} be a DG. The algorithm in Figure 

9.3 can be used to convert the DG to a PN structure. 

PR0CDG2PNS(G) 

Replace all nodes, V/. 

FOR each arc. (v/,V;t) 

Create a place. 

with transitions. 

, DO 

PJ-

Create two arcs (v,. 

arc to pj and (̂  

Remove arc (Vj 

ENDFOR 

ENDPROC 

^j'Vfc) 

.v^) 

Vj) a n d (v j . 

is an output 
V.) 

arc 

such 

of pj. 

t ha t (Vj.Vj) is an input 

Figure 9.3 Procedure DG2PNS 

For the purposes of this research, the PN structure that is derived from 

a DG using the above procedure will be defined to be the CDPNS. Thus, the 

following definition can be made: 

A Continuous Dynamics Petri Net Structwe is a Petri net that is derived 

from a directed graph. 
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It has been shown that a Petri net derived from a DG belongs to a 

special type of nets called marked graph (MG) [Murata 1989]. A MG is a PN in 

which each place has exactly one input arc and one output arc and all arcs have 

unit weight. Therefore, the following is an alternative definition of a CDPNS: 

A Continuous Dynamics Petri Net Structwe is a marked graph. 

9.5.2 From a Continuous Dynamics Petri Net Structure 
to a Directed Graph 

The conversion from a CDPNS to a DG implies the conversion from a 

MG to a DG. This conversion is well-known. Let M be a MG. The DG of M can 

be derived by algorithm MG2DG in Figure 9.4 [Murata 1989]. 

PR0CMG2DG(M) 

FOR each place, pj, in M. with i 

DO 

Create an arc (v,,vjt). 

Remove input arc. (v,,Vj). 

Remove place pj. 

ENDFOR 

Replace all transitions with node* 

ENDPROC 

nput arc (V/ 

and output 

>. 

•v^) 

arc 

and 

(vj . 

output 

V/c). 

arc ( V , •Vfc). 

Figure 9.4: Procedure MG2DG 

The above procedures imply that if a DG is converted to a MG and 

then the resulting MG is converted to a DG. the resulting DG will be identical to 

the original DG. In other words, each DG is associated with a unique CDPNS 

and vice versa. 
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9.6 Directed Graphs and continuous dynamics Systems 

In this section, it is shown that a DG can model the structure of a CDS. 

This capability is a fundamental feature as it makes it possible to convert the 

structure of a CDS into a DG. and consequently derive the CDPNS. 

9.6.1 From a Directed Graph to a continuous dynamics 
System Structure 

This subsection shows how it is possible to derive the structure of a 

CDS from a given DG. Let G={V,£*} be a DG. Without loss of generality, let 

^-{(vi.i.V2.i)'(vi.2,V2,2) (vi.„.V2.n)}. whcrc n is the number of arcs and 

Vf j . iG {1.2}. is the i'th vertex of arc j . Procedure DG2CDSS in Figure 9.5 can 

be used to derive a CDS structure from the G. 

The ordered pair [y.X). resulting from the above algorithm is a 

structure of a CDS. For example, consider the DG in Figure 9.6. Let G={V.S]. 

where V and S are: V={ 1.2.3.4.5.6}. £*-{( 1.2).(2.3).(2.4).(3.5).(4.5).(5.6)}. 

First, assign a consecutive integer to each arc: 

1 2 3 4 5 6 

^={(1.2).(2.3).(2.4).(3.5).(4.5),(5.6)}. 

Arc 1: vi 1=1. There is no arc. i. for which V2./=l. Thus, construct ( I . | o} ) . 

Arc 2: yi.2='2. The second node of arc 1 is y2.i=2. Thus, construct (2.11}). 

Arc 3: v,.3=2. The second node of arc 1 is V2.i=2. Thus, construct (3.{ I}). 

Arc 4: Vi.4=3. The second node of arc 2 is V2.2=3. Thus, construct (4.(2}). 

Arc 5: Vi.5=4. The second node of arc 3 is V2.i=2. Thus, construct (5.(3}). 

Arc 6: Vi.6=5. The second node of arc 4 is V2.4=5 and the second node of arc 5 

is y2.5=5. Thus, construct (6,{4.5}). 

Next, substitute letters, a.b.c.d.e.f. for the integers. 1.2.3.4.5.6. We 

get the following ordered pairs: (a.{o}). (b.{a}). (c.{a}). (d.{b}). (e.{c}). 

(f.{d.e}). 
Finally, use the ordered pairs to construct the structure of the CDS: 

y=(a.b.c.d.e.f).X=({o}.{a},{a}.{b}.{c}.{d.e}). 
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PR0CDG2CDSS(G) 

Assign a consecutive integer. ai = l.a2=2 

FOR each arc number, a,, DO 

to each arc 

find all arcs (vij^.V2jJ.(vij2.V2j2) 

V2,j ; . = V i . a , . 

FOR each arc number, a,. DO 

construct an ordered pair. 

ENDFOR 

IF (no arc is found for some arc 

construct an ordered pair 

ENDIF 

FOR each arc number DO 

Substitute a letter symbol 

b for a2. etc. Make the 

tuples. 

ENDFOR 

ENDFOR 

Construct two n-ordered 

A'=({ki,k2....}i.{ki,k2....}2 {ki,k2,... 

arcs. 

ENDPROC 

( a j , { k i , k 2 — \ I 

es 

) • 

number, â ) THEN 

of the form (a. 

. For example. 

.{o},). 

for 

substitute a 

same substitutions in 

tuples. 

}n), where n 
y={ 

is the 

which 

for aj . 

the ordered 

ai.a2 . . . . a ^ j . 

number of 

Figure 9.5: Procedure DG2CDSS 

Figure 9.6: A DG Example 
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9.6.2 From a continuous dynamics System Structure to a 
Directed Graph 

Algorithm CDSS2DG in Figure 9.7 details the generation of a DG from 

the structure. 5=(y'.;^. of a CDS. 

PROC CDSS2DG 

FOR each yey^ DO 

create an associated arc, (viy,V2y) 

ENDFOR 

FOR each yey^ DO: 

IF (y belongs to a summation point, (y,{xi,X2....})) THEN 

se t : Viy = V2:rrV2x2 = V 2 x p V 2 x 3 " V 2 x i - -

ELSE IF (y belongs to a block point, (y.x)) THEN 

set: Vix=V2y 

ENDIF 

ENDFOR 

Relabel the nodes by consecutive integers. 

Create a set. E. of all the arcs. 

Create a set. V, of all the nodes. 

ENDPROC 

Figure 9.7: Procedure CDSS2DG 

The set. G=(V,5}, resulting from the algorithm is a DG. For example, 

consider the structure. S^(y.X). of a CDS where: y;=(a,b.c,d,e.f) and 

X-({o.o\.{a.0\.{a.o\.{h.o\.\c.o\.{d.e\). First, create an arc for each 

element in y: 

a b o d e f 

£:={(1.2).(3.4),(5,6).(7.8),(9.10),( 11.12)} 
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Let the first element in each ordered pair in E be the element's 

"input." Similarly, the second element in the ordered pair is its "output." From 

observation, it can be seen that the last row of 5 is a summation point, 

(f,{d,e}). Thus, we merge the output node of e and the input node of f with the 

"output" node of d. We get: 

a b c d e f 

5={(1,2).(3.4),(5,6),(7.8).(9,8),(8.12)}. 

Note that the second row in 5 defines the set: 5(2) = {b.(a.c>)}. Thus, 

the ordered pair (b,a) is a block point. According to the procedure, we merge 

the input of a with the output of b. We get: 

a b c d e f 

£:={(1,2),(2,4),(5,6),(7.8),(9,8),(8,12)}. 

Similarly, 5(3) = {c,(a,0)}. Thus, the ordered pair (c,a) is a block 

point. Again, we merge the input of a with the output of c. We get: 

a b c d e f 

5={( 1,2).(2.4).(2.6),(7.8).(9,8),(8.12)}. 

Continuing along the same lines, the ordered pairs (d.{b.o}) and 

(e.{c.o}) are block points. Making the appropriate merges we get: 

a b c d e f 

5={(1,2),(2.4),(2,6),(4,8),(6.8).(8,12)}. 

Relabel the nodes to get consecutive numbers: 

a b c d e f 

£:={(1.2),(2,3),(2,4),(3.5).(4.5),(5,6)}. 
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Define the set of nodes from A: V={ 1.2.3.4.5.6}. 

ThesetG={V.£'} is a DG. 

The above procedures imply that if a DG is converted into a structure 

of a CDS and the resulting structure is converted to a DG. the resulting DG will 

be identical to the original DG. In other words, each DG represents a unique 

structure of a CDS and vice versa. 

9.7 Directed Graphs and Block Diagrams 

This section shows the relation between a DG and the structure of a 

BD. 

9.7.1 From a Directed Graph to a Block Diagram Structure 

Given a DG. G. the structure part of a BD can be derived from the DG 

by algorithm DG2BDS in Figure 9.8. 

DG2BDS(G) 

FOR each node. V/. in G. DO 

IF (V, has exactly one input and one output) OR 

(V, has no input) OR (V/ has no output) THEN 

Replace v, with a block. 

ELSE IF (V/ has exactly one input) THEN 

Replace v, with a split point. 

ELSE 

Replace v, with a summation point. 

ENDIF 

ENDFOR 

FOR each arc DO 

Replace arc by a connection. 

ENDFOR 

ENDPROC 

Figure 9.8: Procedure DG2BDS 
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For example, consider the DG in Figure 9.4. Using the above 

procedure, the BDS derived from the DS is shown in Figure 9.9. 

^ 

1 > -

1 

^ 

Figure 9.9 A BD 

9.7.2 From a Block Diagram Structure to a Directed Graph 

Given a structure of a BD, B. a DG can be derived from the structure 

by algorithm BDS2DG in Figure 9.10. 

BDS2DG(B) 

FOR each execution element, e,. in B. DO 

Replace e, with a node. 

ENDFOR 

FOR each connection DO 

Replace connection by an arc. 

ENDFOR 

ENDPROC 

Figure 9.10: Procedure BDS2DG 

Figures 9.4 and 9.9 can be used again as an example, this time in reverse order. 

Given the BDS in Figure 9.9. a DG can be derived, using algorithm BDT2DG. 

The resulting DG is shown in Figure 9.4. 
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The above procedures imply that if a DG is converted into a structure 

of a BD and then the resulting structure is converted to a DG. the resulting DG 

will be identical to the original DG. In other words, each DG represents a unique 

structure of a BD and vice versa. 
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CHAPTER X 

CONSTRUCTING THE CONTINUOUS DYNAMICS PETRI 

NET STRUCTURE 

10.1 Introduction 

In Chapter IX. a graph theory approach was presented for specifying 

the relations between the structures of a BD. a PN and a CDS. This chapter 

introduces several techniques, based on the above relations for deriving the 

CDPNS. 

Three different techniques are presented. The first technique uses the 

conversion procedures, detailed in Chapter IX. using the DG. The second 

technique uses a rule-based approach and the third technique combines lessons 

from both previous approaches to define a fast conversion algorithm. 

10.2 Using the Directed Graph 

Chapter IX provides the answer to the question of how to convert the 

structure of a BD into a CDPNS. All that needs to be done is to derive the DG 

from the BDS. This DG is also the DG of the CDPNS. 

For example, it is required to convert the BDS in Figure 10.1 to a 

CDPNS. 

^ ' . 

6 

• 

3 

5 

4 

Figure 10.1: BD Example 
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First, use algorithm BDS2DG to convert the BDS into a DG. We get 
Figure 10.2 

Figure 10.2 A DG for the BDS in Figure 10.1 

Next, use procedure DG2CDPNS to construct the CDPNS. The resulting 
CDPNS is shown in Figure 10.3. 

O 
^ 2 ' 3 ' 4 ' o-

O 
6 

O 

O 
5 

O-

Figure 10.3: The CDPNS Constructed From the DG 

10.3 Rule-Based Conversion 

The rule-based technique is a more intuitive approach. This approach is 

as follows: any BDS can be built from elementary components such as an input 

block, an output block and a summation point. Each of these components will 

be converted into an equivalent PN component. Combining these PN 

components generates a CDPNS. TTius, the conversion procedure requires first 

to break the BDS into its components, convert the components into equivalent 

PN components and connect these PN components to get the final CDPNS. 
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The following sections describe the various BD components, their PN 

equivalents and the rules for combining them. 

10.3.1 Block Diagram Components 

Any BDS can be viewed as constructed by combining elements from a 

set of basic components. For the purposes of this research, the basic 

components that will be used are: a block, a summation point, and a spht point. 

These components were described in Chapter VIE. Notice that each basic 

component of a BD is in itself also a BDS. 

10.3.2 Breaking a Block Diagram Into Components 

In order to determine the PN structure representation of a BD at the 

component level, the BDS is broken into its components, using algorithm 

BDS2BDC in Figure 10.4. 

BDS2BDC 

FOR each connection (arc) DO 

IF connection (ISNOT (Input)) OR (ISNOT (Output)) THEN 

Break connection into two sequential connections 

ENDIF 

ENDFOR 

ENDPROC 

Figure 10.4: Procedure BDS2BDC 

For example, consider the BDS in Figure 10.5. Connections i and o are 

input and output, respectively. Thus, they are not changed. None of the other 

connections are an input, nor an output. Thus, each one of them is broken into 

two sequential connections. Figure 10.6 shows the breaking points of these 

connections. 
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The broken lines in the figure designate the suggested locations where 
each connection is broken into two. After breaking the connections, we get the 
basic components. The final result is shown in Figure 10.7. 

- > • • - O o 

Figure 10.5: Example of a BDS 

-O o 

Figure 10.6: Breaking Each Non-1 0 Connection Into Two 

Block 

^ 

' Block 

Summation Point 

o O 

Figure 10.7: Identification of the Components 
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10.3.3 Petri Net Representation of Block Diagram Components 

Each BD component is converted into its PN representation. Each PN 

representation is derived using algorithm BDC2PNC in Figure 10.8. 

BDC2PNC 

Replace the BD component symbol (block, summation point, split 

point) with a transition. 

For each input connection, add a place at the beginning of the 

connection. 

For each output connection, add a place at the end of the connection. 

END PROC 

Figure 10.8: Procedure BDC2C 

The following subsections show the PN representation of each BD 

component, derived from the above procedure. 

10.3.3.1 Block 

Figure 10.9 shows the BD single block component and its PN 

representation. The tokens in places. U and Y hold the signals u and y. 

respectively, from the BD component. The transition represents the block. P(s) 

is the action, associated with the transition, typically a transfer function. The 

symbol T represents a delay (which may be of value zero), that can be 

associated with the transition. 

U 

P(s) 

Figure 10.9: BD Single Block Component and Its PN Equivalent Component 
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10.3.3.2 Summation Point 

Figure 10.10 shows the BD summation point component and its PN 

representation. Here, each of the incoming signals in the BD become input arcs 

to the transition. The tokens in places U.R and S represent the signals in u.r 

and s. respectively. The transition has a "-" action associated with it. meaning 

that when it fires, the signals u and r are summed and the sum is associated 

with the token at place S. 

u 

u-t-r 

Figure 10.10: BD Summation Point Component and Its PN Equivalent Component 

10.3.3.3 Split point 

Figure 10.11 shows the BD split point component and its PN 

representation. All signals in a split point have the same value, u. Thus, the 

tokens in all the places in the PN representation represent a signal that is not 

processed. Instead, the signal associated with the token at the input place. U. is 

simply copied to the tokens in the output places. S and R. This is achieved by 

the action associated with the transition. When the transition fires, after delay 

T. the token in the input place. X. is "transferred" to the output places. S and 

R. 

10.3.4 From a Block Diagram to a Continuous Dynamics 
Petri Net Structure 

Using the above representation of BD and PN components, it is possible 

to convert the structure of a BD to a CDPNS. Consider the structure of the BD 

shown in Figure 10.12. 
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Figure 10.11: BD split point component and its PN equivalent component 
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Figure 10.12: BD Example 

First, the BD is broken into its components, as shown in Figure 10.13. 

where each component is labeled as in the original BD. 

Summation Point 
1 ^-.2 
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Block 
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Block 
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Split Point 
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Figure 10.13: Breaking the Example BDS Into Components 
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Next, the PN representation of each BD component is derived. The 
result is shown in Figure 10.14. 

Split Point 

3 

LJ • 

4 

5 

' ' 

Figure 10.14: Converting the BD Components Into the Equivalent PN Components 

Finally, the individual PN representations of BD components are 

interconnected, using the following rule: connect an output arc number i with a 

place that has an output arc of the same number, i. Additionally, an input 

transition and an output transition are added at the appropriate places, to 

make the diagram into a correct PN. The result is shown in Figure 10.15. 

Input transition 

^ 

o 

o 

o- 2 3 

5 

Output transition 

Figure 10.15: CDPNS for the Example BDS of Figure 10.9 
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10.4 Fast Conversion 

The diagrammatic similarity between a BDS and its CDPNS is clear. 

From this similarity and the central role of the DG in the conversion from a BD 

structure to a CDPNS. the CDPNS can be derived by executing algorithm 

BDS2CDPNS in Figure 10.16. 

PROC BDS2CDPNS 

Replace each operational component (block, summation point, spli 

point) with a transition. 

Plug a place on each arc. 

ENDPROC 

Figure 10.16: Procedure BD2CDPNS 

For example, the application of the previous example is shown in 

Figure 10.17. 

10.5 Example 

To conclude this chapter, a more realistic example is presented. The BD 

starting point is that of the autopilot from Grace's book [Grace 1990]. The BD 

for this example is presented in Figure 6.8 and reproduced in Figure 10.18 

without most of the annotation, for clarity. Figure 10.19 shows the CDPNS 
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Figure 10.17: Quick Conversion From a BDS to the CDPNS 
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Figure 10.18: Example of a BD of an Autopilot [Grace 1990) 
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Figure 10.19: The CDPNS for the BD in Figure 10.18 
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CHAPTER XI 

MODELING THE DYNAMICS 

11.1 Introduction 

This chapter discusses the implementation of the system's dynamics in 

the PN model. Figure l l . l . which is a variation of Figure 8.1. describes this 

phase. The bold lines show the part of the work presented in this chapter. The 

dynamics of a CDS cannot be represented in the BDS. The dynamics data must 

be "attached" to the BDS by means of annotation and a legend as shown in 

Figure 8.2. The situation is somewhat different when we want to incorporate the 

CDS's dynamics into the CDPNS. In this case, some of the dynamics can be 

represented as an integral part of the PN formal specification. 

If HLPNs are used, as is in this research, all the dynamics can be 

incorporated into the PN formalism. This modeling capability supports data 

manipulation of the CDS. Also. PN analysis techniques such as reachability, 

and liveness, apply to the dynamics of the CDS, not only to its structure. A 

disadvantage is that the resulting PN is more complex. 

The following paragraphs briefly describe the various dynamics issues 

that need to be handled by the PN representation of a CDS. 

a. Timing: Timing in a BD is essential for the simulation of the dynamic 

system. A BD in itself does not model time. Thus, it is easy to 

incorporate timing explicitly into a simulation engine which is derived 

from the BD. In contrast, timing is integrated naturally into PNs. A 

conversion algorithm needs to provide the rules for specifying time (or 

stochastic) PNs. 

b. Initial Marking: A fundamental part of a PN specification is its initial 

marking. The initial marking ensures both correct data handling and 

execution management of the net during simulation. 

c. Data: A BD processes data. The PN model has to be able to process the 

same data. This includes the requirement to route data from block to 

block and to manipulate data at each block. The PN must carry out these 

operations correctly. 
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Figure 11.1: Modeling a CDS Dynamics 
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d. Execution: There are well defined rules for executing the simulation of a 

dynamic system modeled by a BD. Similarly, there are well defined rules 

for executing a PN. The specification of the representative PN must be 

such that its execution will provide a correct simulation. 

After the above dynamics items were incorporated into the CDPNS. the 

result is a complete HLPN. capable of modeling CDSs at least at the same 

modeling power as BDs. This HLPN is termed Continuous Dynamics Petri Net 

(CDPN) in this work. 

The remainder of this chapter addresses the above issues. The chapter 

uses the same example as in Chapter X. The starting point was the BD shown in 

Figure 10.12. It is assumed that the CDPNS was derived from the BDS. using 

one of the techniques, presented in Chapter X. The various dynamics 

components are addressed and it is shown how to implement them as additions 

to the CDPNS. 

11.2 Timing 

There are two types of timing that need to be handled in the equivalent 

PN. One type is "synthetic" discretization delays for simulation. The second 

type is "real" physical delays in the system. These types are detailed in the 

following subsections. 

11.2.1 Simulation Delays 

In order to enable a numerical simulation of the dynamic system, it is 

required to discretize time [Kou 1987]. Thus, it is necessary to be able to 

"freeze" time at a certain value, compute the output of all the transitions, then 

advance time by the discretization step, freeze it again and so on. 

The simulation delay can be implemented in a CDPNS by using a 

special "Master Clock" input transition. This transition has a fixed delay. T. 

which is the discretization (or integration step) time. Figure 11.2 shows the 

example CDPNS from Chapter X with a master clock input transition. Notice 

that the "Master Clock" transition in this implementation is also an input 

transition, as defined in Murata [1989]. An input transition fires 
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unconditionally. The input transition in Figure 11.2 is also a timed transition 
with a fixed delay. T. 

As shown in the figure, the fixed delay. T. will cause the transition to 

actually fire exactly every 7 time units, placing a new token in its output place, 

thus, starting a new simulation cycle. As seen from the figure, all the other 

transitions are immediate. Therefore, as soon as a new token "enters" the net 

(from the input transition), all the immediate transitions are enabled in 

sequence. The token will "travel" through the circuit, "visiting" each place 

once, and finally remaining in place f. It will stay there until an integration 

interval, T. has passed, beginning a new computation cycle. 

r> ' ^ 

master clock input transition 

r o 
Su 

O 
f 

e o 
0 

Figure 11.2: A CDPNS With a Master Clock Input Transition 

11.2.2 Physical Delays 

A distributed control system experiences various signal travel and 

processing delays. These delays also have to be modeled by the CDPNS. This 

requirement does not necessitate any special mechanisms since the PN 

formalism supports delays. To simulate physical delays, appropriate transitions 

are associated with the appropriate delays, either deterministic or stochastic. 

For example, consider the system shown in Figure 11.2. Transition P2. 

typically, represents a controller. Suppose this controller is remote. Its operation 

may be associated with a fixed delay, T. due to transmission delays. The 

implementation of this phenomenon is achieved by changing the type of 
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transition, P2 from an immediate transition to a timed transition with a fixed 

delay, T. The resulting PN is shown in Figure 11.3. 

11.2.3 Controlling Simulation and Physical Delays 

Physical delays are "real world" delays. They are specified as part of 

the dynamic system, and the model (either a BD or a PN) must simulate them. 

Simulation delays, in contrast, are synthetic and are set by the designer of the 

model. However, the simulation delay cannot be arbitrary. Even if the model 

does not contain physical delays, the simulation delay should be carefully set so 

as to suit the numerical integration accuracy requirements. 

Figure 11.3: An CDPNS With a Delayed Transition, T 

Physical delays place constraints on the simulation delay. Consider, for 

example, the system described in Figure 11.3. Suppose it was decided that a 

sufficiently small integration step for this system is one tenth of a second. 

Then, the master clock delay is set to 7=0.Is. Suppose now. that the remote 

controller (P2) delay is T = .01S. Obviously, a small physical delay will get lost in 

a large integration delay. As a result, the physical delay of the controller will 

not be captured by the model. In this case, it is required to reduce the 

simulation delay sufficiently so that the physical delay will be modeled. 

In fact, it is easy to appreciate this requirement and correctly solve the 

problem, if the physical delay is considered just another "regular" dynamic 

element time delay. Each dynamic element has an inherent time delay between 
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Its input signal and its output signal. This delay is termed the system's "time 

constant." The time constants of the dynamic system components dictate the 

correct simulation delay. A rule of thumb is [Kuo 1987]: 

The integration step should be approximately one third of the smallest 
time constant. 

An easy way to take physical delays into account is to regard them as 

time constants and apply the above rules. In this way, the simulation delay will 

be the correct one to properly simulate physical delays. 

11.3 Input/Output 

A BD always has at least one input signal and one output signal. These 

signals carry data. A mechanism must be incorporated into the PN to provide 

input signals and collect output data. 

There are various ways to achieve this goal. The solution for a specific 

application depends primarily on the implementation of the PN mechanism. A 

general requirement is that the PN be able to manipulate data. Moreover, the 

data manipulation must take place at the right time and right place in the PN. 

Typically, input data must be read at the beginning of each simulation cycle at 

the net's input and output data must be recorded at the end of each simulation 

cycle at the net's output. This synchronization requirement implies that input 

data manipulation should be associated with the input time transition firing and 

output data manipulation should be associated with the output transition firing. 

The above requirements can be accomplished if HLPNs are used. These 

types of PNs have the capability to associate data with tokens and manipulate 

the data when a transition fires. For example, firing of the input timed 

transition can cause the current input signal to be read from some place where 

the data are stored. These data then can be associated with an input token. A 

similar mechanism can be used for output data. 

Figure 11.4 shows an example that implements these mechanisms. 

Places P/ and P^ store input and output data, respectively. When the input 

transition. I, fires, input data are read and associated with the token at place P/. 

A new token is generated, associated with the data from the P/ token and 

placed at place /. Since place P/ and transition I are connected through a self 
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loop, the token from P, is "cycled" back to P, during each firing of I. A similar 

mechanism works for the output portion of the net (places o and P^ and 

transition O). 

Su 

Cy 
4 

2 

Pi 

'o 

Figure 11.4: A CDPNS With I/O Data Handling Capability 

11.4 Transition Execution Parameters 

In a CDPN, whenever a transition fires, the data associated with that 

transition's input tokens are manipulated. In order to perform the correct 

manipulation, the transition needs to have various parameters available. For 

example, a transition executing a Gain operation, needs to know the value of 

the gain. Therefore, each transition in the PN can be associated with some 

preset parameters. 

Making the necessary parameters available to the transitions can be 

accomplished with the same technique as the I/O implementation, described in 

section 11.3. Each transition is connected to a parameter place through a 

self-loop connection, as shown in Figure 11.5. The split point transition. Sp. 

may not require a parameter place if the split operation does not require any 

data. 

The following paragraphs briefly describe the typical parameters 

required for each type of transition. 
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a. Block - there is a large variety of possible block operations, each 

requiring a different set of parameters. Here, only the most popular case 

of a second-order linear differential equation will be considered. 

Suppose transition Pj in Figure 11.5 is associated with transfer function 

of a second-order linear system. This type of system is modeled by the 

following differential equation: 

Figure 11.5: A CDPNS With Transition Parameter Mechanisms 

ay+by+cy=f, y(0)=yo, y(0)=yo 

To execute this equation numerically during simulation, the coefficients 

a.b and c are necessary. Also, the initial conditions, yo and yo- need to 

be stored across simulation cycles. Thus, the parameters for transition Pi 

are {a.b.c,yo,yo}. These parameters will be maintained at place Pp 

throughout the execution (simulation) of the PN. Each time transition Pi 

fires, the action associated with the transition executes an integration of 

the differential equation. The token in place Pp provides the necessary 

parameters for the integration and the transition action updates the 
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initial conditions, yo and yo. These new values are stored at place Pp and 

will be used during the next execution of the transition action. The use of 

a special place to hold block action data, as is shown here, is an 

extension of the proposed technique by Brielmann [ 1994]. who suggested 

to add special places for holding initial conditions. The second-order 

linear differential equation can be used to model simpler equations with 

the correct manipulation of the parameters, {a.b.c} [Gotesman 1992]. 

Thus, the same parameter set can also be used to execute first-order 

linear differential equations and pure gains. If this option is used, an 

additional parameter is required, that flags the type of equation. 

^- Summation Point - The parameters for executing a summation point 

specify the sign of each input signal. 

11.5 Initial Marking 

The initial marking of a CDPNS has to address several issues. All the 

issues fall in the categories of data handling and correct execution. The 

following subsection describe these issues. 

11.5.1 Input/Output 

This subject was covered in section 11.3. In order to introduce I/O 

capabilities into the CDPNS. it is necessary to incorporate an input place and an 

output place into the model, as shown in Figure 11.4. It is easy to see that these 

I/O places must contain a token at all times. Therefore, the initial marking 

must have a token in the input place and a token in the output place. 

11.5.2 Transition Execution Parameters 

Figure 11.5 shows the special places added to the transitions in order to 

provide each transition with the data parameters needed. These parameters 

must be available all the time. Thus, the initial marking should include a single 

token at each parameter place, as shown in Figure 11.5. 

11.5.3 Liveness 

A simulation of a dynamic system modeled by a BD requires to traverse 

the entire BD each simulation cycle (integration time step). As pointed out by 
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Gotesman [1992]. the order in which the blocks in the BD are "visited" is very 

important for the correct and accurate simulation. This is achieve by a 

breadth-first traversal (bft) of the BD. 

A BD does not contain "execution rules." The traversal mechanism 

must be implemented "outside" the BD and use the BD as an operand. In 

contrast. PNs contain all the data required to correctly execute a simulation. 

The rules of transition firing and token manipulation are built-in into the PN. 

However, these rules do not necessarily follow the simulation rules of CDSs. 

In fact, the initial marking rules, described in the previous subsections 

may not be sufficient. An important issue that needs to be addressed is that of 

liveness. In order to ensure complete and uninterrupted simulation, the PN must 

be live. 

Consider, for example the PN in Figure 11.5. It is easy to see that a 

simulation of the net will start with the firing of the input transition. I. This 

firing will place a new token in place /. However, at this stage, the net's 

execution stops, since no transition is enabled, until the master clock delay. T. 

has elapsed. Then, transition I fires again and places another token in place I. 

Thus, instead of traversing the entire net. only the input transition fires 

repeatedly and place 1 is unbound. 

This problem can be solved by making some important observations. 

As previously indicated, a marked graph is a PN with the special property that 

each place has exactly one input arc and one output arc. This observation leads 

to the solution of the liveness problem in the PN representation of the dynamic 

system. The solution is derived from the following theorem [Murata 1989]: 

Theorem: A marked graph is live if and only if the initial marking 

places at least one token on each directed circuit in the marked graph. 

Notice that each execution parameters place constitutes a circuit. It is 

already established that each of these places should contain a token in the 

initial marking. Next, it is easy to see that the set of places {2,3.5.4} in Figure 

11.5 also constitute a circuit. However, there are no tokens on this circuit. 

Thus, to complete the initial marking, it is necessary to add one token on each 

circuit in the CDPNS. The PN from Figure 11,5 should look as in Figure 11,6. 
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The CDPNS with the addition of the special mechanisms for modeling 

the dynamics of the systems, as described in this chapter, constitute the PN 

that fully models a continuous dynamics system. This PN, termed a Continuous 

Dynamics Petri Net (CDPN) is a marked graph with special additional HLPN 

mechanisms that handle timing and data manipulation. 

Figure 11.6: ACDPN 

11.6 Multiple Input Multiple Output Systems 

This section presents the modeling of more complex systems than single 

input single output (SISO) systems, namely multiple input multiple output 

(MIMO) dynamic systems. 

In a MIMO system, each dynamic element may have multiple inputs 

and multiple outputs. Each output may be a function of more than one input. 

Figure 11.7 shows an example of a generic MIMO system with p inputs and q 

outputs. As seen in the figure, each system input, ri.r2 rp, is symbolized by 

an arrow pointing into the system block. Similarly, each system output. 

Oi,02 Oq. is symbolized by an arrow emanating from the system block. This 

leads to the following observations: 
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In a BD representation of a SISO system, each block has a single 

incoming arrow and a single outgoing arrow. 

In a BD representation of a MIMO system, at least one block has 

multiple incoming arrows and at least one block has multiple outgoing 

arrows. 

Similar to the modeling of SISO system dynamics, the dynamics of a 

MIMO system, such as that depicted in Figure 11.7. are modeled by means of 

differential equations (which can be any combination of linear and non-linear 

equations). In a MIMO system, though, the dynamics of each block are 

represented by a set of equations, each of which models a single output 

variable. It is customary to use matrix representation for MIMO systems. Thus, 

the plant dynamics. G(s). are represented by means of a (qxp) matrix of 

differential equations, rather than a single differential equation, as in a SISO 

system. An element. G/j(s). of the matrix represents the contribution of input j 

on output i. An output, o,. is then found by: 

j = i 

ri 

r2 

r 
' P 

• 
• 
• 

»-

^ 1 

G(s) • 
• 
• 

^ 

fc 

Oi 

0 2 

'i 

Figure 11.7: A BD Representation of a MIMO System 

A diagrammatic representation, as described above, will significantly 

increase the complexity of the BD and. hence, the complexity of the CDPNS 

that models this dynamic system. However, it is possible to simplify the BD 

representation of the system by using vector notation. Using this approach, the 

system, now. can be modeled using the BD in Figure U.S. 
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In this representation, all the inputs are represented symbolically by a 

vector, r. of length p and diagrammatically by a single incoming arrow. 

Similarly, all the outputs are represented symbolically by a vector, o. of length 

q and diagrammatically by a single outgoing arrow. The MIMO dynamics, G(s), 

of the system are the same as for the representation in Figure 11.7. The output 

of the system is calculated by the matrix expression 

o=Gr. 

o 

Figure 11.8: A Simplified Representation of MIMO System 

As can be seen in Figure 11.8, the structure of a MIMO system, using 

the simplified notation, is identical to that of a SISO system. It is also obvious 

that using this notation, any MIMO system BD structure will be identical to that 

SISO BD. These observations can be summarized in the following statement: 

SISO and MIMO systems differ only in the dynamics. 

This statement implies that the BD structure of a MIMO system is that 

of a SISO system. Thus, all the principles for handling the structure of SISO 

dynamic systems are applicable, without change, to the structure of MIMO 

systems. The difference will be only in the dynamics associated with the blocks 

in the BD. 

Since the BD structure of the MIMO system is identical to that of the 

SISO structure, the resulting CDPNS will be identical to that of the SISO system. 

This is shown in Figure 11.9. And as in the BD model, the difference between 

the PN representation of the SISO and MIMO systems is in the dynamics 

associated with the PN. 
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In a PN that models a SISO system, the action that is associated with 

each transition solves a single differential equation. In contrast, for the MIMO 

system, each action implements a (qxp) matrix of transfer functions, just as in 

the blocks in the BD. Also, in the PN for a SISO system, each token represents a 

single (scalar) signal by associating it with the value of the signal. In the case of 

the MIMO system, each token will be associated with a vector \alued signal. 

Thus, for example, a token at place r is associated with a vector of length p. 

and the token at place q is associated with a vector of length q. 

It is important to note that the above differences are not part of the 

basic PN formalism, since basic PNs do not support data representation and 

manipulation. This capability is available only in high-level PNs and is 

implemented through user written code that is executed during the PN 

execution. 

Figure 11.9: The CDPN for the MIMO System 

Consider, for example, a MIMO version of the classical SISO feedback 

loop system. Suppose that the number of inputs to the system is p=2. and the 

number of the outputs of the system is q=2. The BD of the SISO system is shown 

in Figure 8.5. The BD for the MIMO version is shown in Figure 11.10. The 

differences between the two figures are: 

The signals in the SISO system are scalars. The signals in the 

MIMO system are vectors. 

Each block in the SISO is associated with a single transfer 

function. Each block in the MIMO is associated with a matrix of 

transfer functions. 
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The structure of the BD is that of a SISO system. In fact, it is the 
structure of the SISO single feedback loop of Figure 8.5. The only difference 
between the SISO and the MIMO systems is in their dynamics, which are 
modeled by the legend. Thus, in the MIMO system, the signals I, r. e, y, 0. f 
are all vectors of length 2. and the dynamics associated with the blocks are 
modeled by a (2x2) matrix, each. 
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Figure 11.10: The BD of the MIMO Single Feedback Loop System 

11.7 Complexity of the Continuous Dynamics Petri Net 

Consider the example that was presented in the previous sections. The 

starting point was the example BD in Figure 10.12. and the CDPN for this 

example is shown in Figure 11.6. Observation of these two diagrams shows that 

the CDPN is more complex than the BD it represents. It is therefore desirable to 

get an estimate of the complexity of a CDPN. relative to the BD from which it 

was derived. 

Let the complexity of the BD be measured by the number of execution 

components of the BD. The execution components of a BD were defined to be 

the blocks, the summation points and the split points (Chapter VI). To 

facilitate the analysis, it is also assumed that the BD has I/O blocks. Let n be 

the total number of execution elements in the BD. 
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First, we want to get an estimate of the number of transitions in the 

CDPN. It was shown (Chapter X. fast conversion) that in the conversion process 

from the BD to the CDPNS. each execution component in the BD is replaced by 

a transition in the PN. Thus, the number of transitions in the CDPN is also 

Nf^n. 

Next, we want to estimate the number of places in the CDPN. Two 

sources contribute places to the CDPN: the structure and the dynamics of the 

system. From the dynamics source, it was shown in this chapter that a special 

transition parameter place should be added to each transition. This contributes 

n places to the CDPN. 

The structure source makes the following contribution. The fast 

conversion, introduced in Chapter X. shows that a place should be "placed" on 

each arc of the CDPNS. Thus, the number of places from this source is equal to 

the number of arcs in the CDPNS. From the fast conversion, it is easy to see 

that the number of arcs in the CDPN is equal to the number of connections in 

the original BD. The number of connections in a BD depends on the dynamic 

system it models which differs from system to system. However, it is possible to 

derive an upper bound for this quantity. 

In Chapter IX. it was shown that a BD and its associated CDPNS can be 

represented by a DG. A graph with n vertices will have the maximum number 

of arcs if the graph is complete. Thus, the CDPNS will have the maximum 

number of places if its associated DG is complete. From graph theory, it is 

known that the number of arcs of a complete graph with n vertices is 

Kn-^^ . Thus, the maximum possible number of places in a CDPN is 

The following conclusions can, then, be made from the above 

considerations. 

a. The total number of transitions is N̂  € 0( n) 

b. The total number of places is NpGO[n^). 
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CHAPTER XII 

MODELING NETWORKED DYNAMIC SYSTEMS 

12.1 Introduction 

The previous chapter referred to the construction of CDPN as a 

representation of a CDS. As noted. BDs do not capture discrete event 

phenomena inherent in networked systems. Thus, BDs can model only 

non-networked systems. Naturally, it is desired to be able to derive from the 

HDS specification a PN representation that captures events in networked 

systems. To incorporate this extended capability, it is necessary to address some 

problems. 

This chapter presents the problems associated with applying PNs to 

the modeling of networked systems. Possible solutions are suggested and 

discussed. The material covered in this chapter is shown in Figure 12.1. which is 

a replication of Figure 8.1. The portion shown in thick lines is covered in this 

chapter. The remaining elements were covered in previous chapters. 

12.2 Networked Systems Delays 

Networked systems introduce delays in the transportation of signals in 

the system. These delays can originate from several sources: 

1. Signal speed limit. Signals travel at a finite speed. In a network, the 

signal paths may be long enough to cause significant delays between 

message departure from source and message arrival at destination. 

2. Traffic delay. Typically, a computer communications network carries 

multiple messages from multiple sources simultaneously. This causes 

delays due to message traffic. These delays are typically random. 

3. Processing delays. In a networked system, a server services multiple 

clients. A message carrying a request from a client may have to wait in 

queue to be processed. This waiting time causes additional delays which 

are typically also random. 
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Thus, it is important to be able to represent delays in a networked 

system. It should be pointed out that network delays (which are caused by the 

discrete dynamics) are different than continuous dynamics delays. As 

described in Chapter II. discrete events have three random elements: 

1. Their order may be random. 

2. Their duration may be random. 

3. The interval between them may be random. 

Thus, the delays caused by discrete event dynamics have unique 

characteristics. The delay is random in both the time it occurs and its duration. 

In addition, the delay behaves as a sampling switch. During the delay, the 

switch is open. After the delay has elapsed, the switch closes, transferring the 

signal. Thus, a discrete event delay is a delay in the activation and not in the 

response, as is the case with continuous delays. 

BDs do not have the capability to model network delays. Consider for 

example the BDS in Figure 10.9. This BDS is a classical feedback loop. Usually, 

G represents the plant that needs to be controlled and H represents the 

controller. The controller is typically local. 

Suppose, now, that H is a remote controller. The BD cannot capture 

this characteristic. The BD for this configuration will be the same as for the 

case of a local controller. Thus, Figure 10.9 does not change. 

In contrast to a BD. which does not support DEDs. it is easy to 

integrate them into a PN model. The HDPN for the delayed system is shown in 

Figure 12.2. 

Figure 12.2 is identical to Figure 11.6 with one difference. Transition 

P2 now represents a remote element and. thus, delayed by a certain time. T. AS 

detailed in previous chapters. HDPNs employs HLPNs which support timing. 

Thus, each transition in the HDPN can be associated with a delay. In the 

example of Figure 12.2, the remote controller is modeled by transition P2. All 

transitions except P2 (and the master clock transition, P/) are immediate. The 

delay of transition P2 can have a value of zero, which implies that the 

controller is local. However, the delay can also be set to a non-zero value 

which may be fixed or random. 
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Figure 12.2: A HDPN for the BD Structure of Figure 10.9 

12.3 Liveness and Boundness 

As shown in section 12.2. it is easy to model networking delays in a 

HDPN by assigning delays to the appropriate transitions in the PN. However, 

this is not sufficient. Incorporating delays causes liveness and boundness 

problems. 

Consider again the system in Figure 12.2. Suppose that the controller. 

P2 is remote. As a result, this controller introduces some delay (possibly 

random) into the system. When a token "arrives" at place 5. it stays there 

because transition P2 is delayed. Place 4 does not get a new token, which 

prevents transition S„ from firing until the delay time. T. has elapsed. Thus, 

the PN simulation is interrupted and it is stalled until P2 fires. From this 

moment on. the simulation will not run correctly. 

Moreover, as stated in Chapter XI, the simulation time step should be 

substantially smaller than the controller delay ( K < T ) . Consequently, transition 

I should fire several times before T elapses, causing an accumulation of tokens 

in place / (since transition S„ is stalled.) Hence, place / also becomes unbound. 

Again, this situation will cause the simulation to fail. 

Suppose, finally, that the remote controller, P2, serves two clients, 

Clientl and Client 2. Then, while the controller is busy serving Client 1. 
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indicated by a token from Client 1 in place 5. another token arrives at this 

place, which represents a request from Client 2. Consequently, the situation of 

multiple clients sending requests to the controller will cause an accumulation of 

tokens at place 5. Thus, place 5 becomes unbound. This situation is shown in 

Figure 12.3. 

It is easy to see that these problems disrupt the correct execution of 

the PN. To remove these obstacles, several solutions were developed. 

12.4 Modeling of Delay 

The following sections bring several different solutions for the above 

problems. Advantages and disadvantages of each solution are described. 

12.4.1 Transition Action 

One way to solve the problem is to shift the modeling of the delay 

from the transition timing to the transition action. Transition timing and 

transition action are supported by HLPNs. The transition timing associates a 

delay with the transition. The transition action defines actions that take place 

on the data associated with new tokens that are created when the transition 

fires. 
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In this approach, the transition is not associated with a delay. Thus, it 

becomes an immediate transition. When the transition fires, the action 

associated with it is executed. The action code checks whether the delay time 

has already elapsed. If the delay time has not yet elapsed, the new token. 

generated at place 4 in Figure 12.3 is associated with the old signal. If the delay 

time has elapsed, a new value for the signal is computed and assigned to a new 

token. 

The main advantage of this technique is its simplicity. A disadvantage 

is that the delay phenomenon is no longer a part of the basic PN formalism. 

Thus, it is not "visible" to the formal analysis methods for PNs (reachability 

analysis and stochastic analysis.) 

12.4.2 Self-Loops 

Another approach to solving the above problems, is to add self-loops 

at some of the transitions. Correct design of these loops will solve both the 

liveness and boundness problems. Figure 12.4 shows how this technique is 

applied to the example PN from Figure 12.2. 

Figure 12.4: A HDPN With Self-Loops to Preserve Safeness 
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The additional self-loops in the PN are shown in thick lines. In order 

to ensure liveness of the self-loops, places 4 and 5 must contain each a single 

token in its initial marking. Each time transition Ŝ  fires, the arc (S„.4) 

"returns" a new token to place 4. Thus, there is always a token in place 4 

ensuring transition S„ is live. Similarly, place 5 will always contain a token due 

to the loop arc (P2,5). The loop arc (5,Sp) guarantees the replacement of the 

token in place 5 with a new token from place 3 when transition Sp fires. This 

prevents an accumulation of tokens in place 5 during the time transition P2 is 

delayed. When transition P2 fires, the "old" token in place 4 is removed 

through loop arc (4,P2), and the token from place 4 is "transferred" to place 

5. 

One advantage of this technique is its relative simplicity for 

implementation. A disadvantage is that many additional changes are required 

for each delayed transition. The net structure changes significantly compared 

to the original structure of the PN. Also, the changes are applied to many 

elements in the net that are not part of the delayed transition. 

12.4.3 "Trashing" Mechanism 

The "Trashing" mechanism solves the boundness problem only. The 

liveness problem has to be addressed separately (for example, by using self-

loops, described in section 12.5.) The trashing technique employs an additional 

PN structure that is attached to each delayed transition. The structure is shown 

in Figure 12.5. 

Figure 12.5: Trashing Mechanism 
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The trashing mechanism is based on the fact that the arc from place 2 

to transition T2 has weight 2. When a token arrives at place 2. it is delayed 

because of the delay, T. associated with transition Tj. Transition To does not 

fire because there is only one token at place 2. If the delay has elapsed before 

another token arrives at place 2. transition Ti fires and the token is removed 

from place 2. The mechanism is back at the original state. On the other hand, 

if a second token arrives at place 2 before transition Ti has fired, there are 

now two tokens at place 2. This enables transition T2 which fires. This firing 

removes both tokens from place 2. Also, due to the self-loop arc from 

transition T2 to place 2. a new token is placed back at place 2. The action 

associated with transition T2, assigns to the new token the same data that were 

associated with the second (more recent) token that arrived at place 2. 

The main advantage of this technique is its simple implementation. A 

disadvantage is that it introduces additional complexity due to the requirement 

for weighted PNs. Not all PN formalisms support weighted PNs. 

12.4.4 Modular Design 

The self-loop technique requires adding PN segments at various places 

in the net to adjust for networking effects at a single transition. Thus, the 

entire net structure is affected by a single transition. A design practice where 

the solution of a "local" problem propagates to other parts of the system is not 

desirable. It is a better practice to solve the problem in a modular way. In this 

way. the transition representing a remote element is replaced with a "black 

box" module without requiring to change any other parts of the PN. All the 

networking effects are handled inside the module, which has a "standard" 

interface. The following paragraphs describe such a solution. 

An example of a possible design for a modular element is shown in 

Figure 12.6. The top portion of the figure shows the original feedback loop PN. 

The feedback transition. H. represents a possibly remote controller with a 

delay, T associated with it. The controller is now represented as a "black box." 

which is a PN module. It is assumed that places / and O are "standard" I/O 

interfaces for the module. Notice that no additions or changes are required 

outside the black box. 
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Figure 12.6: Modular Remote Continuous Element 

The bottom part of Figure 12.6 shows a blow up of the "black box" 

remote controller. It has the required I/O interface represented by places / and 

O. When a token "arrives" at place /. transition Ti is enabled and fires. The 

129 



token at place New is "replaced" by the new token, updating the place with the 

most recent token. Also, a token is moved into place P. Transition To is now 

enabled and when it fires, a token travels to place O. The token in place O is 

always a copy of the token in place Old. The token in place P is used only to 

trigger the firing of transition T2. 

Transition C represents the actual delayed remote controller. .After a 

time. ~. transition C fires. The token in place Old is replaced by the token from 

place New. Now. transition C is delayed again but the token in place Old has 

been updated, which simulates the event that the controller has generated an 

updated signal and is now busy again and. thus, unavailable. The following 

tokens that arrive at place /. again update place New. while place Old provides 

the "old" output signal, until the next firing of transition C. 

12.5 Service Protocols 

The previous section assumes, that the controller in the system was a 

single, remote CPU. However, in practice the situation is likely to be more 

complicated. A controller may have to function as a control server, serving 

multiple clients in parallel. The control server may have multiple CPUs. In 

more complex systems, the control function may require multiple servers, thus, 

becoming a truly distributed control system. Protocols and architectures must 

be developed for these situations. The following subsections present some ideas 

for handling and implementing such systems. 

12.5.1 Implicit Representation 

In the implicit modeling technique, covered in the previous sections, 

only one client is shown explicitly. The other clients served by the control 

server are not shown on the PN. Only their effect on the system is modeled. 

This effect is represented through a delay associated with the controller. The 

delay may be deterministic or random, depending on the nature of the s\stem. 

This approach is very popular in modeling of networked systems. No service 

protocol needs to be implemented. Instead, a protocol is modeled by the 

appropriate delay. Thus, the user must decide what type and value of delay to 

assign to the transition representing the controller. 
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For example, suppose communication delays are negligible and the 

controller uses a time-share protocol with an equal time slice for each client. 

Then, the delay should be fixed. If the time slice is t seconds long and there are 

n clients, then the delay for each client should be (n-l)r . 

On the other hand, the communication delays may not be negligible. 

These delays are typically random and Thus, the delay associated with the 

transition representing the controller should be random. The actual delay for 

each firing should, thus, be sampled from a given distribution. Modern PN 

tools support stochastic PNs. Thus, a distribution can be specified for each 

transition. 

12.5.2 Explicit Representation 

A different approach to modeling network protocols is to explicitly 

model the full distributed system in the PN. Consider, for example, the system 

in Figure 12.7. The system describes a configuration with two clients serviced 

by a single (central) control server. The second client is not only assumed to 

exist and affect the system as is the situation described in subsection 12.5.1. 

Here the second client subsystem is explicitly modeled (and shown) in the PN. 

In a case like this, simply representing the server by a transition with 

some delay will raise several complications that will make it unworkable: 

a. The server cannot distinguish between incoming messages from the two 

different clients. 

b. The server implements a single control law where each client usually 

needs a unique law. 

c. The controller output signal is sent to both clients without regard of 

which client it is for. 

Clearly, the controller in this case must be more elaborate. To 

properly model such a system, the controller's internal structure must be 

designed and explicitly modeled by the PN. The exact details of the design are 

highly dependent on the specific service protocol the controller implements. 

Some preliminary ideas are presented in the following paragraphs. 
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Figure 12.7: A Control Server With Two Clients 

One of the basic protocols that may be implemented is a time-share 

protocol. Figure 12.8 presents an example of such a server. This example has 

an I/O arrangement for three clients (I/O place pairs (A.Oi) through (/3.O3).) 

The module is made of three single I/O modules of the type described in Figure 

12.6, with additional elements that implement the service protocol. These 

additional elements are places Pi through P3 in Figure 12.8. with their input 

and output arcs. 
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Figure 12.8: A Control Server Implementing a Time-Share Protocol 

Figure 12.8 shows the modeling of a protocol for a single CPU. 

operating a time sharing environment. The transitions. C,, i=l,2,3. all 

represent the same CPU. Each Q represents the CPU. serving a 
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different client. Each of these transitions can fire only if its associated protocol 

place. P,. has a token. Once the transition fires, the token from its associated 

protocol place. P„ is removed and a new token is placed in the "next" protocol 

place. P(,M)Mod3- Thus, the next client. (i+l)Mod3. can be served. 

Additional flexibility can be achieved through manipulation of the 

delay, T,, associated with each transition. Any of these delays can be different. 

Some possibilities are: 

1. Zero delay, indicating the control service time of this particular client is 

negligible. 

2. Fixed delay. This implies the control service takes a fixed time to 

complete. 

3. Random delay. This model can reflect communications network delays 

and the stochastic nature of program execution in a node on a 

distributed system. 

A minor change in the above scheme results in a representation of a 

multiple CPU control server. All that is needed is to remove the protocol 

discipline places. P,. i=1.2.3. With this change, each transition C/. i = 1.2.3. 

represents a different CPU. Here, each CPU gets input from a different client 

and generates output explicitly for that client, concurrently with respect to the 

other CPUs. 

Other service protocols may be needed in some cases. For example, if 

a certain design shows that a single time slice for a given service request is not 

sufficient, it is necessary to implement more sophisticated protocols such as a 

round robin technique. In this approach, the Old place in the controller (Figure 

12.8) is updated only after an entire service cycle has been completed. 

12.6 Complexity of the Hybrid Dynamics Petri Net 

Chapter XI presented an analysis of the complexity of a CDPN. A 

similar analysis is presented here for the HDPN. The modular design for a 

remote controller is used for the analysis. 

From observation, it is easy to see that a remote controller is more 

complex than a local controller. Thus, assuming that all the blocks in the BD 
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are remote, will give an upper bound for the estimate of the complexity of a 
HDPN. 

As in the CDPN case. Let n be the number of the execution elements 

of the BD for a HDS. Here, all the blocks in the BD are assumed to represent 

remote elements. The HDPN represents these remote elements by the modular 

design. 

From Figure 12.6. it can be seen that a single transition representing a 

local element is replaced by three transitions in the modular design for a 

remote element. Thus, the number of transitions in this case is N;=3n. 

Similarly, each place associated with a local element is replaced by 

four places for the remote case. Thus, the total number of places, contributed 

by the dynamics is 4n. Outside if the modular element, the structure of the 

HDPN is the same as that of the CDPN. Thus, this part contributes K„=— -— 

places as in a CDPN. Thus, the maximum possible number of places in a HDPN 

. ^̂  n{n-\) ^ 
is Np^ ^ +4/7. 

The following conclusions can, then, be made from the above 

considerations. 

The total number of transitions is N< e 0{ n) 

The total number of places is Np e ^( n ̂ ). 

Thus, although the number of the transitions and places in a HDPN is 

greater than that of a CDPN. their complexity is the same. 
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CHAPTER XIII 

IMPLEMENTATION 

13.1 Introduction 

The previous chapters presented the theoretical issues associated with 

the conversion of a BD of a CDS into a HDPN. Those chapters provided a proof 

of concept for the conversion process. This chapter discusses some issues 

concerning the implementation of the above procedures. 

The chapter begins with an presentation of the implementation 

differences for two cases: simulation of the HDS by means of the HDPN. and 

other analysis techniques for PNs, such as reachability and liveness. The second 

part of the chapter presents two software applications that were used in this 

research. One application. BD2PN. that was developed for this research 

converts BDs into CDPNs. The second application is the Cabernet HLPN tool 

[Pezze 1994]. 

13.2 Implementation for Simulation and for Other 
Analysis Methods 

It was noted in several places in this document that there are two major 

ways to analyze a HDS represented by a HDPN. One is simulation of the HDS by 

playing the "token game." The other is to use various analysis techniques for 

PNs such as coverability and reachability analysis, incidence matrix and state 

equation and reduction techniques. There are. however, some differences in the 

two implementations for these uses. 

The classical analysis methods, available for PNs in general, can be 

applied to the HDPN since all the HDPNs are HLPNs. These analysis methods 

address the discrete event aspects of the HDPN. Obviously, these methods are 

not concerned with the dynamics part of the HDPN. Dynamics, such as I/O and 

transition action parameters, are modeled by dedicated PN elements. These 

elements are not part of the structure of the CDS. They are used only to handle 

data manipulation during simulation. Therefore, these elements should not be 

included in the HDPN for the discrete event analysis procedures. 

On the other hand, simulation of the HDS requires to model both the 

continuous time and discrete events effects. This, in turn, requires to model all 
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the data processing elements of the HDS. Therefore, data manipulation 

elements, such as I/O and transition action parameters must be included in the 

HDPN. 

The above concepts lead to the following principles: 

For PN analysis techniques other than simulation, use the structure of 

the HDPN. 

For simulation, use the complete HDPN (including the dynamics 

elements). 

13.3 Using Existing Software Tools 

The process of modeling a HDS. using the concepts developed in this 

research, requires several stages. Some of these stages are typical 

"paper-and-pencil" techniques. Others can be implemented in software. The 

stages are as follows: 

a. Define the HDS model (differential equations and discrete event 

characteristics.) This is typically a "paper-and-pencil" technique. 

b. Build the BD. There are available ready made software packages for 

building BDs. Modern packages contain a graphics editor that enables 

the user to directly draw the BD on the screen. A good example is 

Simulink [Mathworks 1992]. 

c. Convert the BD to a HDPN. 

d. Use the HDPN to analyze and simulate the HDS. This can be performed 

using existing PN software tools, such as Cabernet [Pezze 1994]. and 

DesignCPN [Jensen 1992]. 

The following sections address some of the issues associated with the 

implementation of the above stages. 

13.4 Converting a Block Diagram into a Petri Net 

The concepts developed in this work can be used to implement a 

software tool that converts a given BD of a HDS into HDPN. The tool design 

depends on the conversion technique used (graph theory or rule based 
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conversion) and on the interface requirements with other packages. Some 

general design considerations follow. A prototype program that was written for 

demonstrating these ideas is presented. 

13.4.1 Input 

The input of a conversion tool should be a BD of a HDS. The continuous 

time portion is modeled typically by assigning a differential equation to each 

block in the BD. The discrete event portion is modeled typically by assigning 

some delay (possibly random) to certain blocks. 

There are several ways to generate this input: 

1. Block diagram tool - A BD tool can model the HDS. How this 

information is made available as output by the BD tool is. of course, 

unique to each tool. Typically, the data are saved in an output file. The 

conversion tool should be able to read the file. It may be a good idea to 

design a conversion tool to have the capability to read input files from 

several of the most popular BD programs. 

2. Input interface - It is possible to develop a conversion tool that has its 

own user interface for input. This interface will enable the user to 

interactively specify all the required input data directly on the screen. 

This interface may include a graphics editor to draw the BD structure. 

3. Input file - The conversion tool may require an input file from which all 

the input data are read. 

13.4.2 Output 

The output of a conversion tool should be the HDPN for the HDS that 

was input. The output can be provided in several ways: 

1. Diagram - The output can generate a diagram of the HDPN. and display 

it on the screen. If the tool contains a graphics editor, the diagram is 

displayed in the editor window. The editor, then, enables the user to 

perform further changes to the diagram. 

2. Output file - The program may generate an output file in some format. 

The format may be one that is compatible with an available PN tool. 
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The conversion tool can be designed in such a way that it automatically 

calls an off-the-shelf BD tool to generate the BD. After converting the BD into 

the HDPN. the conversion tool can launch an off-the-shelf PN tool with the 

HDPN as its input. In this way. the conversion tool is used as a shell program 

that controls the execution of the other tools. This arrangement, of course, 

restricts the conversion tool to work only with these particular service tools. 

13.4.3 The BD2PN Demonstration Program 

To demonstrate the above concepts, a program, called BD2PN was 

written. The program presents the user with a graphics editor. The user draws 

the BD structure in the editor screen. Then, the user hits a button and the 

program generates the HDPN. The program was written in MS Visual Basic 

version 3. 

Figure 13.1 shows the graphics editor window with an example of a BD. 

The editor has a toolbar at the top. The tools that can be selected are (from left 

to right): select an element, draw a block, draw a summation point, draw a 

split point and draw a connection. 

The user first draws all the elements (blocks, summation points and 

split points) on the screen, then the user selects the Connection tool and draws 

the connections. 

When the drawing of the BD is complete, the user presses the right 

most button on the tool bar BD->PN (convert BD to PN.) The program 

converts the input BD into the HDPN and displays it in a separate window. The 

result HDPN for the example in Figure 13.1 is shown in Figure 13.2. 

13.5 Analysis and Simulation of Dynamic System Petri Nets 

HDPNs belong to a well-known type of PNs, the HLPNs. HLPNs 

support, among others, colored tokens, data manipulation and timing. This is 

accomplished by incorporating user defined code. Various HLPN tools are 

available, which can be used to model HDSs, using HDPN formalism. Thus, it is 

not required to develop special new tools to analyze and simulate HDPNs. 

Incorporating user code into the HLPN tool is not trivial and justifies 

some further elaboration. The exact details of the implementation of this 

feature are. of course, dependent on the particular PN tool used. However, most 
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tools implement this feature along similar principles. The following subsections 

go into some detail on the implementation of the user code. 

Draw Block Diagram 

Figure 13.1: The Graphics Editor of the BD2PN Application With an Example BD 

To facilitate the presentation, a specific example and a specific PN tool 

are used. However, the details are kept to the highest abstraction possible, so 

that the concepts can be adapted to other tools. The specific tool. Cabernet, is 

first introduced. Then it is shown how Cabernet is used to model a HDPN. Most 

of the code examples are shown only in template format or in pseudo code, so 

as not to tie the reader up with the specifics of Cabernet. Also, for the same 

reason, only those portions of the code which are of general nature for any PN 

tool are shown. The complete code is given in the Appendix. 
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Figure 13.2: The HDPN Derived by BD2PN From the BD Example in Figure 13.1 

13.6 Cabernet 

Cabernet is a PN tool that was developed at the Politecnico di Milano. 

Cabernet uses a version of the time HLPN formalism called Cab Nets. Detailed 

overview of Cab Nets is outside the scope of this document. The interested 

reader can find a detailed report in Pezze [ 1994.] Silva [ 1994] provides a user's 

manual for Cabernet. This research used the MS-WINDOWS 3.1 version of the 

package. 

Cabernet has a graphics editor which enables the user to draw the PN 

on the screen. After the net is drawn, the user can use various menus to 

configure the behavior of the net. Next the user uses text boxes to enter his/her 

own code that defines the predicates and actions associated with the transitions. 

Cabernet uses C+ + . The next step is to compile the user's code together with 

Cabernet's code to generate an executable file. The executable file can then be 

used to simulate and analyze the system modeled. 
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13.7 Building a Petri Net Simulation 
Figure 13.3 shows a typical screen of Cabernet, where the graphics 

editor occupies the main window. The message window displays various 
messages during the operation of the program. This is Cabernet's main working 
configuration. 
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Figure 13.3: Cabernet's Graphic Editor with an Example HDPN 

13.7.1 Drawing the Petri Net 

The tool bar along the left hand side of the screen contains icons for 

drawing the various elements of the net. The user clicks on an icon and then 

draws on the canvas the element represented by that icon. When the drawing 

process is complete, the PN structure has been specified. 
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13.7.2 Declaring Places' Colors 

In order to be able to associate data with tokens, each place must be 

associated with a color, which is the PN formal equivalent of data type. In other 

words, the type of data associated with each place must be declared. The 

declaration is entered through the use of the Modify Net option under the Edit 

menu item. When this option is selected, a text box is presented in which the 

user can type the declarations. Cabernet uses C++ syntax. Thus, place type is 

declared as a C++ class. The following paragraphs show how to declare the 

various classes for the example in Figure 13.3. 

13.7.2.1 Input Place 

The input place reads the input data from an input file and makes those 

data available to the other parts of the PN. Place R in Figure 13.3 is the input 

place. It is declared by class InputToken as in Figure 13.4: 

class InputToken 

{ 

public: 

float RunTime: 

int InputSignalLength; 

int Inputlndex: 

float *InputTime: 

float *InputSignal: 

float TimeStep: 

void Readlnput( void): 

float GetCurrentSignal(void) 

} ; 

Figure 13.4 Class InputToken 
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The data items in the declaration hold the data associated with the 

InputToken token. The data items are as follows: 

a. 

b. 

c. 

d. 

e. 

f. 

RunTime - Holds the total simulation time for this run. 

InputSignalLength - Number of input data elements. 

Inputhidex - Current position in the input data vector. 

•hiputTime - Pointer to the input time vector. 

•InputSignal - Pointer to the input signal vector. 

TimeStep - Integration time step. 

The ReadlnputO method reads all the input data from an input file and 

assigns it to the class' data items. The method GetCurrentSignal() reads the 

current value of the signal from *InputSignal data, by looking up the current 

time (held in the Inputlndex data item) in *InputTime. The method returns the 

current signal. 

13.7.2.2 Output Place 

The output place collects the output data and saves it to an output file. 

In Figure 13.1. place Y is of type Output Place. The OutputToken class is 

defined in Figure 13.5: 

class OutputToken 

{ 

public: 

int OutputSignalLength: 

int Outputlndex: 

float *OutputTime: 

float *OutputSignal: 

void WriteOutput( void): 

Figure 13.5: Class OutputToken 
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The data items are as follows: 

a. OutputSignalLength - Number of elements in output vector 

b. Outputlndex - Current position in output vector 

c. *OutputTime - Pointer to output time vector. 

d. *OutputSignal - Pointer to output signal vector. 

The WriteOutput() method opens an output file and writes to it the 

contents of the output vector (accessed by *OutputTime and *OutputSignal.) 

13.7.2.3 Data Place 

A data place simply holds the signal, until it is requested to deliver the 

signal to another place. The class is defined in Figure 13.6: 

class DataToken 

{ 

public: 

float Data Value: 

float TimeValue: 

Figure 13.6: Class DataToken 

The data items of this class are: 

a. DataValue - The value of the signal. 

b. TimeValue - The current time. 

13.7.2.4 Gain Place 

A gain place provides the gain value for a transition representing a pure 

gain block. In Figure 13.3, place P8 is of color GainToken. The generic structure 

of class GainToken is shown in Figure 13.7: 
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class GainToken 

( 

public: 

float Gain: 

} : 

Figure 13.7: Class GainToken 

13.7.2.5 Summation Point Place 

The summation point token provides the signs of the incoming signals 

of a summation transition. The declaration of this class. SumToken. is shown in 

Figure 13.8: 

class SumToken 

{ 

public: 

int Sign] 2]: 

) ; 

Figure 13.8: Class SumToken 

The Sign(] array contains as many elements as there are incoming 

signals. Each element contains either a +1 or a - 1 . This value is the sign of the 

signal associated with this array element. 

13.7.2.6 Transfer Function Place 

The transfer function place holds all the information for computing the 

response of a transfer function block. The transfer function is integrated when 

the Transfer Function transition fires. The general format of the differential 

equation is: 

ay(t)+by(t)+cy=x. y(0)=yo, y(0)=yo. 
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where, t is the independent variable (time), y is the dependent variable (block 

output) and x is the driving function (block input.) The parameters a.b.c are 

the equation coefficients and y(0) and y(0) are the initial conditions. 

The template for this class is shown in Figure 13.9. The data items are 

as follows: 

ICO. ICl: Initial conditions. 

a. b. c: The three coefficients of the differential equation. 

class TFToken 

{ 

public: 

float ICO: 

float ICl: 

float a: 

float b: 

float c: 

float GetResponse( float Input): 

} : 

Figure 13.9: Class TFToken 

The method GetResponse( Input) computes the response of the transfer 

function, given the input. Input. This method also updates the initial conditions 

as preparation for the next integration step. 

13.7.3 Transitions' Actions 

In PNs. the firing of a transition causes removal of tokens from the 

transition's input places and addition of tokens to the transition's output 

places. In HLPNs. the firing of a transition also enables to execute an "action." 

associated with that transition. An action is a manipulation of the data, 

associated with the tokens in the transition's input and output places. Typically, 

the user has to write code that defines the transition's action. The manipulation 
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of the token's data actually means manipulation of the data items in the place's 

class. This is carried out by calling that class's methods, according to the 

standard OOP principles. The following paragraphs describe some typical 

actions. 

13.7.3.1 Gain Block Action 

The gain block action executes the gain operation on the input token 

and assigns the result to the output token. Transition Gain in Figure 13.3 

performs the block gain action. The action is defined in Figure 13.10: 

OToken.value.DataValue=GToken.value.Gain*IToken.value.Data Value: 

IToken.value.TimeValue=IToken.time: 

Figure 13.10: Gain Block Action 

The first line multiples the signal of the input token. IToken. by the 

block gain. GToken. The result is assigned to the output token. OToken. The 

second line updates the input token's time. 

13.7.3.2 Input Action 

The input action is the action that reads the input data from the input 

file, using InputToken's methods and assigns those data to InputToken's data 

items. In Figure 13.3. the input action is executed when the input transition. 

Input, fires. The action code is shown in Figure 13.11. 

When the transition fires, the action checks the simulation time. 

SimTime. If the simulation has just started (SimTime=0). the input is read from 
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the input file. Else, the simulation time is incremented by one integration time 

step, and the current input signal is read. 

if(SimTime==0.) 

IToken.value.Readhiput(); 

else 

{ 

SimTime=SimTime+IToken.value.TimeStep: 

IToken. value.GetCurrentSignal(): 

I 

Figure 13.11: hiput Action 

13.7.3.3 Output Action 

The output action records the current output signal. At the end of the 

run. the action writes the output data to an output file. In Figure 13.3. transition 

P performs the output action. The structure of this action is shown in Figure 

13.12. The action manipulates data only if the simulation time is within the 

output time vector length, OutputSignalLength. The action records the current 

output signal and time to the output place token. If the current time is the 

simulation termination time, the action writes the recorded data to the output 

file. 

13.7.3.4 Split Action 

The split action distributes the input signal to all the output signals. The 

split action has the form shown in Figure 13.13. FFoken carries the input signal 

and OIToken and 02Token are the outputs from FFoken. 
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if (OToken.value.Outputhidex<OToken.value.OutputSignalLength) 
{ 

OToken.value.OutputTime] OToken. value.0utputlndex] = 

OToken.value.Outputlndex/10. 

OToken. value.OutputSignal[ OToken. value.Outputlndex] = 

IToken.value.Data Value: 

if (OToken.value,Outputhidex== 

OToken. value.OutputSignalLength-1) 

OToken.value. WriteOutput(): 

OToken. value.0utputlndex++: 

Figure 13.12: Output Action 

O IToken. value.Data Value^IToken.value.Data Value: 

02Token. value.Data Value=lToken. value.Data Value: 

Figure 13.13: Split Action 
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13.7.3.5 Summation Action 

The summation action sums up all the input signals and assigns the sum 

to the output signal. The code is shown in Figure 13.14. DToken is a summation 

token that holds the signs of the input signals. lOToken and 11 Token carry the 

input signals to be summed. SToken is the output token. 

SToken.value.DataValue=DToken.value.Sign[0]* 

lOToken. value.Data Value-

DToken.value.Sign[ 1]* 

I IToken. value.Data Value: 

Figure 13.14: Summation Action 

13.7.3.6 Transfer Function Action 

The transfer function action performs the integration of the transfer 

function, with the input signal as the driving function. Tlie TF structure and 

data (initial conditions and coefficients) are stored in the TF place, attached to 

this transition. The code for this transition action is shown in Figure 13.15. 

OToken is the TF's output and IToken is its input (driving function). 

13.7.4 Discrete Event Delays 

Most discrete events can be modeled by assigning delays to transitions. 

An important characteristic of discrete events is that they usually occur 

randomly. This implies that the transition delays should also be random. To 

specify a random transition delay, it is necessary to set the distribution and its 

parameters. The user decides the stochastic characteristics of each delay in the 

analysis design phase of the HDS. 
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OToken.value.Data Value= 

DToken.value.GetResponse( IToken. value.Data Value) 

Figure 13.15: Transfer Function Action 

Time PNs support deterministic transition delays. In the cases where the 

delays are assumed to be deterministic, it is sufficient that the modeling 

software supports deterministic delays. However, since in most cases the delays 

are random, stochastic HLPN tools are required. Tools that support stochastic 

HLPNs, such as Cabernet, let the user select the delay time distribution and its 

parameters for each transition. During execution, the PN tool automatically 

assigns a random delay to each stochastic transition, according to the 

distribution type and parameters that the user specified. 

Even if a PN tool does not support stochastic nets, it is still possible to 

implement random delays for transitions. This can be done using the transition 

action. This technique was described in Chapter XII for deterministic delays. 

For deterministic delays, each time a transition fires, the action associated with 

it checks whether the delay has already elapsed and based on this determines 

how to manipulate the data associated with the input tokens. 

For random delays, the transition action not only checks the delay, it 

also generates it. The first time the transition fires, the action samples the delay 

from the appropriate distribution. Then it checks if the delay has already 

elapsed. After a delay has elapsed, the action samples a new delay from the 

distribution. 

Notice that since a transition action must be defined entirely by the 

user, this technique requires the user to provide the code for sampling the 

distribution. Even though this is clearly an additional load on the user, it also 
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gives the user a much greater flexibility. The user can. for example, change the 

distribution parameters and even the distribution type during the run. Other 

sophisticated and complex timing and delay schemes can be implemented this 

way, which are not supported by the PN tool built-in mechanisms. 

13.8 Simulation 

In order to simulate the system, the code written by the user is compiled 

with Cabernet's code. This is done by selecting the Compile option from the 

Executor menu item. When the compilation is done. Cabernet has generated an 

executable file that is run from within the Cabernet environment. Chapter XIV 

presents some examples, applying the concepts of this and previous chapters. 
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CHAPTER XIV 

EXAMPLES 

14.1 Introduction 

This chapter presents some examples to demonstrate the techniques, 

described in previous chapters, for modeling HDSs by means of PNs. The goals 

of this chapter are to demonstrate the validity of the principles developed in 

this work and give some examples that the reader can use as tutorials. 

14.2 continuous dynamics System 

This example describes the modeling of a CDS. The single feedback 

loop system is a classical basic dynamic system in control systems engineering. 

If the controller in the feedback loop is local, there are no discrete events in the 

system and. thus, this is by definition a CDS. Consequently, for this example, a 

CDPN is sufficient to model the system. 

The system is initially specified by means of a BD. For this example, 

the BD is shown in Figure 8.8. The process of converting the BD into a CDPN 

begins by deriving the CDPNS form the BDS. Techniques for performing the 

conversion were described in Chapter X. The result of this conversion is the 

CDPNS shown in Figure 8.9. 

Next, the CDS's dynamics are incorporated into the CDPNS to create 

the CDPN shown in Figure 14.1. This CDPN was implemented in the Cabernet 

PN tool. Figure 14.2 shows the CDPN as it appears on Cabernet's graphics 

editor screen. 

The example CDS was simulated on the Cabernet PN tool. For 

comparison, the system was also simulated using the Mathwork Inc.'s Matlab 

numerical package with the Control Systems Toolbox [Mathworks 1992). The 

simulation used a unit step input function of 10s duration. 

The results of the simulation are shown in Figure 14.3. The figure shows 

the system's response (that is. its output signal) to the input step signal. The 

results are shown for both the reference simulation with Matlab (solid line) and 

the PN simulation with Cabernet (broken line.) It can be seen that both 

simulations generated very similar results. The small differences between the 

two signals in the figure are due to different integration routines used in the two 
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techniques. The PN simulation in Cabernet used a simple linear interpolation 

scheme [Gotesman 1992]. Matlab uses a high order Runge-Kutta method. The 

signals are sufficiently similar to be able to conclude that the PN simulation is 

working correctly. 
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Figure 14.1: A CDPN 

14.3 Hybrid Dynamics System 

If the controller in the feedback loop system, described in section 14.2. 

is remote, discrete events occur in the system and, thus, this is by definition a 

HDS. Consequently, for this example, a HDPN is required to model the system. 

The construction of the HDPN follows exactly the same steps described 

in section 14.2. to get the CDPN. described in Figure 14.1. Next, the discrete 

event characteristics are added to this model. The resulting HDPN is shown in 

Figure 14.4. The differences between this figure and Figure 14.1 are that in 

Figure 14.4 the transition representing the remote controller, H. is now a 

delayed transition with delay T. The value of the delay is shown in the figure to 

be 2s. 
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Figure 14.2: Cabernet's Graphics Editor With an Example PN 

It is well-known from control systems theory that the delay in the 

controller's operation causes degradation in the control system's performance. 

A good example with a remote controller was shown in Ray [ 1989.] The author 

shows how the system's response becomes less stable when communications 

network delays are introduced. 

The example in this research used the self-loop technique described in 

Chapter XII. It was implemented in the Cabernet PN tool. Figure 14.5 shows the 

implementation in Cabernet's editing screen. 

The results of the simulation execution of this example are shown in 

Figure 14.6. The figure contains two curves. One is a reference curve that shows 

the system's response to a local controller (solid line). This is the same 
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response from the example in Figure 14.3. The second curve is the response of 

the system with the remote controller, modeled in Figure 14.4 (broken line). It 

can be clearly seen that the system with the remote controller is less stable than 

that of the system with the local controller. 

Figure 14.3: Response of the Feedback Loop System in Matlab and Cabernet 

Thus, the example demonstrates the capability of HDPNs to correctly 

incorporate networking phenomena into a continuous time model, using PNs as 

a single modeling formalism. 

14.4 Auto Pilot 

This example is designed to demonstrate the capability of the 

methodology to handle more realistic (and complex) problems. The system 

modeled in this case is a simplified aircraft autopilot. The example is taken 

from Blakelock [1965.] The BD represents a simplified autopilot for the 
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longitudinal dynamics (pitch) of a modern aircraft. The BD for this problem is 

shown in Figure 14.7. 
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Figure 14.4: A HDPN 

In this BD. the dynamics are not displayed in a separate legend. 

Instead, the dynamics are attached directly as annotation to the appropriate 

boxes in the BD structure. This is a widely used practice that improves the 

readability of the BD. 

The BD in this example is a dual feedback positioning system. The 

controlled variable is the aircraft's body angel. 0. 9ref'^^ the required angle. The 

system has two controllers. Samp and Ŝ g, in the outer and inner loops, 

respectively. The Samp controller generates the position regulation signal, e,,. 

This controller is typically a position gyroscope. It receives the required 

position. Oref^ and the actual position. 0 and generates the signal e^. 

The Srg controller provides rate feedback for oscillation damping. This 

controller is typically a rate gyroscope. It measures the position rate, 9. and 

generates a damping signal, e^ .̂ The damped signal, eĝ  is fed into the pitch 

control surface (Elevator), which deflects by an angle. 8^. This deflection 

changes the aircraft's dynamics, AC, and consequently, the body angle, 6. 
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Figure 14.5: An Example Using Self-Loops, Implemented in Cabernet 

Using the conversion principles described in Chapter X, the BD was 

first completed with I/O blocks. Then, the fast conversion technique was 

applied to convert the BDS into the CDPNS shown in Figure 14.8. Next, the 

dynamics were incorporated into the CDPNS to generate the CDPN. shown in 

Figure 14.9. In this figure, the input transition and the controller transitions are 

delayed. As usual, the input transition is the master clock. The delays in the 

controller transitions represent the effects of networking. Incorporating these 

delays makes the CDPN into a HDPN. 
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Figure 14.7: BD for .Autopilot Example 
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Figure 14.8: CDPNS for Autopilot Example 

The system was implemented in the Cabernet PN tool. The HDPN in 

Figure 14.9 was drawn in Cabernet's graphics editor. Figure 14.10 shows this 

screen with the HDPN. 

Three different configurations of the above system were simulated. The 

first configuration assumes both controllers are local. This is the most frequent 

situation, in which the autopilot is physically installed in the aircraft. In this 

case, the controllers have no delay, rendering TI=T2=0. Thus, in this particular 

case, these transitions are immediate. 
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Figure 14.9: CDPN for Autopilot Example 

The second and third configurations assumed both controllers are 

remote. This situation may appear, for example, in unmanned aircraft. For this 

type of aircraft, at least part of the autopilot is on the ground. In particular, if 

the vehicle is piloted remotely by a human pilot from a ground station, the 

functions of the controllers may be performed by the human pilot. In this case, 

on-board gyroscopes measure the body angle. 9. and its rate. 9. and transmit 

them to the ground station. In the ground station, the remote autopilot (or 

human pilot) processes the signals and generates control signals. These signals 

are transmitted back to the vehicle. 

Obviously, the need to transmit signals back and forth between the 

aircraft and the ground station introduces delays into the system. Also, 

typically, the transmission link between the aircraft and the ground station is 

used for many other functions. Therefore, the control signals are serviced on a 

share time basis. This introduces additional delays. Finally, it was assumed for 

this example, that both control functions (position and rate) are processed by a 

single CPU at the ground station. Thus, the CPU processes the signals on a time 

share basis. 
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Figure 14.10: Implementation of the Autopilot Example in Cabernet 

In both remote cases, the CPU alternates its service between the two 

controllers in equal time slices of one second. The difference between the two 

configurations is the policy that controls what is the control signal of a 

controller during the time slice when the CPU is serving the other controller. 

In one case, called remote I. a controller that is not being served, 

generates a zero control signal. For a human pilot, this is equivalent to the pilot 

not touching the stick. This policy causes an over-damped response of the 

system. 

In the second approach, called remote 2. a controller that is not served 

by the CPU. freezes its output on the last value it had when it was last served. 

This is equivalent to the pilot holding the stick steady regardless of the 
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aircraft's position. This policy has the same effect as delaying the control 

signal, thus, causing an under-damped response of the system. 

The three configurations described above were simulated with Cabernet. 
The system's response is shown in Figure 14.11. The case of the local controller 
is shown with the solid line. Case Remote 1 is shown by the broken line and case 
Remote 2 by the broken-dot line. 
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Figure 14.11: Simulation Results for the Autopilot 

The figure shows that the remote 1 case is over-damped and case 

remote 2 is under-damped, as expected. It should be emphasized that the local 

case can be modeled by "standard" CDS modeling tools, such as MATLAB, 

since the system is continuous. However, the two remote cases describe a HDSs. 

which cannot be modeled by CDS tools (except by writing a dedicated 

simulation program). The HDPN. on the other hand, is capable of modeling 

HDSs . as is demonstrated in the above examples. 
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14.5 Multiple Input Multiple Output System 

This example demonstrates the capability to model multiple input 

multiple output (MIMO) dynamic systems. The example is based on the book 

by Kuo [87 section 3.3] with slightly different transfer functions. 

The system presented here is a MIMO version of the feedback loop 

system, shown in Figure 11.10. Since the structures of the SISO system and the 

MIMO system are the same, the CDPNS is the same as in Figure 14.1. The 

dynamics for the MIMO version were defined as follows. 

The system is two-input two-output. Thus, all the signals in the system 

(r,e.y.f in Figure 14.1) are vectors of length two each. The blocks G and H are 

(2x2) matrices each, defined as follows: 

G\\-~^) . Go?- o • G i 9 = G 9 i = 0 . 
s^+s+1 ^̂  2s2+2s+2 ^ 

Hii = H22-l. Hi2 = H2i=0. 

The above system was simulated with the Cabernet tool for HLPNs. As 

required, the output of the system is composed of two signals: yi and y2. These 

output signals are presented in Figure 14.12. The two output signals are as 

expected. 
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Figure 14.12: Response of a MIMO System 
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CHAPTER XV 

SUMMARY 

15.1 Introduction 

The dissertation developed a methodology for constructing a PN that 

represents a HDS. The concepts of structwe and dynamics of a CDS were 

introduced. It was shown that any representation of a CDS (mathematical. BD 

and PN) can be expressed as a combination of a structure part and a dynamics 

part. Several techniques were developed for constructing a PN structure, termed 

the Hybrid Dynamics Petri Net Structure, from a given BD specification. One 

technique uses a rule-based "modular" procedure to transform a BD into the 

HDPNS. The second technique uses graph theory principles. Also, a rule-based 

"quick" technique was presented. 

It was shown how to incorporate the dynamics of the CDS into the 

CDPNS to get the Continuous Dynamics Petri Net. A prototype application was 

developed that automates the process of deriving the CDPN from the BD. 

Examples were presented that show that CDPNs can completely model CDSs. 

Finally, it was shown how to incorporate discrete event dynamics into 

the CDPN resulting in a Hybrid Dynamics Petri Net which is capable of 

modeling HDSs. which was the goal of this research. Some examples were 

presented that demonstrate the capability of HDPNs to model HDSs. 

15.2 Research Summary 

Three different representations of a HDS were developed in the 

research, and techniques for the conversions between these representations were 

presented. It was found that in all three representations it is convenient to 

regard the HDS as a combination of a CDS and a specification of discrete event 

dynamics. 

The mathematical representation of a HDS consists of a system of 

differential equations, which model the continuous dynamics and a 

specification (typically verbal) of the discrete dynamics behavior. 

Similarly, the continuous dynamics were represented by a BD and the 

discrete event policy was modeled by a (typically verbal) specification. The 

specification is displayed as a part of the BD in the form of a legend. 
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When using a PN to model a HDS. the continuous dynamics structure is 

represented by a PN structure. The discrete event policy is modeled by a 

(typically verbal) specification. The specification is displayed as a part of the 

BD in the form of a legend. 

To further facilitate the modeling of HDSs. a CDS is broken into two 

main components: the structwe and the dynamics. Basically, the dynamics of 

the dynamic system are the set of the operations executed by the blocks in the 

BD. These operations are typically represented by differential equations. The 

structure of a dynamic system is everything captured by the BD "layout." that 

is the specifics of the interconnections between the blocks. 

An important part of the research was the development of the relations 

between the three representations of HDS. The directed graph (DG) formalism 

was introduced as the common mechanism for expressing the relations between 

the models. It was shown that any model can be represented by means of a DG. 

This makes it possible to convert between any two of the models, using the this 

formalism. 

Procedures were developed for converting the structure of any 

representation into the structure of any other representation. In particular, it 

was shown how to convert the structure of a BD into a PN structure 

representation of the same HDS. while preserving the modeling power of the 

BD. 

Three different procedures were developed for the conversion process. 

The user may choose any of them, depending on his/her preferences and needs. 

The first technique uses the DG formalism, described above. This approach is 

formal, which makes it useful for formal analysis and research. The second 

approach is a rule-based procedure. This approach is convenient for 

implementation in a software package. The third technique, termed the "fast 

conversion" is ideal for "paper-and-pencil" style of work. 

After the PN structure was constructed, using any of the methods 

described above, the dynamics part of the dynamic system is incorporated into 

the PN structure. All the rules and procedures for achieving this task were 

developed. The dynamics require some additional PN components and features. 

These additional requirements cannot be supported by basic PNs, and an 

advanced form of PNs, namely, time-High Level PNs (HLPNs) must be used, 
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The time-HLPN formalism supports both time handling and data 

manipulation. The time capability is required so that the PN can capture and 

model time. HLPN capability enables modeling and manipulation of data flow 

in the net. 

One of the classical types of a HDS is the networked system, in which 

various components of the dynamic system are physically separated from each 

other and interact over a communication network. The network introduces 

discrete delays into the system. These delays are typically random in their 

order, duration, and intervals. Introducing delays into the PN. requires 

additional mechanisms to ensure the correct modeling of the HDS by the PN. 

The problems caused by the inclusion of delays were described and solutions for 

these problems were detailed. 

Four possible solutions were suggested. The choice of solution depends 

on the type of HLPN that the user employs and the implementation 

requirements. The advantages and disadvantages of all four options were 

analyzed and recommendations were given as to when to use each. 

Additional consideration was provided for various network protocols, 

such as single local controller, single and multiple remote controllers and 

control ser\ers. The work introduced some principles and guidelines for 

implementing time sharing protocols for networked controllers. 

Several examples were developed to demonstrate the applicability of the 

principles developed in the theoretical part. This part of the work included two 

main portions. 

In the first part, a program was developed to demonstrate the 

conversion process from a BD specification of a HDS into a HDPN. In this 

program, the user draws the BD interactively on the screen. After the BD 

drawing is complete, the program generates the HDPN and displays it on the 

screen. 

In the second part of the demonstration, several HDSs were modeled, 

using the principles developed in this work. Each HDS was originally specified 

as a BD. It was then converted into a HDPN and modeled with the Cabernet PN 

modeling package. The output of each simulation was shown to be the correct 

output signals of the HDS. 
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15.3 Future Work 

The work presented in this research was a proof of concept. It proved 

that it is possible to model HDSs with PNs. Additional work can (and needs to) 

be done to develop a working basis for modeling HDSs with PNs. Future 

research can be in both theoretical aspects and applications in this area. Some 

suggestions follow. 

I- Formal Definition of a HDS - This work used a informal definition for a 

HDS. As this type of dynamic systems is becoming more and more 

important, it will be very beneficial for future research to develop a 

mathematical formal definition of a HDS. 

2. CDPN Mathematical Analysis - Chapter IX presents the mathematical 

basis for constructing the CDPNS. The construction of the CDPN from 

the CDPNS. described in Chapter XL is rule-based. It is desirable to 

construct a mathematical/theoretical foundation for the construction 

and analysis of CDPNs. 

3. HDPN Mathematical Analysis - Incorporating the discrete event 

dynamics into the CDPN to create the HDPN is also rule-based. Here it 

is also desirable to develop a mathematical/theoretical foundation for 

the construction and analysis of HDPNs. 

4. Analyzing HDSs with HDPNs - This work concentrated mainly on the 

correct construction of the HDPN. It also showed how to use the HDPN to 

simulate the HDS. However, there are many additional analysis 

techniques for CDSs and HDSs. For example, frequency response 

methods (Root-Locus and Nyquist) and time response methods 

(stability analysis, steady state and controller design) are very powerful 

and popular for CDSs. Similarly, for the discrete event portion of the 

dynamic system there are such analysis techniques as switching systems 

analysis, queuing systems analysis, deadlock resolution and reachability 

analysis. It is desirable to develop techniques for applying these methods 

when the dynamic system is modeled by means of a PN. 

5. HDPN Tool - Modeling of HDSs using HDPNs will be greatly facilitated 

by software tools that will automate both the construction and use of the 

170 



HDPN. The prototype for constructing a CDPN from a BD. presented in 
Chapter XIIl may be used as a starting point. 
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APPENDIX 

This Appendix provides the full code that was used to model HDSs 
with the Cabernet HLPN tool. The code consists entirely of header files, since 
Cabernet provides the main() and function files. Chapter XIIl details the use of 
this code. Also, the user is referred to the work by Silva [1994] for further 
details. The files in this Appendix are brought in alphabetical order of their file 
name. 

DATAT.H 
/ • FILE DATAT.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960105 
Last updated: 960407 

Class DataToken: The token transfers data from one element to the next. * / 

class DataToken 
{ 

public: 
float DataValue: 
float SimTime: 

DataToken(void) 
{ 

DataValue^O.: 
SimTime=0.: 

friend istream (i: operator >>(istream 6: strm. DataToken A: t) 

{ 
strm >> t.DataValue >> t.SimTime: 
return strm: 

) 

friend ostream & operator << (ostream & strm. DataToken t) 

{ 

strm << t.DataValue << "\n" << t.SimTime: 
return strm; 

I 
h 
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GAINA.H 
/ * FILE GAINA.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960122 
Last updated: 960407 

gain transition action macro • / 

#def ine Gain Action (IToken, GToken, OToken ) \ 
OToken. value. DataValue=GToken. value.Gain*IToken. value. DataValue:\ 
IToken. value. GotesTime=IToken. time; 
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GAINT.H 
/ * FILE GAINT.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960122 
Last updated: 960122 

Class GainToken: The token provides the gain to a gain transition. * / 

class GainToken 
{ 

public: 
float Gain: 

GainToken (void) 
{ 

Gain=0 . ; 

friend istream &: operator >>(istream d; strm. GainToken & t) 

{ 
strm >> t .Gain: 
return strm; 

I 

friend ostream &L operator << (ostream & strm. GainToken t) 

{ 
strm << t .Gain; 
return strm: 

I 
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INPUTA.H 
/ • FILE INPUTA.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960105 
Last updated: 960121 
Input transition action macro • / 

#def ine Input Action (IToken. OToken ) \ 
OToken.value.DataValue= 1. ;\ 
OToken.value.SimTime=0.: 
if(SimTime= = - l . ) \ 
{\ 

SimTime=0.; \ 
IToken. value. Readlnput () :\ 

}\ 
else\ 

Si mTime=SimTime+IToken. value. TimeStep;\ 
OToken. value.GetCurrentSignalO: 
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INPUTT.H 
* FILE INPUTT.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960105 
Last updated: 960125 

Class InputToken: The token maintains reads the input signal and associated 
data. • / 

class InputToken 
{ 

public: 
float RunTime; 
int InputSignalLength; 
int Inputlndex; 
float *lnputTime; 
float *lnputSignal; 
float TimeStep; 

InputToken(void) 
{ 

RunTime=0.; 
InputSignalLength=0: 
lnputlndex=0; 
InputTime = NULL; 
InputSignal = NULL; 
DeItaT=TimeStep; 
TimeStep=0.: 

friend istream & operator >>(istream iSi strm. InputToken î : t) 
{ 

strm >> t.RunTime>> t.InputSignalLength >> t.Inputlndex: 
>> t.TimeStep ; 

Del taT-t . TimeStep; 

t.lnputTime= new float It. InputSignalLength 1; 
if (t.InputTime==NULL) 
{ 

LogFile=fopen("log.cab.""at"): 
fprintf(LogFile,"InputToken::friend istream & operator\ 

>>:InputTime: memory allocation\ 
failure"); 

fclose(LogFile); 
exit( l) ; 

} 

t.InputSignal= new floatlt.InputSignalLength]; 
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if (t.InputSignal = = NULL) 
{ 

LogFile=fopen("log.cab.""at"); 
fprintf(LogFile."InputToken::friend istream <y operator\ 

>>:InputSignal memory allocation\ 
failure"); 
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fclose(LogFile): 
exit( l) ; 

} 

for (int i=0:i<t.InputSignalLength;i + + ) 
strm >> t.InputTimeli] >> t.InputSignalli 
return strm; 

} 

} 

friend ostream & operator <<(ostream & strm, InputToken t) 
{ 

strm << t.RunTime<< "\n" << t.InputSignalLength << "\n" << 
t.Inputlndex << "\n" << "\n" << t.TimeStep: 

for (int i=0:i<t.InputSignalLength;i + + ) 
strm << t.InputTimeli] << "\n" << t.InputSignalli] << 

"\n"; 
return strm: 

} 

void Readlnput (void); 
float GetCurrentSignal(void); 

void InputToken::ReadInput() 
{ 

FILE *InFiIe; 
int i: 

InFile=fopen("c:\\phd\\cab\\signaIs\\input.sig.""rt"): 
if (InFile==NULL) 
{ 

LogFile=fopen("Iog.cab.""at"); 
fprintf(LogFile."InputToken::ReadInput(): failed opening\ 

InFile"): 
fcIose(LogFile); 
exi t ( l ) ; 

I 

for(i=0:i<lnputSignalLength:i + + ) 
fscanf (InFile."%f %f,"&(lnputTime|i]) .&(lnputSignal[i ])) ; 

fcIose(InFile); 
} 

float InputToken::GetCurrentSignaI(void) 
{ 

for (;;lnputIndex-»- + ) 
{ 

if (Inputlndex==InputSignalLength-l) / / last element 
return InputSignaltInputlndex]; 

if (SimTime==InputTimelInputlndex 1) 
return InputSignalllnputlndexl; 
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else if ((SimTime>InputTime[InputIndexl)&& 
(SimTime<InputTime|InputIndex+11)) 

{ 

float T.T1.T2,S1,S2; 

T=SimTime; 
Tl=InputTimel Inputlndex I: 
T2 = InputTimelInputIndex + l I; 
SI=InputSignal I Inputlndex 1; 
S2 =InputSignal [ Inputlndex+1 ]; 
return S2-(S2-S1)*(T2-T)/(T2-T1): 
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OUTPUTA • H 
/ * FILE OUTPUTA.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960105 
Last updated: 960121 

Output transition action macro */ 

#define Output Action (IToken. OToken ) \ 
if (OToken.value.OutputIndex<OToken.value.OutputSignalLength)\ 
{\ 

OToken. value. OutputTime I OToken. value.Outputlndex 1=\ 
OToken.value.Outputlndex/10. :\ 

OToken. value. OutputSignal I OToken. value. Outputlndex ] =\ 
IToken. value. Data Value;\ 

LogFile=fopen("log.cab,""at");\ 
fprintf(LogFile."'^f %f\n,"\ 

OToken.value.OutputTimelOToken.value.Outputlndex ] , \ 
OToken. value.OutputSignallOToken.value.Outputlndex I ) \ 
; \ 

fclose(LogFile);\ 
if (OToken.value.OutputIndex==\ 

OToken. value. OutputSignalLength-1)\ 
OToken. value. WriteOutput () :\ 

OToken.value.OutputIndex+ + ;\ 
} 
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OUTPUTT.H 
/ * FILE OUTPUTT.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960105 
Last updated: 960121 

Class OutputToken: The token records the output signal. * / 

class OutputToken 
{ 

public: 
int OutputSignalLength; 
int Outputlndex; 
float *OutputTime; 
float •OutputSignal; 

OutputToken (void) 
{ 

OutputSignalLength=0; 
Outputlndex=0; 
OutputSignal=NULL; 
OutputTime=NULL; 

} 

friend istream & operator >>(istream & strm, OutputToken & t) 
{ 

strm >> t.OutputSignalLength >> t.Outputlndex; 

t.OutputTime= new floatlt.OutputSignalLength]; 
if (t.OutputTime= = NULL) 
( 

LogFile=fopen("log.cab,""at"); 
fprintf(LogFile,"OutputToken::friend istream &:\ 

operatorX >>:OutputTime memory\ 
allocation failure"); 

fclose(LogFile); 
e x i t ( l ) ; 

} 

t.OutputSignal= new float It. OutputSignalLength]; 
if (t.OutputSignal = = NULL) 
{ 

LogFile=fopen("log.cab,""at"); 
fprintf(LogFile,"OutputToken::friend istream &\ 

operator >>:OutputSignal memory\ 
allocation failure"); 

fcIose(LogFile); 
e x i t ( l ) ; 
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) 

for (int i=0;i<t.OutputSignalLength;i + +) 
strm >> t.OutputTimeli] >> t.OutputSignallil: 

return strm; 
} 

friend ostream & operator <<(ostream k strm. OutputToken t) 
{ 

strm << t.OutputSignalLength << "\n" << t.Outputlndex << "\n": 
for (int i=0;i<t.OutputSignalLength;i + + ) 

strm << t.OutputTimeli] << "\n" << t.OutputSignallil << 
"\n"; 

return strm; 

void WriteOutput(void); 
) : 

void OutputToken:: WriteOutput (void) 
{ 

FILE *OutFile: 
int i; 

OutFile=fopen ("c:\\phd\\cab\\signals\\output .sig, ""wt"); 
if (OutFile==NULL) 
I 

LogFile=fopen("log.cab,""at"); 
fprintf(LogFile,"OutputToken::WriteOutput: OutFile file open\ 

failed"); 
exit(l) ; 
fclose(LogFile); 

} 

for(i=0;i<OutputSignalLength;i + + ) 
fprintf(OutFile."%f%f\n."OutputTime[i I, OutputSignal! i l) ; 

fclose(OutFile); 
} 
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SPLITA.H 
* FILE SPLITA.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960124 
Last updated: 960124 

split point transition action macro * / 

^define Split Action (IToken, 01Token.02Token)\ 
OlToken. value. DataValue=IToken. value. DataValue;\ 
02Token. value. Data Value=IToken. value. DataValue:\ 
OlToken. value.GotesTime=0. :\ 
02Token. value. GotesTime=02Token. value. GotesTime: 
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SUMA.H 
/* FILE SUMA.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960124 
Last updated: 960124 

summation transition action macro */ 

#def ine Sum Action (DToken, lOToken, I IToken. SToken ) \ 
SToken. value. DataValue=DToken. value.Sign 101 *IOToken. value. DataValue\ 

+DToken.value.Sign! l]*IlToken.value.DataValue:\ 
SToken. value.GotesTime=0.; 
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SUMT.H 
/ * FILE SUMT.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960124 
Last updated: 960124 

Class SumToken: The token transfers data from one element to the next. * / 

class SumToken 
{ 

public: 
int Sign[2]; 

SumToken(void) 
{ 

SignIOl-0; 
Signl l ]=0; 

> 

friend istream & operator >> (istream k s trm, SumToken & t) 
{ 

strm >> t.SignlOl >> t .S ign l l l ; 
return strm; 

} 

friend ostream & operator << (ostream k s trm, SumToken t) 
{ 

strm << t.SignlOl << "\n" << t .S ign l l l << "\n"; 
return strm; 

} 

} ; 
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TFA.H 
/ * FILE TFA.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960124 
Last updated: 960124 

transfer function transition action macro • / 

#def ine TF Action (DToken. IToken, OToken ) \ 
OToken. value. DataValue=\ 

DToken. value. GetResponse( IToken. value. DataValue) :\ 
OToken. value.GotesTime=0.: 
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TFT.H 
/ * FILE TFT.H 

CLASS LIBRARY FOR HYBRID PETRI NETS 
FOR USE WITH THE "CABERNET" PETRI NET TOOL 
Written by Moshe Gotesman 
Date: 960124 
Last updated: 960124 

Class TFToken: The token provides data for a transfer function transition, 
* / 

class TFToken 
{ 

public: 
float ICO; 
float ICl; 
float a; 
float b: 
float c: 

TFToken(void) 
{ 

ICO=0.: 
IC1=0.: 
a=0 . 
b=0. 
c=0. 

} 

friend istream k operator >> (istream k strm. TFToken k t) 
{ 

strm >> t.ICO >> t.ICl >> t .a >> t .b >> t .c: 
return strm; 

I 

friend ostream k operator << (ostream d' strm, TFToken t) 
{ 

strm << t.ICO << "\n" << t.ICl << "\n" << t .a << "\n" << t .b << 
"\n" << t .c ; 

return strm; 
} 

float GetResponse(float Input); 
}: 

float TFToken::GetResponse(float Input) 
{ 

float A.B,Expl ,Exp2,y2.Del taT=. 1; 

A=a/(DeltaT*DeItaT); 
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B = b/DeltaT: 

Expl = l / ( A + B+c): 
Exp2=2.*A + B: 

y2 = Expl* (Input+ Exp2*ICl-A*IC0) 
ICO^ICl; 
ICl=y2; 
return y2; 
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