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Abstract

The goal of this work is to investigate issues involved in modeling and designing su-

pervisors for large, real systems, and issues involved in implementing DES supervisors on

programmable logic controllers (PLC). A PLC based manufacturing testbed has been cre-

ated to help investigate these issues.

A detailed plant model for the testbed was created (size on the order of 1016 states)

and 29 modular supervisors were designed to implement the control specifications. Several

model reduction theorems were created to handle a plant this large.

A generic implementation method was created, translating supervisors into clocked

Moore synchronous state machines (CMSSM). The CMSSM were then implemented as

relay ladder logic programs on the PLC. The testbed supervisors were implemented using

the algorithm, and the testbed is now operational. This demonstrates that the algorithm

works.
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Chapter 1

Introduction

The goal of this work is to investigate the following two matters. The first area of investi-

gation is the issues involved in modeling and designing supervisors for large, real systems.

The second area to be examined, and also the primary focus of the work, is the issues

involved in converting a theoretical discrete event system (DES) supervisor to a physical

implementation on programmable logic controllers (PLC). These two areas of investigation

are discussed in the following sections. Some of the information presented in this thesis is

also available in conference papers [16] and [17].

1.1 Issues for Large, Real Systems

When working with large, real systems several problems quickly arise. The first is “How

does the DES plant model actually correspond to the real plant?” “How do events map

to actual occurrences in the plant, and in particular, how do controllable events and their

disablement actually translate to the real plant?” The second problem is the inhibiting

effect of the combinatorial explosion for complex plants. For realistic plants, the plant

model can quickly become quite large (easily greater than 1016 states) and thus exceed the

capability of current software. New methods to handle large models must be developed.

1.2 Implementation Issues

Using supervisory control, controllers can be designed for a given system that are math-

ematically guaranteed always to be controllable and never deadlock. The question that
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quickly arises is, “What does a physical implementation of a theoretical supervisor look

like?” An even more important question is, “How can one easily translate a supervisor into

a physical controller such that the above qualities are not lost?” The above issues have

been investigated for specific applications by Brandin ([8], [10]); here we propose a general

approach.

To aid in the understanding of implementation issues, a PLC based testbed that phys-

ically simulates a manufacturing workcell was built. The design of the testbed will be

discussed in detail along with the modeling of the testbed, and the design and implemen-

tation of its controllers. One of the goals of this work is to fully document the testbed so

that it can be easily understood, used, repaired or re-created by others.
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Chapter 2

Problem Definition and

Background

2.1 Problem Definition

The primary focus of this thesis is the implementation of DES supervisors (designed using

RW theory) on programmable logic controllers (PLC); to demonstrate that RW-theory can

be used as a design tool for real complex systems, and to create a general implementation

algorithm. To further this purpose, a manufacturing testbed was built. The objective

the testbed fulfills as well as an overview of the proposed implementation method will be

discussed in the following sections.

2.1.1 Purpose of Testbed

The purpose of the testbed was to provide a complex, real, PLC-based plant for testing

RW-theory on. The testbed was designed to simulate a manufacturing plant, providing

similar control issues as an actual plant but at a much smaller price and occupying less

space. The testbed was also designed to be modular, flexible, and easily expandable. By

modeling the testbed, designing DES supervisors, and implementing the supervisors on a

PLC, many of the issues necessary for implementation will be explored. This information

and insight will be used to create a general implementation algorithm.

The testbed is also part of the Ontario/Rhône-Alpes Project on the Supervisory Con-

trol of Automated Manufacturing Systems ([9]). With respect to this project, the testbed’s
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purpose is to investigate supervisory control of transfer systems in automated manufac-

turing systems. The Ontario/Rhône-Alpes Project was a collaborative effort between the

Ontario Government and the Rhône-Alpes Laboratories, and their associated industrial

partners. The goal of the project was to investigate the implementation of supervisory con-

trol applications in industry, and to apply performance evaluation methods to automated

manufacturing systems that are controlled by DES supervisors. The goals of this project

emphasizes the importance and relevance of a general implementation method for DES

supervisors.

The testbed has been named Prometheus1 ([20]) to symbolize supervisory control’s

potential benefit to humanity. The author believes that RW theory contains the inherent

capacity to be able to allow people to easily and safely control and use very large complex

systems, with the subsequent inherent advantages. The testbed symbolizes one of many

steps towards this goal.

2.1.2 Overview of Implementation Method

The implementation process consists of three main steps, shown in the flow diagram in

Figure 2.1. In the first step, the control specifications for the plant are implemented as

DES supervisors, using RW-theory. The supervisors are then translated into clocked Moore

synchronous state machines. The CMSSM are used to represent the supervisors because

they are a natural, intuitive representation of a RW supervisor, and because a CMSSM

can easily be implemented on most digital logic devices. Thus, the implementation method

can easily be modified to implement supervisors on other digital logic devices, besides

programmable logic controllers.

Supervisors translated
into clocked Moore
synchronous state
machines (CMSSM)

CMSSM implemented
on PLC using RLL

Supervisors modeled
using RW theory

Figure 2.1: Implementation Overview

In the final step of the process, the boolean logic that defines the CMSSM will be

1A Titan who stole fire from Olympus to give to mankind.

4



implemented on the PLC as Relay Ladder Logic (RLL) programs. The PLC was chosen as

the implementation device because of its robustness and its wide use in industry.

2.2 Supervisory Control Theory

Ramadge-Wonham supervisory control (RW theory:[28], [32], and [33]) provides a theoreti-

cal framework for the control of systems that are discrete in space and time. These systems

are modeled as automata that generate a formal language of discrete events. These systems

are customarily referred to as discrete event systems (DES). The DES are event-driven and

may be non-deterministic2. The DES do not model when or why an event occurs, just the

possible strings of events that the plant can generate. The events are considered to occur

in an interleaving fashion.

2.2.1 Generators

The DES automaton is represented as a 5-tuple as shown below.

G = (Y,Σ, η, yo, Ym), Σ = Σu ∪ Σc

where Y is the non-empty state set; Σ is the set of events (also referred to as the alphabet)

containing both uncontrollable and controllable (can be disabled and thus prevented from

occurring) events; η is the transition function; yo is the initial state (yo ∈ Y ) and Ym is the

set of marked states (Ym ⊆ Y ).

The transition function η : Y xΣ∗ → Y is a partial function and is only defined for a

subset of Σ at a given y ∈ Y . The notation η(y, σ)! indicates that η is defined for σ at state

y. In the above definition, Σ∗ = Σ+ ∪ {ε} where ε is the empty string and Σ+ is the set of

all sequences of symbols σ1σ2σ3 . . . σk, k ≥ 1 and σi ∈ Σ, i = 1, 2, . . . , k.

For the plant G, the language generated by the automaton is denoted by L(G) and is

called the closed behavior of G. For the plant G,

s ∈ L(G)↔ s ∈ Σ∗ and η(yo, s)!

2Capable of choosing between two possible next states by chance or unmodeled system dynamics.
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The marked behavior of G, Lm(G), is defined:

Lm(G) ⊆ L(G) where s ∈ Lm(G)↔ η(yo, s) ∈ Ym

A DES G is said to be “non-blocking” or “trim” if

Lm(G) = L(G)

where Lm(G) is the prefix closure (defined below) of Lm(G). Non-blocking means that

every string in L(G) can be completed to a valid marked string, thus the DES can always

return to a marked state.

A string t ∈ Σ∗ is a prefix of s ∈ Σ∗ if s = tu, for some u ∈ Σ∗. The relation “t is a

prefix of s” is expressed as t ≤ s. The prefix closure of a language L ⊆ Σ∗ is defined as

L = {t ∈ Σ∗ | t ≤ s for some s ∈ L}.

An example of DES plant is given in Figure 2.2. Here, the plant is composed of two

automata, mach1 and mach2. The composite plant model is obtained by taking the

synchronous product (defined below) of mach1 and mach2. In the diagram, the double

arrow attached to state 0 indicates that this is the initial state and that the state is marked.

Events with a bar across them (such as α1 and α2) indicate that they are controllable events.

mach1

0

1 2

α1

α1

β1

β1

β2

β2

λ1

µ1

mach2

0

1 2

α2

α2

λ2

µ2

for i = 1, 2

α i = machine i starts job
βi = machine i finishes job

λ i = machine i breaks down

µi = machine i is repaired

mach1 mach2Buffer

Figure 2.2: Simple Factory Example
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2.2.2 Operations

Four useful operations for languages and automata are the catenation of strings (cat), the

natural projection (P), the synchronous product of two languages, and the meet of two

DES (meet). The catenation of strings is defined as follows: cat : Σ∗ x Σ∗ → Σ∗ where:

cat(ε, s) = cat(s, ε) = s, s ∈ Σ∗

cat(s, t) = st s, t ∈ Σ+

The natural projection is defined with respect to the subset of a larger alphabet. Let

Σo ⊆ Σ∗. Define the natural projection of Σ∗ onto Σ∗
o as follows:

Po : Σ
∗ → Σ∗

o where,

Po(ε) = ε (2.1)

Po(σ) =







ε if σ 6∈ Σo

σ if σ ∈ Σo

(2.2)

Po(sσ) = Po(s)Po(σ) where s ∈ Σ∗, σ ∈ Σ (2.3)

The synchronous product of two languages L1 ⊆ Σ∗
1 and L2 ⊆ Σ∗

2 (Σ = Σ1 ∪ Σ2)

is defined using the natural projection. Let Pi be the natural projection of Σ∗ onto Σ∗
i ,

i = 1, 2. The synchronous product L1||sL2 is defined to be:

L1||sL2 = P−1
1 L1 ∩P

−1
2 L2

where P−1
i , i = 1, 2 is the inverse image map of Pi. To perform the sync operation on two

DES G1 and G2, gives G = sync(G1,G2) where

Lm(G) = Lm(G1)||sLm(G2), L(G) = L(G1)||sL(G2)

The meet of two DESG1 andG2 gives the reachable DES,G =meet(G1,G2), where

Lm(G) = Lm(G1) ∩ Lm(G2), L(G) = L(G1) ∩ L(G2)
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A DES G is reachable if every state is reachable from the initial state, by a string in L(G).

2.2.3 Supervisors

Supervisors monitor the events generated by the plant, and disable events according to

some control law. The supervisors are represented as automata and defined as below:

S = (X,Σ, ξ, xo, Xm)

For σ ∈ Σc, an event is enabled (and thus can occur) at any given x ∈ X for S, only if

ξ(x, σ)!. We denote the closed loop behavior of G under S as:

S/G = (X × Y,Σ, ξ × η, (xo, yo), Xm × Ym) =meet(S,G)

A supervisor S is controllable for plant G if it does not require the disablement of

an uncontrollable event to prevent G from generating an undesired event. Formally, the

language L(S) is controllable for G if the following is true:

L(S)Σu ∩ L(G) ⊆ L(S)

Modular supervisors are implemented by taking the conjunction of two or more super-

visors. The conjunction of two supervisors S1 and S2 (expressed as S1 ∧ S2) is defined to

be:

S1 ∧ S2 = meet(S1,S2)

The supervisor S1 ∧ S2 is taken to be the supervisor as above and everything else is the

same.

2.3 TCT

TCT is a software program that has been developed by Professor W.M. Wonham for the

analysis, verification, and synthesis of supervisory control. To explain the functionality of

TCT, the file tctinfo.txt is reproduced with permission of the author. The file tctinfo is

taken from [33]. The license to include the file is given below.
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I, Professor W.M. Wonham, grant permission for the textfile tctinfo to be included in

the M.A.Sc thesis entitled “PLC Implementation of a DES Supervisor for a Manufacturing

Testbed: An Implementation Perspective,” and grant the National Library of Canada a

non-exclusive liscense to reproduce, loan, distribute or sell copies of the text of the file, as

included in the thesis, by any means and in any format.

Signature Print Name Date

2.3.1 General Information

TCT is a program for the synthesis of supervisory controls for discrete-event systems. Gen-

erators and recognizers are represented as standard DES in the form of a 5-tuple

[Size, Init, Mark, Voc, Tran]

Size is the number of states (the standard state set is 0,...,Size-1), Init is the initial state

(always taken to be 0), Mark lists the marker states, Voc the vocal states, and Tran the

transitions. A vocal state is a pair [I,V] representing positive integer output V at state I.

A transition is a triple [I,E,J] representing a transition from the exit state I to the entrance

state J and having event label E. E is an odd or even nonnegative integer, depending on

whether the corresponding event is controllable or uncontrollable.

event E

exit I o ———————–>o J entrance

All DES transition structures must be deterministic: distinct transitions from the same

exit state must carry distinct labels.

2.3.2 Synthesis Procedures

Synthesis procedures currently available are the following:

CREATE: prompts the user to define a new discrete-event system (DES).

SELFLOOP: augments an existing DES by adjoining selfloops at each state with event

labels in a LIST provided by the user.
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TRIM: for DES1 constructs the trim (reachable and coreachable) substructure DES2.

SYNC: forms the reachable synchronous product of DES1 and DES2 to create DES3.

Not for use with vocalized DES.

MEET: forms the meet (reachable cartesian product) of DES1 and DES2 to create

DES3. DES3 need not be coreachable. Not for use with vocalized DES.

SUPCON: for a controlled generator DES1, forms a trim recognizer for the supremal

controllable sublanguage of the marked (”legal”) language generated by DES2 to

create DES3. This structure provides a proper supervisor for DES1. Not for use

with vocalized DES.

MUTEX: forms DES3 from the shuffle of DES1 and DES2, by excluding state pairs

specified in LIST = [I1,J1], [I2,J2],..., plus all state pairs from which LIST is reach-

able along an uncontrollable path; then taking the reachable substructure of the re-

sult. DES3 is thus reachable and controllable, but need not be coreachable. For the

corresponding control data, compute DES = SYNC(DES1, DES2), then DAT =

CONDAT(DES, DES3). If DES3 is trim, it provides a proper supervisor for the

mutual exclusion problem; if not, a solution is SUP = SUPCON(DES,DES3). Not

for use with vocalized DES.

CONDAT: returns control data DAT for the supervisor DES2 of the controlled system

DES1. If DES2 represents a controllable language (with respect to DES1), as when

DES2 has been previously computed with SUPCON, then CONDAT will display

the events that are to be disabled at each state of DES2. In general CONDAT can

be used to test whether a given language DES2 is controllable: just check that the

disabled events tabled by CONDAT are themselves controllable (have odd-numbered

labels). To SHOW DAT call SA. CONDAT is not for use with vocalized DES.

MINSTATE: reducesDES1 to a minimal state transition structureDES2 that generates

the same closed and marked languages, and the same string mapping induced by

vocalization (if any). DES2 is reachable but not necessarily coreachable.

COMPLEMENT: for a generator DES1 and a LIST of event labels, forms a generator

DES2 of the marked language complementary to the marked language ofDES1, with
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respect to the extended alphabet comprising the event labels of DES1 plus those in

the auxiliary LIST. The closed behavior of DES2 is all strings over the extended

alphabet. The string mapping induced by vocalization (if any) is unchanged.

PROJECT: for a generator DES1 and a LIST of event labels, forms a generator DES2

of the closed and marked languages of DES1 with the LISTed events erased. In

decentralized control, DES2 could be an observer’s local model of DES1. Not for

use with vocalized DES.

CONVERT: returnsDES2 corresponding to a specified mapping of event labels inDES1;

unmapped labels are unchanged. Can be used with PROJECT to construct an

arbitrary zero-memory output map having as domain the language represented by

DES1. Not for use with vocalized DES.

VOCALIZE: returns a transition structureDES2 having the same closed and marked be-

haviors asDES1, but with specified state outputs corresponding to selected state/event

input pairs.

OUTCONSIS: returns a transition structure DES2 having the same closed and marked

behaviors as DES1, but which is output-consistent in the sense that nonzero state

outputs are unambiguously controllable or uncontrollable. A vocal state with output

V in 10...99 may be split into siblings with outputs respectively V1 or V0.

HICONSIS: returns a transition structure DES2 having the same closed and marked be-

haviors asDES1, but hierarchically consistent in the sense that high-level controllable

events may be disabled without side effects. This may require additional vocalization

together with change in the control status of existing state outputs. This procedure

incorporates and extends OUTCONSIS.

HIGEN: returns a transition structure DES2 over the state-output alphabet of DES1,

representing the closed and marked state-output (or ‘high-level’) behaviors of DES1.

For instance, starting with a ‘low-level’ vocalized model GLO, the sequence

OCGLO = outconsis(GLO)

HCGLO = hiconsis(OCGLO)

HCGHI = higen(HCGLO)
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returns a DES pair (HCGLO,HCGHI) that is hierarchically consistent: controllable

languages in HCGHI can be synthesized, via the state-output map, as controllable

languages in HCGLO.

SUPNORM: returns a trim transition structure DES3 which represents the supremal

sublanguage of the legal languageDES1, that is normal with respect to the marked be-

havior of the plant generatorDES2 and the projection specified by NULL EVENT LIST

(the list of unobservable events). Not for use with vocalized DES.

For supervisor synthesis, project DES2 to get PDES2, and DES3 to get PDES3,

with respect to NULL EVENT LIST. The local supervisor isDES4= supcon(PDES2,

PDES3). The global supervised behavior is represented by

DES5 =meet(DES2, selfloop(DES4,NULL EVENT LIST))

In general DES5 may fail to be nonblocking: trim to check.

NONCONFLICT: tests whether DES1, DES2 are nonconflicting, namely whether all

reachable states of the product DES are coreachable. Not for use with vocalized DES.

ISOMORPH: tests whether DES1 and DES2 are identical up to renumbering of states;

if so, their state correspondence is displayed.

2.3.3 Utilities

EDIT: allows the user to modify an existing DES.

SHOW: SE displays an existing DES, SA a DAT (condat) table, SX a TXT (text) file.

Tables can be browsed with Page keys. MAKEIT.TXT keeps a record of user files as

they are generated.

PRINT: OE (resp. OA, OX) directs DES (resp. DAT, TXT) files to the printer, in

80-column format. Epson printers are supported. Optionally, output can be sent to

the current user subdirectory as an ASCII file with suffix PDS (resp. PDT, PXT).

USER FILE DIRECTORY: lists the current user subdirectory.
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Chapter 3

Modeling Methods and Supervisor

Design

This chapter deals with issues involved in modeling a real plant, including developing and

interpreting plant models. The validity of the plant model is also analyzed. Finally, super-

visor design is discussed.

3.1 Developing the Model

Important issues in developing plant models are how to reduce the modeling of a large plant

into several small plant models, and how to avoid unnecessarily complicating the model.

3.1.1 Model Decomposition

It is important to model large plants as a group of smaller sub-models for the following

reasons:

• For large systems like the testbed (plant model on the order of 1016 states) it would

be extremely difficult to come up with a single model.

• It is more accurate to design several small models as opposed to keeping track of all

the intricacies of one large model.

• It is quicker to design several small models than one large model.

13



The difficulty arises in deciding how to break down a large plant model into component

models. A useful approach is to break the sub-models into two categories: fundamental sub-

models, and interaction sub-models. The fundamental models are the models of the basic

elements of the plant by themselves, ignoring how these elements interact with each other.

For the testbed, the fundamental models are the trains, cranes, sensors and switches1.

The interaction models describe how the fundamental models interact with each other.

For the testbed, the interaction models are the switch request handlers, the sensor interde-

pendencies, and the sensor dependencies on the trains, and switches. Breaking the plant

model down into these categories is intuitive and clearly shows the components of the plant

and how they relate to each other.

Often there will still be large models within these categories that require further decom-

position into component models. For the testbed, this was the case with the interaction

models for the sensors, trains, and switches. These three elements are intimately related.

For a given train, sensors can only be reached in a certain order, starting from the train’s

initial position. Depending on the current location of the train, certain sensors may be

unreachable if a switch is in the wrong position. To model this for the six switches and one

train would require a plant model of over 300 states. Unfortunately, it was not immediately

obvious how to reduce this model.

The trick is to remember that not every detail of the plant’s behavior is required in every

model, but every detail must be in at least one model. When the models are combined using

the sync operation, the various components of the plants behavior are combined. This

means that the order in which the sensors can be reached for a given train can be modeled

while ignoring the effect of the switches. Then, a model can be created for each switch for a

given train. This model only needs to show how the particular switch affects access to the

sensors immediately before and after the switches. It is possible to compartmentalize the

plant behavior this way, because the effect of the sync operation is to restrict the occurrence

of common events until all sub-models that contain the event declare that the event can

occur.

1Refer to Chapter 6 for a detailed description of the testbed plant models.
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3.1.2 Avoiding Complicating the Model

It is important to avoid unnecessarily complicating the plant model. This is important to

maintain clarity and to keep the model from getting too large. To keep the model simple,

it is important to remember that not every detail needs to be shown. The occurrence of

an event can often be broken down into several sub-events that represent various steps of

the event taking place. If these individual steps are important for making decisions or for

controlling the plant more accurately, then leave them in. If they are well represented by

one event, then there is no sense in retaining the extra details. A possible exception is to

allow for future requirements.

Another way to avoid complication is to remember that the plant model does not have

to do everything. If you need to know a certain condition has been reached, the plant

model doesn’t necessarily have to track the events leading up to the event, especially if

the determination of the condition is not well suited to DES modeling. The determination

of the condition can be left to outside agents, and then the agents can generate the event

signifying the condition has occurred. Possible agents are sensors or low level computer

programs that simply monitor the plant to determine if the condition has been met.

A simple example of this situation is the need to determine when a tank being filled

with water reaches a specific level. If the events “1 unit added” or “1 unit removed” were

available, then a plant model could determine when the correct level was reached from

knowledge of the initial level of the tank. This would be extremely inefficient. It would

be better to add a sensor set to the correct level, or have a computer program monitor a

digital readout of the level of the tank. The point is not to rely unnecessarily on the events

you already have to supply you with information when outside sources can do so in a more

compact form.

3.2 Model Validity

The most important thing about developing a model is that the model is valid for the

physical plant. If this isn’t the case, there is no point in verifying if a supervisor is con-

trollable and non-blocking for the plant. The problem is that you have no guarantee. You

could apply a formal method to verify the accuracy of your plant model, but this would

require that you start with some assumptions about the plant. To verify these assumptions

15



would require simpler assumptions. The point is that there is no guarantee that your plant

model will be accurate, but this will be the case however you tackle the problem. When

you formalize the problem with a plant model, you at least know that you can guarantee

the accuracy of your work from this point. By modeling the plant as a group of smaller

sub-models as described above, you are able to work at a level that you can reasonably

come up with an accurate model.

The question that arises is, “What conditions does a model need to meet to make it valid

for a given plant?” For a specific plant, there is an infinite number of possible models that

could be created for the plant. For instance, Figure 3.1 shows two valid models for the trains

used in the testbed. The first model shows the necessary information for the testbed. The

second model is an expansion of the first model giving more details of the inner working of

the train. This process could be continued indefinitely by expanding events. The question

is, “Why is the first model valid for the train even though it lacks information?”

train model #1

0 1

en_train

umv_train

train model #2

train_offline

train_online

1

en_train

2

train_ready

umv_train
0

3

Figure 3.1: Example of an Expanded Model

When modeling a plant, the designer decides on the set of events (alphabet) that will be

included in the model. The validity of the model is with respect to these events. Obviously,

it is important to include the events required to properly observe and control the plant.

With respect to these events, the plant model is valid if it correctly generates the sequence

of events (strings) that the plant would. This means that events only occur in the plant

when the plant model says that the event could occur. This means that the modeled order

of events is correct and that all dependencies between events are included. By the latter
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statement, it is meant that if the model says event α can occur, then it can occur without

having to wait for the occurrence of any other event in the alphabet.

3.3 Interpretation of the Model

When designing a model for a plant, the interpretation of what the model means is impor-

tant. For plants that are fixed in their operation, the plant model simply describes their

possible behavior. The machine modeled as mach in Figure 3.2 is an example of a fixed

plant.

mach

0

1 2

α

β

λ

µ

α = machine starts job
β = machine finishes job

λ = machine  breaks down

µ = machine is repaired

train model #3

1

en_forward

en_back

umv_forward

um
v_back

0

2

Figure 3.2: Interface Example

For programmable plants like the testbed, the plant model becomes an interface specifi-

cation. The plant model for the programmable portion of the testbed specifies what events

the supervisor can see and what events the supervisor can control. This creates an interface

specification for the underlying software that physically controls the plant. For the plant

model to be valid, the underlying software must provide a discrete interface that correctly

matches the plant model so that the validity criteria in the above section are met for the

plant under the control of the software. The DES supervisor is then designed to manipulate

the discrete interface so that it meets its control specifications. Using the plant model as

an interface specification effectively creates an abstraction layer that isolates the high level
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DES supervisors from the low level hardware. The abstraction layer permits changes in the

hardware or software without requiring changes in the DES supervisor. It is important to

note that the interface must be physically implementable by the plant.

As an example, consider the first train model in Figure 3.1. This model allows the

supervisor to start or stop the train (the forward direction is implied). An equally correct

model (in the sense that the testbed could implement it) for the train is the third model in

Figure 3.2. This model permits the supervisor to start or stop the train, and to move it in

the forward or reverse direction. Again, the plant model simply specifies the interface for

the low level software.

For a given programmable plant, there is in effect one large plant model that contains

all the possible events that the plant could execute and how the events interact with one

another. What a given interface does is select a portion of this large model to create the

desired plant model. The interface essentially disables all these other possibilities, leaving

only the desired model.

3.4 Designing Supervisors

When designing supervisors, it is imperative to remember that a supervisor enforces the

specification given, not necessarily the specification intended. There is no guarantee that

the specification used actually solves the intended problem. Designers must ensure that

they understand the problem well and that they cast their solution correctly in terms of a

DES control specification. This problem will exist in any other design method. At least

when the solution is formally specified, you can guarantee that the supervisor you design

meets the specification.

When designing DES supervisors, it is necessary to think in terms of event sequences.

Since designers live in a world of space and time, they must remember that time is not

represented in standard RW theory. The plant model doesn’t say when an event can occur,

only if it is able to occur at that point. Supervisors cannot be based on an event occurring

within a given time, but on events occurring signifying that something about the plant has

changed. Designers must find an event (or sequence of events) that signifies that a desired

condition regarding the plant is true.

As an example, consider the track switches of the testbed. When a train is traversing
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a switch, the switch must not change position or the train will be derailed. Once the train

starts crossing the switch, an obvious condition is that the train should be safely across the

switch in 3 seconds. Besides not being expressible in standard RW, this condition would not

take into account the speed of the train and whether or not the train stops in the middle

of the switch. A better solution is to use the event that the train has reached the sensor on

the other side of the switch. The fact that the event has occurred guarantees that the train

has traversed the switch.

Another important issue in the design of supervisors is to resist the urge to self-loop

uncontrollable events unnecessarily. If certain uncontrollable events should not occur at a

given state in a supervisor, then do not self-loop them at this state. If they can actually

occur, then the supervisor will fail the controllability test, warning you that there is a flaw

in your logic (or for that matter, a flaw in your plant model). Obviously, uncontrollable

events that are unimportant to the supervisor should be self-looped at every state.
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Chapter 4

Description of Testbed

The testbed is designed to simulate a manufacturing workcell, in particular, the problems of

routing and collision. The configuration of the testbed is similar to a portion of the product

routing design of the Motorola Fusion Factory [30]. The testbed is described in detail in

the following sections. A full listing of all components used is given in Appendix B.

4.1 Overview

The testbed is composed primarily of model railroad components. The tracks are laid out

to resemble a set of three interacting work units. The trains simulate Automated Guided

Vehicles (AGV) that provide and remove material to/from each manufacturing unit. Each

unit has a small electric crane to simulate robots loading and unloading the AGV. Finally,

the system contains several remote track switches to control the paths of the trains, plus

sensors that detect the presence and identity of each train.

The testbed is controlled by two embedded MC68332 processors and an Allen-Bradley

PLC. The microprocessors control the trains and cranes directly, plus they have a discrete

interface for communication with the PLC. The PLC is responsible for the control of the

overall system. The system also contains a Compaq PC that functions as a programming

station for the embedded processors and the PLC.

The testbed contains several custom circuit boards. These include expansion boards (one

for each processor) that provide interface circuitry, as well as sensor boards, and control

circuitry for the remote track switches.

The overall layout of the testbed is shown in Figure 4.1. A more detailed look at the
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hardware present in each loop of the manufacturing cell is given in Figures 4.2, 4.3, and

4.4. The individual hardware elements will be discussed in the following sections.

4.2 Model Railroad Components

A large portion of the testbed consists of Märklin digital train equipment ([11] and [14]),

HO scale. Model train equipment was chosen as the “hardware” to be controlled because

it would be less expensive (compared to equipment for a real manufacturing plant) and

would take up less space, yet would offer similar functionality and control problems as a

real manufacturing plant. The equipment used will be discussed below, with the exception

of the remote track switches which will be discussed in Section 4.6.

4.2.1 Electric Trains

The testbed contains two electric trains that consist of one engine (model 3665) and one

gondola car (model 4465). At present, the gondola cars are not being used. The trains are

AC powered, and they contain lights and a remote coupler each to release the gondola cars

upon request.

The Märklin digital trains were chosen because they allow for remote commands to be

sent individually to each train. Each train contains a digital circuit that accepts commands

bearing the unique ID number of the train. Each train’s speed and direction can be con-

trolled without affecting the other train. Also, each train can be individually commanded

to release its gondola car. The train can be commanded to go forward or backwards, and

can select from speeds ranging from 0 (full stop) to 14. The actual speed of the train varies

depending on track position and the individual train.

Individual remote control of the trains is accomplished via the design of the Märklin

digital tracks. Normally, DC powered tracks have one track rail at ground potential, and the

other rail at a varying DC value that controls the speed and direction of the train. Instead,

the Märklin digital tracks have both rails at ground potential, plus they have a centre rail

that carries a constant AC voltage. Each train internally regulates its speed depending on

the remote commands addressed to it. These commands are digital signals superimposed

on the AC powered centre rail.

Each train can be set to any ID number between 1 and 80. Currently, train one is set
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to ID = 1, and train two is set to ID = 2. To set the train to a new ID, remove the top of

the train, and set the dipswitches according to Table 4.1, where all indicated switches are

set to ON, and all others are set to OFF.

Address Switch to ON Address Switch to ON

01 - 2 3 - 5 - 7 - 41 1 - - 4 - 6 - 8

02 - - 3 - 5 - 7 - 42 1 - - - - 6 - 8

03 1 - - 4 5 - 7 - 43 - 2 - - - 6 - 8

04 - 2 - 4 5 - 7 - 44 - - - - - 6 - 8

05 - - - 4 5 - 7 - 45 1 - 3 - - - - 8

06 1 - - - 5 - 7 - 46 - 2 3 - - - - 8

07 - 2 - - 5 - 7 - 47 - - 3 - - - - 8

08 - - - - 5 - 7 - 48 1 - - 4 - - - 8

09 1 - 3 - - 6 7 - 49 - 2 - 4 - - - 8

10 - 2 3 - - 6 7 - 50 - - - 4 - - - 8

11 - - 3 - - 6 7 - 51 1 - - - - - - 8

12 1 - - 4 - 6 7 - 52 - 2 - - - - - 8

13 - 2 - 4 - 6 7 - 53 - - - - - - - 8

14 - - - 4 - 6 7 - 54 1 - 3 - 5 - - -

15 1 - - - - 6 7 - 55 - 2 3 - 5 - - -

16 - 2 - - - 6 7 - 56 - - 3 - 5 - - -

17 - - - - - 6 7 - 57 1 - - 4 5 - - -

18 1 - 3 - - - 7 - 58 - 2 - 4 5 - - -

19 - 2 3 - - - 7 - 59 - - - 4 5 - - -

20 - - 3 - - - 7 - 60 1 - - - 5 - - -

21 1 - - 4 - - 7 - 61 - 2 - - 5 - - -

22 - 2 - 4 - - 7 - 62 - - - - 5 - - -

23 - - - 4 - - 7 - 63 1 - 3 - - 6 - -

24 1 - - - - - 7 - 64 - 2 3 - - 6 - -

25 - 2 - - - - 7 - 65 - - 3 - - 6 - -

26 - - - - - - 7 - 66 1 - - 4 - 6 - -

27 1 - 3 - 5 - - 8 67 - 2 - 4 - 6 - -

28 - 2 3 - 5 - - 8 68 - - - 4 - 6 - -

29 - - 3 - 5 - - 8 69 1 - - - - 6 - -

30 1 - - 4 5 - - 8 70 - 2 - - - 6 - -

31 - 2 - 4 5 - - 8 71 - - - - - 6 - -

32 - - - 4 5 - - 8 72 1 - 3 4 - - - -

33 1 - - - 5 - - 8 73 - 2 3 - - - - -

34 - 2 - - 5 - - 8 74 - - 3 4 - - - -

35 - - - - 5 - - 8 75 1 - - 4 - - - -

36 1 - 3 - - 6 - 8 76 - 2 - 4 - - - -

37 - 2 3 - - 6 - 8 77 - - - 4 - - - -

38 - - 3 - - 6 - 8 78 1 - - - - - - -

39 1 - - 4 - 6 - 8 79 - 2 - 4 - - - -

40 - 2 - 4 - 6 - 8 80 1 - 3 - 5 - 7 -

Table 4.1: Locomotive Address Decoder Settings

The Märklin system also contains an interface unit that allows a computer to send

commands to the trains via an RS-232 interface. The RS-232 interface is accessed through

port A of the expansion board of CPU A. The train interface unit is discussed in Section

4.2.3.
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4.2.2 Electric Cranes

The testbed contains three Märklin model electric cranes (model 7051) which are used to

load and unload the trains. A crane is capable of rotating left or right, and raising or

lowering its electromagnet. The crane also has a small light in its cab that activates when

the electromagnet is turned on. Each crane has two containers in front of it for selecting

materials for loading onto trains.

Each crane is connected to one of the CPUs expansion boards via a six signal cable.

Crane 1 is connected to expansion board A, while cranes 2 and 3 are connected to expansion

board B. The pinout of the cables is discussed in Section 4.7.2. The cable consists of an

AC ground (from one of the analog train transformers), a signal to the electromagnet and

two paired signals to the crane’s two AC motors for rotating the crane and raising/lowering

the electromagnet. The electromagnet is activated when power is applied to its signal.

The rotating motor is activated when power is applied to one of its signals. One signal

corresponds to rotating to the left, and the other to the right. The raising/lowering motor

is activated similarly. Each signal is attached to a relay on the appropriate expansion board.

Refer to Section 5.3 for information on software control of the crane.

4.2.3 Support Hardware and Tracks

This section discusses the train tracks used and the hardware that supports the trains and

cranes. They are discussed in the following sections.

Train Transformers

The testbed contains three Märklin AC transformers for powering the trains, cranes, and

track switches. The digital transformer (model 6001) supplies AC power to the central

control unit to power the trains. The first analog transformer (model 6667A) supplies power

to crane 1 (via expansion board A) and the track switches, while the second transformer

supplies power to cranes 2 and 3 (via expansion board B).

Central Control Unit

The Märklin central control unit (model 6021) is the device that controls the trains. The

central unit supplies power and digital control signals to the tracks. It is capable of con-
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trolling up to 80 trains simultaneously, either from the controls on its face or through an

interface unit connected to it. The central unit also contains “STOP” and “GO” buttons

on its face. The “STOP” button cuts power to the tracks, and the “GO” button restores

the power.

NOTE: If a train is selected by means of the controls on the face of the central unit, then

it cannot be selected and controlled by the interface unit.

Interface Unit

The Märklin interface unit (model 6050) permits computer control of the trains through

an RS-232 interface. The interface unit is connected to the right side of the central control

unit, and its RS-232 interface is connected to port A of expansion board A. The interface

is configured to run at 2400 baud, 8 bits, 1 start bit, 2 stop bits, and no parity.

The interface is operated by sending a two byte command to port A of Expansion board

A. The first byte is the desired speed , and the second byte is the train’s ID number. The

allowable speeds are 0 (full stop) and 1 to 14. Writing a speed of 15 causes the train to

reverse direction. For examples of how to operate the train interface from software, refer to

Section 5.3.

NOTE: Each set of transmitted commands must be separated by approximately 120ms,

or the interface will loose data.

Train Tracks

The testbed uses Märklin digital K tracks. Unlike normal DC tracks, the Märklin digital

tracks have both rails at ground potential, plus they have a centre rail that carries a constant

AC voltage. This allows for digital signals to be superimposed on the AC powered centre

rail.

The track layout and measurements are as shown in Figure 4.5. The tracks are mounted

on a 7.5 foot by 7.5 foot wooden table (plywood mounted on banquet table legs) constructed

for that purpose.
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Figure 4.5: Track Measurements

4.3 Processors

The testbed consists of four separate processors: the Compaq PC, two MC68332 evaluation

boards (CPU A and CPU B), and an Allen-Bradley programmable logic controller (PLC).

They are discussed in the following sections.

4.3.1 Compaq PC

The Compaq 486SX PC is used as a programming station for the MC68332 processors

and the PLC. The PLC is attached to communication (comm) port 1 of the PC, and the

MC68332 boards are connected through a serial switch box to comm port 2 of the PC. CPU

A is connected to position A of the switch box, and CPU B is connected to position B.

To access the PLC, Allen-Bradley’s 6200 Series programming software is used from the

Microsoft Windows environment. To access the MC68332 processors, Procomm is used. The

interface is set to 9600 baud, 8 bits, 1 stop bit, no parity, and full duplex. For information

about downloading programs (in Motorola S-record format) to the MC68332 boards, refer
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to [25].

4.3.2 MC68332 Evaluation Boards

The testbed contains two MC68332 evaluation boards ([23], [24], [25], and [26]). They are

labeled CPU A and CPU B. CPU A controls the trains and crane 1, while CPU B controls

cranes 2 and 3. Both processors have almost identical expansion boards attached to them

that provide each processor with two RS-232 ports, memory mapped relays to control the

cranes, and a 32-bit input and a 32-bit output register to the PLC. The PLC produces a

clock pulse to synchronize the transfer of data.

The MC68332 processors were added to the testbed to provide a more powerful, flexible

system and to allow for an easy method to handle tasks that cannot be programmed easily

into a PLC. By having the CPUs as intermediaries to portions of the testbed, one can control

how the PLC sees the plant. By changing the interface to the PLC, the configuration of

the apparent plant changes. The plant can be made very simple by only allowing the PLC

to control and observe a few events. Alternatively, the plant can be made very complex by

allowing the PLC to control and observe every aspect of the plant.

The two MC68332 processors provide the testbed with the capability of having three

independent DES supervisors. This permits the investigation of issues pertaining to dis-

tributed systems. Also, since the CPUs are capable of running ‘C’ programs, complex

programming tasks that do not lend themselves to discrete event modeling, can be written

in a high level language.

4.3.3 Allen-Bradley PLC

The testbed contains an Allen-Bradley 1785 PLC-5/30 programmable logic controller ([2],

[3], [4], [5], [15], [19], and [29]) which is responsible for the overall control of the testbed. The

PLC contains an 1785 processor mounted in a 16 slot chassis. Also mounted in the chassis,

are eight 16 point TTL input cards (model 1771-IGD) and six 16 point TTL output cards

(model 1771-OGD). The PLC communicates with the testbed through the input/output

cards. The PLC communicates with its programming station via a RS-232 port connected

to comm port 1 of the Compaq PC.
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The following information is important to note.

• All TTL input and output cards are set to be active low (low=TRUE). This is done

by setting a jumper, accessible from the slot at the top of the card, so that it covers

the two rear pins.

• To remove an I/O card, pull its terminal block forward (from top) and then slide card

out carefully.

Also, the following warnings must be heeded.

• Do not remove PLC processor or I/O cards while chassis is powered. Do not handle

unless properly grounded. Static charge can cause damage.

• When power is turned off to the PLC, all TTL outputs become shorts to digital

ground.

The PLC has a 32-bit input and 32-bit output discrete interface to each MC68332

processor. The PLC is directly connected to all sensors and track switches. The PLC can

only control the trains and cranes through the MC68332 processors.

4.4 Expansion Boards

The testbed contains two expansion boards (expansion board A and expansion board B),

one for each MC68332 evaluation board. The expansion boards provide each processor

with two RS-232 ports, 1Mbyte of expansion memory, memory mapped relays to control

the cranes, and a 32-bit input and a 32-bit output register to the PLC. Since the two boards

are almost identical, board B will be discussed in detail below followed by a discussion of

how board A differs.

4.4.1 Description of CPU B Board

Expansion board B is connected to CPU B by four 34-pin ribbon cables. These cables are

attached to the 64-pin expansion connectors (P1 and P2) on the MC68332 evaluation board.

Due to lack of availability of 64 pin connectors, two 34 pin connectors (model 3431-5202,

made by 3M Inc.) were used. Since they couldn’t fit side by side, some pins on the CPU’s

expansion connector are not connected. Figure 4.6 shows how connectors P1A, P1B, P2A,
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and P2B on the expansion board are mapped to connectors P1 and P2 on the MC68332

evaluation board.

The main components of expansion board B are shown in Figure 4.7. The expansion

board contains 5 primary components that sit on the CPU’s bus. They are the expansion

memory, crane control registers, MC68332 DUART, 32-bit PLC output register, and the

32-bit PLC input register. They are discussed below. Detailed circuit schematics as well as

a placement diagram of expansion board B can be found in Appendix A. For information

on how to access these components from the processor, refer to Chapter 5.

1 2

63 64

P1

P1A

P1B

37 38

1 2

63 64

P2

P2A

P2B

41 42

Figure 4.6: Connector Map from Expansion Board to MC68332 Board

Expansion Memory

The expansion board provides the CPU with an additional 1 MByte of memory (eight

128kByte MCM6226-30 RAM chips) to allow the CPU to download and run large programs.
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Crane Control Registers

The expansion board provides two 8-bit data registers to store control data for controlling

cranes 2 and 3, along with six auxiliary relays. The output of the registers drive the

energizing inputs of the 10 crane relays and the six auxiliary relays. The auxiliary relays

are unused relays that can be completely accessed via connector P9.

MC68681 DUART

The MC68681 dual universal asynchronous receiver/transceiver (DUART) provides the

CPU with two serial ports, input capture, plus several programmable inputs and outputs.

For information on how to program the MC68681 DUART, refer to [22].

PLC Registers

The expansion board provides the CPU with a 32-bit input (from the PLC) register and

a 32-bit output (to the PLC) register. This gives the CPU a 64-bit discrete interface to

the PLC. The PLC provides a clock pulse, labeled PLC clock on the expansion board, to

provide synchronization and to facilitate data transfer. Data is latched by the expansion

board on the rising edge of the clock pulse, and expected1 to be sampled by the PLC on

the falling edge.

Note: All data signals to/from the PLC are active low signals.

4.4.2 Differences for CPU A

Expansion board A is almost identical to expansion board B. The main difference is that

board A only has one 8-bit crane register. The crane register controls 5 crane relays and

3 auxiliary relays. Also, board A does not contain connector P8. An important note is

that on board A, connector P12 (Port A of the DUART) is connected to the Märklin train

interface unit.

1The PLC program is currently written to sample data on the falling edge of the clock pulse, but the
PLC is not hard-wired to do so.
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4.5 Remote Sensors

The testbed contains 28 remote sensors that detect the presence and identity of each train.

These sensors are augmented by seven sensor boards that amplify the sensor signals for

transmission to the PLC.

4.5.1 Description of Sensors

Each sensor consists of two reed switches, one mounted on each side of the track, with one

end of the reed switch attached to digital ground and the other end to a sensor board. A

reed switch is made of two almost touching magnetic strips, held in place by a glass support.

When a correctly oriented magnet passes over a switch, the two strips are attracted together

and create a short circuit (logical TRUE). Each train has a magnet mounted underneath

at the front of the train. Train 1 has a magnet mounted on the left side, and train two has

a magnet mounted on the right. The location of each sensor is shown in Figure 4.8.

The two reed switches are used in conjunction to determine the identity of each train,

as illustrated in Figure 4.9. Each sensor generates an ‘A’ and a ‘B’ signal (RS1A and RS1B

in the diagram). The switch to the left of the front of the train is always defined to be

bit 0, and the switch to the right is bit 1. Thus, the two signals generate a binary signal

identifying the train. In Figure 4.9, RS1A TRUE and RS1B FALSE would signify train 1,

while RS1A FALSE and RS1B TRUE would signal train 2. Finally, both RS1A and RS1B

FALSE would signify no trains present.

There are two main difficulties with the above method. The first is that the method is

dependent on the direction the train traverses the tracks. If train 1 traverses the tracks in

the direction opposite the one shown in Figure 4.9, then it will appear to be train 2. This

is the main reason trains will be restricted to traverse a given portion of track in only one

direction2.

The second reason is illustrated in Figure 4.10. Experimental results show that the

sensors generate a pattern similar to the one shown. The pattern is highly dependent on

the speed of the train, the given sensor, and the strength of the train’s magnets. Some

sensors generate very small pulses (as small as 20ms), or they generate no bounce or only

one. The speed of the train changes the width of each portion of the signal, plus the

2This restriction is part of the plant modeling assumptions. Refer to Section 6.1 for more information.
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number of bounces. The strength of the magnet creates similar effects. Clearly, it is hard

to determine if only one train, more than one, or no train at all is present.

4.5.2 Description of Sensor Boards

The remote sensors are accompanied by seven sensor boards that amplify the sensor signals

for transmission to the PLC. The location of each board is shown in Figures 4.1 through

4.4. Each board contains a CMOS Octal line driver chip (74HC245A) with 5 kΩ pullup

resistors at the chip’s inputs. When a reed switch is activated, the input to the driver chip

is shorted to digital ground, creating a logical TRUE.

All seven sensor boards are the same, except for board 6. Since board 6 has a larger
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transmission distance than the other boards, it contains RS-232 drivers to buffer its sensor

signals. Thus it requires a second board, the RS-232 buffer board, to return the RS-232

signals to TTL levels for the PLC. The location of the RS-232 buffer board is shown in

Figure 4.1. Detailed circuit schematics as well as placement diagrams of all sensor boards

can be found in Appendix A. Table 4.2 shows which sensor is buffered by which board. For

information on how to access the sensor boards from software, refer to Chapter 5.

Note: All sensor signals going to the PLC are active low.

Board 0 Board 1 Board 2 Board 3 Board 4 Board 5 Board 6

sensor 0 sensor 3 sensor 9 sensor 6 sensor 14 sensor 23 sensor 19

sensor 1 sensor 5 sensor 11 sensor 7 sensor 15 sensor 24 sensor 20

sensor 2 sensor 8 sensor 13 sensor 10 sensor 16 sensor 25 sensor 21

sensor 4 sensor 18 sensor 27 sensor 12 sensor 17 sensor 26 sensor 22

Table 4.2: Sensor Board Sensor Assignments

4.6 Track Switches

The testbed contains 10 track switches for routing the trains. The track switches are

operated by the remote switching board. Both are discussed in the following sections.

4.6.1 Description of Switches

The testbed contains four straight-right curved switches (model 2263), four straight-left

curved switches (model 2262), and two three-way (left and right curve, and straight)

switches (model 2270). The location of each switch is shown in Figure 4.11. Each switch

contains a solenoid (three-way switches contain two) to allow for remote operation. Figure

4.12 shows how to interpret the switch control signals. For the single curve switches, the

yellow wire is tied to AC power, and the appropriate blue wire is pulsed (continuous power

would burn out the solenoid) to AC ground to cause the switch to change to the desired

position.

For the three-way switches, the yellow wires are also tied to AC power while the appro-

priate blue wire is pulsed to cause the switch to change position. For the switch to go to the
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Figure 4.12: Control Signals for Switches

straight position, both wires labeled “straight” must be pulsed. To switch from one curved

position to another, first the switch must be moved to the straight position, and then the

appropriate blue wire must be pulsed.

Note: The pulse must be of sufficient duration to activate the switch, and that the required

pulse width will vary depending upon the switch and the load on the power supply.

4.6.2 Description of Switch Circuit Board

The remote switching board controls the operation of the track switches. The board consists

of three inverting line driver chips (74HC240A) (pullup resistors on their inputs) and 22

relays that, when activated, connect their attached switch control line to AC ground. Since

the line driver chips are inverting, a low applied to their inputs activate the relays. The

board also provides power to the switches. The board is connected to the first analog

transformer. Detailed circuit schematics as well as a placement diagram of circuit board

can be found in Appendix A. For information on how to access the remote switching board

from software, refer to Chapter 5.
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WARNING: Connectors P1 and P2 must be left disconnected when PLC is turned off.

The TTL outputs on the PLC are shorted to ground when the PLC is turned off. This

causes all relays (thus all switch solenoids) to be activated on the remote switching

board at once since the relays are activated by an active low signal. This problem will

be corrected in the future by changing the hardware to accept active high signals.

4.7 Power Supply, and Cables and Connectors

In this section, the digital power supply that powers the digital portion of the testbed, is

described. The cables and their attached connectors are also discussed.

4.7.1 Digital Power Supply

The digital power supply used for the testbed is the T0-51/10 model, purchased from Tectrol

Inc. This power supply is capable of providing DC voltage at 5V (1-6A), 12V (0.3-2A), -5V

(0-0.1A), and -12V (0-0.5A). The power supply is mounted inside a metal casing to prevent

electric shock, and the DC power connections are brought to a labeled terminal block on

its face. For reference, the pinout of the internal connectors on the circuit board are given

in Table 4.3.

Note: If the minimal current rating for a given voltage source (1A for the 5V source) is

not met, the supply will not function correctly.

Connector P1 Connector P2

Pin No Pin No Pin No Pin No

1 Neutral 1 -5V 4 Ground 7 +5V

3 Line 2 -12V 5 Ground

5 AC Ground 3 +12V 6 +5V

Table 4.3: Internal Power Supply Connector Pinout

4.7.2 Cables and Connectors

To connect the various components of the testbed 26 cables were used, not including power

supply connections.
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Power Connections

The PLC I/O cards, the remote switching board, and each MC68332 evaluation board,

expansion board, and sensor board have a connection to +5V and ground on the digital

power supply. In most cases, the large boards are directly connected to the power supply,

and the smaller boards are connected to the larger boards. This is done to reduce clutter

at the power supply.

Expansion board A and the remote switching board are connected (AC power and AC

ground) to the first analog transformer. Expansion board B is connected to the second

transformer. The Märklin central control unit is connected to the digital transformer. The

control unit is then connected to the tracks by a feeder track (model 2290).

Note: The feeder track has two connections. The connection that shorts to the track’s

train rails should be connected to the AC ground provided by the control unit.

Signal Cables and Connectors

Twenty-six cables are used to provide interconnection for the testbed. In the case of cables

that go to the PLC (excluding the cable connecting the PLC to its programming station),

they contain a connector only on the end opposite of the PLC. Each cable has been labeled,

including information on which board its connector is for, when necessary.

Sensor boards 0-5 each have a cable connecting them to one of the PLC’s input cards.

Sensor board 6 has a cable connecting it to the RS-232 buffer board, which has a cable

connecting it to the PLC. The remote switching board has two cables connecting it to some

of the PLC’s output cards. Each expansion board has four cables connecting their PLC

input and output registers to the PLC’s I/O cards. Refer to section 5.4 to determine where

each signal is connected to the PLC.

There are four cables connecting the testbed’s hardware to the expansion boards. There

is a cable connecting the Märklin train interface unit to expansion board A, as well as a

cable connecting each crane to their respective expansion board. The three remaining cables

are the terminal cables for the MC68332 evaluation boards and the PLC. They connect the

indicated processor to the Compaq PC (the programming station). Appendix C details all

signal cables and their attached connectors.
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4.8 Unresolved Problems

Although the testbed is operational, there are still several minor hardware problems that

need to be resolved. These problems have not yet been corrected due to lack of time, even

though their solutions are known. The problems are listed below.

1. Some sensors have a pulse width that is less than the sampling period (approx 40ms)

of the state machines. This causes the signal to be missed from time to time. To solve

this problem, the PLC code will be modified to latch the sensor signals outside of the

main control loop3 and then unlatch them once the data has been read by the state

machines.

2. A major problem is noise from the AC motors and solenoids, and from the relays

switching. The AC noise is being superimposed on the DC circuits, sometimes cor-

rupting data received from the PLC. This shouldn’t have been a problem since gen-

erally the MC68332 processors latch data from the PLC at different times than when

the relays switch. Unfortunately, the clock signal from the PLC is tied directly to

the clock input of the registers that latch data from the PLC. Thus, when there is

noise on the clock, the registers become corrupted. The clock of the PLC registers

should be tied to a control output of the MC68332 processor. When the PLC clock

signal generates an interrupt (this process already debounces the signal to avoid false

triggering), then the processor can latch and read the data from the PLC several times

to ensure that the data transfered is reliable. Also, the contacts of the relays should

be filtered to reduce noise.

3. Additional sensors need to be added so that a closed loop controller for the cranes

can be designed.

4. The placement of some of the sensors needs to be adjusted. In particular, the place-

ment of the sensors in front of the cranes needs to be modified so that the trains will

stop in the correct position to allow the trains to be loaded by the cranes. This will

be necessary for a closed loop crane controller to be able to function correctly.

3Refer to Chapter 10 for information on the main control loop of the PLC software.
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Chapter 5

Programming Interface

This chapter explains how to access and control the testbed’s hardware, from software.

Specifically, this chapter discusses how to access the processors, and program them to

monitor the sensors, and to control the switches, cranes and trains. Also, this chapter will

discuss how the PLC communicates with the MC68332 evaluation board, and the structure

of the interrupt-driven interface program (running on the MC68332 processors) that allows

the PLC to communicate with the MC68332 processors.

5.1 Accessing The Processors

To access the Allen-Bradley PLC5-L30B processor, startMicrosoft Windows on the Compaq

PC. Open the Allen-Bradley program group, and double click on 6200 PLC-5 icon. To

access the processor, press function key F1 for online programming. Ensure that you first

turn the PLC processor on1. For detailed instruction on how to use the 6200 PLC-5

software, refer to [3], [4], and [5].

To access the MC68332 boards, start the program c:\testbed\procomm\procomm on

the Compaq PC. The MC68332 boards are connected through a serial switch box to com-

munication port 2 of the PC. CPU A is connected to position A of the switch box, and

CPU B is connected to position B. Ensure that power to the testbed2 has been turned

on. Procomm should be configured to 9600 baud, 8 bits, 1 stop bit, no parity, and full

1To start the PLC, flip on the POWER switch located on the front of the PLC’s power supply. The
power supply is mounted to the left of the chassis.

2Check the power bar that the digital power supply is plugged into.
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duplex. For information about down-loading programs (in Motorola S-record format) to

the MC68332 boards, refer to [25]. To learn to use the board’s built in debugger program

(the M68CPU32Bug Debug Monitor), refer to [24].

Currently, software for the MC68332 boards is written in 68000 assembly language and

assembled using AS32.exe, the assembler provided with the evaluation board. The assembler

is located in directory c:\CC68K on the Compaq PC. Refer to [21] for information on how

to use the assembler. A copy of this information is available in the file as32ref.man in

c:\CC68K. Refer to [13] for more information on 68000 assembly language. Eventually, a

’C’ cross compiler will be available for programming.

5.2 MC68332 Programming Model

Since the main components of the testbed’s two expansion boards are directly on the pro-

cessors’ address and data buses, they can be accessed simply by reading/writing to the

correct memory location. The processors must first be configured to access this memory

space. Figure 5.1 shows the processor’s memory map, particularly where the expansion

board’s components are located. The memory map is identical for both expansion boards.

The location of individual registers will be discussed in Section 5.3.

Each section of the expansion board is accessed by a specific chip select signal, as shown

in Figure 5.1. Chip selects are programmable active low signals, generated by the processor.

They can be programmed to generate a synchronous signal when a memory access occurs

in their programmed memory space3. They also provide data transfer acknowledges, telling

the processor that the data cycle is complete. Before the expansion board can be accessed,

the indicated chip selects must be configured appropriately. This means the chip selects

must be configured every time the processor is reset.

The devices shown in Figure 5.1 use the chip selects to tell them when they should

latch/drive the data bus. The expansion boards also use Programmable Array Logic (PAL)

chips (22V10BCN) to combine the chip select information with low order address bits to

generate individual chip selects for registers that share the chip selects’ address range. The

ABEL ([12]) programs that define the PAL’s operation are given in Appendix E.

Program csinit.s configures the chip selects appropriately. Refer to Appendix E for a

3The chip selects can also be programmed to generate an autovector for an external device.
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listing of the file. Refer to [23] for more information on using chip selects.

Note: Chip select six is set to create an autovector for the DUART. Chip selects 0-2, 4,

and 6 are used by the MC68332 debug monitor.
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Figure 5.1: MC68332 Memory Map
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5.3 Hardware Interface

In this section, the specific details of accessing the components of the expansion boards are

discussed.

5.3.1 Expansion memory

The expansion memory occupies the continuous memory range of $1000004 to $200000 and

can be accessed as a byte, word, or long word just like regular memory.

5.3.2 Train DUART

This section discusses how to use the DUART on expansion board A to control the trains.

This information can be used as a starting place for configuring the DUARTs on either

board for other tasks.

The internal registers of the MC68681 DUART are mapped to the memory range

$500000 to $50001E. The DUART sits on the upper half of the processor’s data bus (data

bits 8 to 15) since it has only an 8 bit data bus. This means that the DUART can only

be accessed on even memory addresses. The addresses of the internal registers are given in

Table 5.1. Refer to [22] for information on configuring these registers.

To access the Märklin interface unit, the DUART’s port A must be configured to run

at 2400 baud, 8 bits, 1 start bit, 2 stop bits, and no parity. The appropriate initialization

code is given below:

* Registers for port A of the DUART (for the train)

MR1A equ $500000

MR2A equ $500000

CSRA equ $500002

CRA equ $500004

ACR equ $500008

OPCR equ $50001A

SRA equ $500002

RBA equ $500006

TBA equ $500006

IMR equ $50000A

IPCR equ $500008

4The “$ ” signifies that the number is in hexadecimal notation.
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Address Read Cycle Write Cycle

$500000 Mode Register A (MR1A,MR2A) Mode Register A (MR1A,MR2A)
$500002 Status Register A (SRA) Clock-Select Register A (CSRA)
$500004 Factory testing only Command Register A (CRA)
$500006 Receiver Buffer A (RBA) Transmitter Buffer A (TBA)
$500008 Input Port Change Register (IPCR) Auxilary Control Register (ACR)
$50000A Interrupt Status Register (ISR) Interrupt Mask Register (IMR)
$50000C Counter Mode: MSB of Counter (CUR) Counter/Timer Upper Register (CTUR)
$50000E Counter Mode: LSB of Counter (CLR) Counter/Timer Lower Register (CTLR)
$500010 Mode Register B (MR1B,MR2B) Mode Register B (MR1B,MR2B)
$500012 Status Register B (SRB) Clock-Select Register B (CSRB)
$500014 Factory testing only Command Register B (CRB)
$500016 Receiver Buffer B (RBB) Transmitter Buffer B (TBB)
$500018 Interrupt-Vector Register (IVR) Interrupt-Vector Register (IVR)
$50001A Input Port (unlatched) Output Port Configuration Register (OPCR)
$50001C Start-Counter Command Bit Set Command
$50001E Stop-Counter Command Bit Reset Command

Table 5.1: DUART Register Addressing and Address Triggered Commands

* configure DUART for use with train

move.b #$1a,CRA

move.b #$30,CRA

move.b #$20,CRA

move.b #$13,MR1A

move.b #$0f,MR2A

move.b #$88,CSRA

move.b #$60,ACR

move.b #$05,CRA

* Disable all interrupts in DUART!

move.b #$00,IMR

The train interface is operated by sending a two byte command to port A. The first byte

is the desired speed , and the second byte is the train’s ID number. The allowable speeds

are 0 (full stop) to 14. Writing a speed of 15 causes the train to reverse direction. The code

to initialize train 1 to a full stop is given below. The ID number of train one is ”1”, and

the ID number of train two is ”2”.

Note: Each set of commands must be separated by approximately 120ms or the interface

will loose data.
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* Initialize train 1 to stop

move.b #1,d2 store train ID

move.b #0,d4 store speed

jsr TRANS

***********************************************************************

* Subroutine: TRANS

***********************************************************************

TRANS: movem.l d0,-(sp)

*transmit speed to train

TSTTX1 btst.b #2,SRA

beq TSTTX1

move.b d4,TBA

move.w #I_BYTEW,d0

*transmit train ID

TSTTX2 btst.b #2,SRA

beq TSTTX2

move.b d2,TBA

movem.l (sp)+,d0

rts

5.3.3 Crane Registers

The crane register on expansion board A is accessed the same as the register on board B,

except that only the upper 8 bits are used. Both are accessed by writing a 16-bit word

to $500020. Figures 5.2 and 5.3 show the interpretation of each bit of the crane registers.

Writing a “1” to a bit activates its corresponding relay, which activates the appropriate

motor in the appropriate crane. Writing a “0” deactivates the relay.

Note: Crane registers are write only. Reading registers will return junk. If you require the

current value of the registers, keep a copy in software.

Before the crane registers can be used, some configuration must be performed since the

register’s outputs are floating after the processor is reset. The crane register’s output enable

is driven by bit 1 of port F on the processor. The bit must be configured as an output and

set to “0” to enable the registers outputs. The code required is given below. For more

information about port F of the CPU, refer to [23].
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* Configure crane registers

* port F control registers

PFPAR equ $fffa1f

DDRF equ $fffa1D

PORTF equ $fffa19

* Crane register

CREG equ $500020

* Clear crane registers to disable relays

move.w #0,CREG

* set bit 1 of port F to I/O bit

move.b #$fd,PFPAR

* set data direction

move.b #$02,DDRF

* set bit 1 to zero to enable registers outputs

move.b #$0,PORTF

5.3.4 PLC Registers

Each expansion board contains two 16-bit PLC input (from the PLC) registers and two

16-bit PLC output registers. Table 5.2 shows the addresses these registers occupy. The

PLC provides a clock pulse, labelled PLC clock on the expansion boards, to provide syn-

chronization and to facilitate data transfer. Data is latched by the expansion board on the

rising edge of the clock pulse, and expected5 to be sampled by the PLC on the falling edge.

Note: PLC input and output registers share the same address space. They can only be

read or written to, as indicated. If you require the current value of an output registers,

keep a copy in software.

5.4 PLC Interface

The PLC interacts with the testbed through its eight 16-point TTL input cards and six

16-point TTL output cards. The sensor and remote switch boards, as well as the expansion

board’s PLC registers are all connected to these I/O cards. The clock pulse that the PLC

5The PLC program is currently written to sample data on the falling edge of the clock pulse, but the
PLC is not hard-wired to do so.
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Address Read Cycle Write Cycle

$500800 PLC Input Register 0 (PLCin0 [15:0]) PLC Output Register 0 (PLCout0 [15:0])
$500802 PLC Input Register 1 (PLCin1 [15:0]) PLC Output Register 1 (PLCout1 [15:0])

Table 5.2: PLC Register Addressing

generates to synchronize the transfer of data with the expansion boards, also comes from

an output card.

On a PLC, data is organized as files. There are input image files, output image files,

integer files, and binary files, among others. PLC programs do not directly interact with

I/O cards. They read from the input image files and write to the output image files. Once

per cycle, the input file is updated from the inputs, and the output file is written to the

output cards by the PLC’s operating system. A typical cycle is shown in Figure 5.4.

On a PLC, data is normally accessed as a bit. Figure 5.5 shows how a bit address is

determined for several common data file types. Refer to [5] for more information about

PLC addressing. The testbed’s PLC is configured with 16-point I/O modules using 2-slot

I/O groups (refer to [2]). This means that the first slot is occupied by a 16-point input

module, and the second slot by a 16-point output module, but they both share the same

group number. In Section 10.1, Figure 10.1 shows a 16 slot chassis, holding a PLC-5/L30B

processor and 16 I/O cards. The testbed PLC does not have the last two output cards.

The labelling shows which I/O group each card belongs to.

Note: The chassis is set to use 2-slot I/O groups by configuring the chassis backplane dip

switches. Switches four and five should be set to the off position. Refer to [1] for more

information.

Figure 5.6 shows how the PLC’s I/O cards are assigned. Table 5.3 and Table 5.4 show

how the signals from the sensor boards and the remote switching board correspond to the

actual sensors and switches.

5.5 Structure of MC68332 Interface Programs

The interface programs are designed to provide an interrupt based interface to the PLC. The

rising edge of the clock pulse (labelled PLC clock) the PLC generates, creates an interrupt
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Board 0 Board 1 Board 2 Board 3 Board 4 Board 5 Board 6

Bit From From From From From From From

0 RS4A RS8A RS27A RS12A RS17A RS25A RS19B
1 RS4B RS8B RS27B RS12B RS17B RS25B RS19A
2 RS2A RS5A RS9A RS10A RS14A RS26A RS20B
3 RS2B RS5B RS9B RS10B RS14B RS26B RS20A
4 RS0A RS3A RS11A RS7A RS16A RS24A RS21B
5 RS0B RS3B RS11B RS7B RS16B RS24B RS21A
6 RS1A RS18A RS13A RS6A RS15A RS23A RS22B
7 RS1B RS18B RS13B RS6B RS15B RS23B RS22A

Table 5.3: Sensor Board Assignments
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Figure 5.6: PLC I/O Card Bit Assignments

Bit Signal Bit Signal Bit Signal Bit Signal

0 PLC turn1 6 PLC turn4 12 PLC turn7 18 PLC turn10
1 PLC str1 7 PLC str4 13 PLC str7 19 PLC str10
2 PLC turn2 8 PLC turn5 14 PLC turnR8 20 PLC str3
3 PLC str2 9 PLC str5 15 PLC turnL8 21 PLC str8
4 PLC turnR3 10 PLC turn6 16 PLC turn9
5 PLC turnL3 11 PLC str6 17 PLC str9

Table 5.4: Remote Switching Board Assignments
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for each MC68332 processor. The processors read the PLC input registers, update the PLC

output registers, and perform any actions the PLC requested. The main program loop

operates the cranes. The following sections discuss the interface programs for each of the

processors.

5.5.1 The CPU A Interface Program

The CPU A interface program allows the PLC remote access to the trains and crane 1.

The pseudo code for the program is given below. Refer to Appendix E for a listing of the

interface program, labelled desinta.s.

************************************************************

* Main Program Loop CPU A:

************************************************************

Build_exception_table();

Initialize();

MLOOP: if (crane_request = TRUE) then

{ clear crane_request flag;

crane_load1();

set crane_finish flag;

}

goto MLOOP;

************************************************************

* Subroutine: Build_exception_table

************************************************************

copy old exception table;

set exception \#67 to address of Timer_handler();

set exception \#65 to address of Input_capture_handler();

return;

************************************************************

* Subroutine: Initialize

************************************************************

configure periodic timer;

initialize flags;

initialize crane register;
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initialize DUART for use with trains;

initialize trains;

configure time processor unit (TPU) to create interrupt

on rising edge of PLC_clock;

enable upto level 5 interupts;

return;

************************************************************

* Interrupt service routine: Timer_handler

*

* Routine gets called every time periodic timer generates

* an interrupt.

************************************************************

increment Counter 1;

return;

************************************************************

* Interrupt service routine: Input_capture_handler

*

* Routine gets called every time TPU generates an

* an interrupt.

************************************************************

read PLC input registers;

if (PLC requested crane) then

{ if (crane_busy = FALSE) then;

{ clear crane_finish flag;

set crane_request flag;

set crane_busy flag}

else

{ if (crane_finish = TRUE) then;

{ clear crane_finish flag;

clear crane_busy flag;

set flag to tell PLC crane finished}}}

else

{ if (crane_busy = TRUE) then

{ if (crane_finish = TRUE) then

{ clear crane_finish flag;

clear crane_busy flag;

set flag to tell PLC crane finished}}}

update PLC output registers
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if (PLC request train 1 to stop)

stop train 1

else

start train 1;

if (PLC request train 2 to stop)

stop train 2

else

start train 2;

return;

************************************************************

* Subroutine: Crane_load1

************************************************************

start periodic timer;

move crane 1 left until Counter 1 = set value;

stop timer;

clear Counter 1;

start periodic timer;

move crane 1 down until Counter 1 = set value;

stop timer;

clear Counter 1;

energize magnet;

start periodic timer;

move crane 1 up until Counter 1 = set value;

stop timer;

clear Counter 1;

start periodic timer;

move crane 1 right until Counter 1 = set value;

stop timer;

clear Counter 1;

start periodic timer;

move crane 1 down until Counter 1 = set value;

stop timer;

clear Counter 1;
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de-energize magnet;

stop timer;

clear Counter 1;

start periodic timer;

move crane 1 up until Counter 1 = set value;

return

5.5.2 The CPU B Interface Program

The CPU B interface program allows the PLC remote access to crane 2 and crane 3. The

pseudo code for the program is given below. Refer to Appendix E for a listing of the

interface program, labelled desintb.s.

************************************************************

* Main Program Loop CPU B:

************************************************************

Build_exception_table();

Initialize();

MLOOP: if (crane2_request = TRUE) then

{ clear crane2_request flag;

crane_load2();

set crane2_finish flag;

}

if (crane3_request = TRUE) then

{ clear crane3_request flag;

crane_load3();

set crane3_finish flag;

}

goto MLOOP;

************************************************************

* Subroutine: Build_exception_table

************************************************************

copy old exception table;

set exception \#67 to address of Timer_handler();

set exception \#65 to address of Input_capture_handler();

return;
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************************************************************

* Subroutine: Initialize

************************************************************

configure periodic timer;

initialize flags;

initialize crane register;

configure time processor unit (TPU) to create interrupt

on rising edge of PLC_clock;

enable upto level 6 interupts;

return;

************************************************************

* Interrupt service routine: Timer_handler

*

* Routine gets called every time periodic timer generates

* an interrupt.

************************************************************

increment Counter 1;

return;

************************************************************

* Interrupt service routine: Input_capture_handler

*

* Routine gets called every time TPU generates an

* an interrupt.

************************************************************

read PLC input registers;

if (PLC requested crane 2) then

{ if (crane2_busy = FALSE) then;

{ clear crane2_finish flag;

set crane2_request flag;

set crane2_busy flag}

else

{ if (crane2_finish = TRUE) then;

{ clear crane2_finish flag;

clear crane2_busy flag;

set flag to tell PLC crane 2 finished}}}

else

{ if (crane2_busy = TRUE) then

{ if (crane2_finish = TRUE) then
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{ clear crane2_finish flag;

clear crane2_busy flag;

set flag to tell PLC crane 2 finished}}}

if (PLC requested crane 3) then

{ if (crane3_busy = FALSE) then;

{ clear crane3_finish flag;

set crane3_request flag;

set crane3_busy flag}

else

{ if (crane3_finish = TRUE) then;

{ clear crane3_finish flag;

clear crane3_busy flag;

set flag to tell PLC crane 3 finished}}}

else

{ if (crane3_busy = TRUE) then

{ if (crane3_finish = TRUE) then

{ clear crane3_finish flag;

clear crane3_busy flag;

set flag to tell PLC crane 3 finished}}}

update PLC output registers

return;

************************************************************

* Subroutine: Crane_load2

************************************************************

* same as Crane_load1 for CPU A, except affects crane 2

************************************************************

* Subroutine: Crane_load3

************************************************************

* same as Crane_load1 for CPU A, except affects crane 3

5.5.3 Future Modifications

There are several improvements to the MC68332 interface programs that would be desirable.

The first would be to replace the open loop controller for the cranes by a closed loop

controller.

The second change would be to alter the train interface. Due to hardware limitations,
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the MC68332 can not send commands to the train at a rate faster than 2 bytes every 120

ms, or data may be lost. Unfortunately this limitation was not known when the software

was designed, thus commands to the trains are sometimes lost. To compensate, the software

reiterates train commands every 6 clock cycles for train 1, and every 5 clock cycles for train

2. The solution works but is far from optimal. The software should be rewritten to enforce

the maximum transfer rate while ensuring that a train command is sent within a given

maximum time.

The third software change concerns the crane interface on CPU B. Currently, the

software checks if there is a loading request for crane 2. If there is a request, then crane

2 “loads” the waiting train. Only at this point does the software check for crane 3. This

causes crane 3 to wait until crane 2 is serviced. A more multitasking approach is needed.

When a closed loop controller for the cranes is implemented, the interface can be modified

to run the crane controllers concurrently.
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Chapter 6

Plant Model

This chapter discusses the DES plant model used for the testbed, as well as related issues.

The modeling assumptions used in creating the plant model are discussed, followed by

controllable events that originate with the controller. The basic plant elements are discussed

as additional specifications that define how the fundamental elements interact with one

another. In total, there are 59 modular specifications giving a composite plant model on

the order of 1016 states. Finally, the plant model’s TCT representation is discussed.

6.1 Modeling Assumptions

In designing the testbed’s plant model, two assumptions were made to simplify the plant

model. The primary assumption was that all trains are only allowed to traverse a given

track section in one direction. The permitted direction for each track section is shown in

Figure 6.1. This also assumes that trains do not travel in reverse. As mentioned in Section

4.5.1, this assumption prevents trains from being mistaken for the other, plus eliminates

the possibilities of more complex collisions. Also, the assumption makes sensors 17 and 18

unreachable, while requiring remote switches 1, 2, 9, and 10 to be fixed; thus these sensors

and switches can be excluded from the plant model.

The second assumption is that the electric cranes only load the trains. They do not

unload. This simplifies the crane models and the crane supervisors.
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Loop 2

Loop 1

Loop 3

Figure 6.1: Permitted Track Traversals

6.2 Supervisor Generated Controllable Events

The standard RW theory model consists of a plant which spontaneously generates events,

some controllable (can be disabled) and some uncontrollable, and a supervisor that tracks

the plant’s events, disabling controllable events according to some control law. This feedback

loop interpretation is shown in Figure 6.2.

Supervisor

Plant

Σ = ΣU ΣC
Enablement
Commands

Figure 6.2: RW Feedback Loop

Supervisor

Plant

ΣC ΣU

Figure 6.3: Balemi Feedback Loop

In [6], Balemi claims that this does not accurately represent most plants. He proposes the
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interpretation that the plant generates outputs (uncontrollable events) called “responses”,

and accepts inputs (controllable events) called “commands”. Thus, the controllable events

(“commands”) are generated (forced) by the supervisor, when it wants a desired response

from the plant. This interpretation is shown in Figure 6.3.

There are several problems with this. First, Balemi’s interpretation unnecessarily com-

plicates matters, in most cases. By introducing forcing, one now has to consider issues of

temporal logic at the model and control synthesis stage. If the control specifications require

temporal specifications, then they are unavoidable.

Secondarily, Balemi’s interpretation is unnecessarily restrictive and leaves the standard

RW theory. This requires the existing RW theory to be modified, where necessary to

accommodate his new formalism. This is re-inventing the wheel. There is no need to leave

current RW.

A third problem is that Balemi’s formalism would make modular implementation ex-

tremely difficult. Several modular controllers might generate the same event at different

times. It would be very difficult for them to come to a consensus on when, as a group,

they should generate the event. Since most real systems are very complex, the only current

feasible method of design is modular control. If Balemi’s method cannot be implemented

modularly, it is useless for most real systems of interest.

The following interpretation is proposed. The plant is considered to be that which

generates the events in the plant models. This includes the normal plant generator and the

supervisor. As discussed in Chapter 3, the important thing about a plant model is that it

contains all the necessary events (for proper observability and controllability) and that the

model is correct. By correct, it is meant that the plant model produces all possible strings

that the plant can generate, and that it correctly shows all dependencies between events.

Who generates these events (plant generator or supervisor) doesn’t alter the theory as long

as the events occur according to the model.

The set of controllable events is subdivided into two sets: Controllable events generated

by the plant (ΣCP ), and controllable events generated by the supervisor (ΣCS). For σ ∈

ΣCP , the supervisor generates enablements as in the standard RW theory. For σ ∈ ΣCS ,

the supervisor generates the event when it is enabled. The generated events are also fed

back into the supervisor so it knows “when” the event occurs. Once the event is enabled,

it will be generated by the supervisor “eventually”, but the “when” is determined by the
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implementation method. The generation of the event is a function of the implementation,

not part of the RW description of the supervisor. All the supervisor is concerned about is

that events occur eventually in the desired order, and that undesirable event sequences do

not occur. This interpretation is shown in Figure 6.4. Clearly, Balemi’s and the traditional

RW interpretation are special cases of the interpretation proposed in Figure 6.4. Refer to

Section 9.3.4 to see how the proposed implementation method generates events, and how

they are defined.

Supervisor

Plant
Generator

Enablement
Commands
For ΣCP

ΣU ΣCPΣCS

ΣCS

PLANT

Figure 6.4: Proposed Feedback Loop Interpretation

To send commands to the plant, the supervisor disables the events it wants to generate,

until the proper sequence of events has occurred, then it enables the desired event (com-

mand) and waits for it too occur. The supervisor then disables the event (unless it wants

it to occur more than once). Since the supervisor monitors the events it generates, it can

easily be designed and implemented as modular supervisors using the method described in

Section 9.3.2.

An important point Balemi makes is that if the supervisor can generate events, then it is

important that it does not do so when the plant generator is not ready to accept the events.

For the new interpretation, this issue is not addressed for the proposed implementation

method due to time constraints. In particular, it is not an important concern for the testbed

since the plant model was designed to be flexible enough to allow for any contingency of
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the supervisor generating an event.

6.3 Fundamental Models

The plant model for the testbed consists of the following basic elements: trains, cranes,

sensors and switches. They are shown in Figure 6.5. The models are discussed in the

following sections.
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for j = 1, 2, 3

0 1

st_loadj

fin_loadj
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for k = 0, 1, .. , 16, 19, .. , 27

Sensors

Figure 6.5: Fundamental Plant Models

6.3.1 Train Models

The train model shows how each train behaves. The model is designed to capture the

idea that train i (i = 1, 2) starts moving forward when event “en traini” occurs1. The train

moves forward a unit distance and then checks to see if event “en traini” has occurred again.

1Event “en traini” occurring is referred to as the train being “enabled”.
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If it has, the train keeps moving. When the event is disabled, the train stops as soon as it

has moved the unit distance permitted by the last occurrence of “en traini”. This means

the train can effectively be started or stopped by enabling/disabling event “en traini”.

6.3.2 Crane Models

The crane models are designed to show basic loading functionality. When enabled, the

crane begins its loading sequence, and then sends feedback when the task is complete.

6.3.3 Sensor Models

The sensor models tell us when a given train is present, and when no trains are present2.

Also, they express the fact that only one train can activate a given sensor at one time, since

only one train can physically occupy a stretch of track at one time.

6.3.4 Switch Models

As described in Section 4.6.1, the testbed contains two types of track switches. There are the

two-way (straight or turn) switches (switches 4 to 7) and the three-way (straight, turn left,

and turn right) switches (switches 3 and 8). The two way switches simply model the switch

changing position. It is important to note that the turn and straight event should never be

enabled at the same time since this could cause contention in the switches’ solenoids.

For the three-way switches, only the turn mechanisms are modeled since part of the

PLC code described in Section 10.3.3 prevents the straight position from being selected.

Since it is more complicated to change the position of the three way switches, their model

contains a completion event as well as an initialization event.

6.4 Interaction Models

The interaction models show the interdependencies of the fundamental models.

2As noted in Section 4.5.1, the event “no trains are present” for a given sensor, cannot be reliably
observed.
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6.4.1 Sensor Interdependencies

This series of models show the sensor’s interdependencies. With respect to the starting

position of a particular train, sensors can only be reached in a particular order, dictated by

their physical location on the testbed. This is shown in Figure 6.6 and Figure 6.7.
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Figure 6.6: Sensor Interdependencies with Respect to Train 1
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Figure 6.7: Sensor Interdependencies with Respect to Train 2
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6.4.2 Sensor Dependencies on Trains

This series of models show how the sensors are dependent on train movement. A sensor is

activated by a train passing the sensor. If all trains are stationary, then no sensor can be

activated. Once a train starts moving, then it is possible that a sensor might be activated.

When a train stops moving, then sensors can no longer be activated. As explained in

Section 6.3.1, once a train has been “enabled”, it moves a unit distance before it needs to

be “enabled” again. This means that sensors can only be activated during the time between

the train being “enabled” and the train moving a unit distance. During this time, at most

one sensor can be activated. Figure 6.8 shows the plant sub-model that captures these

ideas.

10 2

en_traini

umv_traini

umv_traini

X X X

Y

traini_sensor

for i =1,2

X = {nt_at0, . . . ,nt_at16, nt_at19, . . . ,nt_at27}

Y = {traini_at0, . . . , traini_at16, traini_at19, . . . , traini_27}

Figure 6.8: Sensor Dependency on Trains

6.4.3 Sensor Dependencies on Switches

The next series of models detail the sensor’s dependency on the switches. Depending on

the current location of a given train, certain sensors are inaccessible if the switch prevents

the train’s approach. Figures 6.9, 6.10, 6.11, 6.12, 6.13, 6.14, 6.15, 6.16, 6.17, 6.18, 6.19 and

6.20 show how the sensors depend on each switch, with respect to each train.
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Figure 6.10: Sensor Dependency for Switch 3 with Respect to Train 2
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Figure 6.11: Sensor Dependency for Switch 4 with Respect to Train 1
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Figure 6.12: Sensor Dependency for Switch 4 with Respect to Train 2
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Figure 6.13: Sensor Dependency for Switch 5 with Respect to Train 1
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Figure 6.15: Sensor Dependency for Switch 6 with Respect to Train 1
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Figure 6.16: Sensor Dependency for Switch 6 with Respect to Train 2
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Figure 6.17: Sensor Dependency for Switch 7 with Respect to Train 1
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Figure 6.18: Sensor Dependency for Switch 7 with Respect to Train 2
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Figure 6.19: Sensor Dependency for Switch 8 with Respect to Train 1
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Figure 6.20: Sensor Dependency for Switch 8 with Respect to Train 2
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6.4.4 Switch Request Handlers

The final series of models is slightly different from the previous series. This series, the switch

request handlers, manages how the controllers interact with the switches. For the switches,

it is desired that the switch “change position” events should be disabled until needed. This

is currently extremely difficult to express as a modular DES supervisor.

The switch handlers were designed as an ad-hoc solution. They disable the switches’

activation events until a supervisor specifically “requests” (by enabling the request event

for the desired switch) one of the events. The request handlers are shown in Figure 6.21.

for i = 4 ,  . . . , 7

req _ swi

t1req _ swi,
t2req _ swi

t1req _ swi,
t2req _ swi

turn _ i,
str _ i

turn _ i,
str _ i

0 1 2

for j = 3 , 8

req _ swj

t1req _ swj,
t2req _ swj

t1req _ swj,
t2req _ swj

turnR _  j,
turnL _  j

turnR _  j,
turnL _  j

0 1 2

Figure 6.21: Switch Request Handlers

6.5 Event Map for TCT

For evaluation purposes, all plant models were entered into DES structures for use with

TCT. The state labeling shown in the diagrams was used, while Table 6.1 shows the TCT

label assigned to each event label.
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Event TCT Event TCT Event TCT Event TCT
Label Label Label Label Label Label Label Label

en train1 11 fin load2 20 str 6 67 t2req sw4 43
umv train1 16 st load3 35 turn 6 69 t1req sw5 51
en train2 21 fin load3 30 str 7 77 t2req sw5 53
umv train2 26 turnR 3 307 turn 7 79 t1req sw6 61
for i = 0, . . . , 16, 19, . . . , 27 turnL 3 309 turnR 8 807 t2req sw6 63

t1 ati i2 cplR 3 300 turnL 8 809 t1req sw7 71
t2 ati i4 cplL 3 302 cplR 8 800 t2req sw7 73
nt ati i8 str 4 47 cplL 8 802 t1req sw8 81
st load1 15 turn 4 49 t1req sw3 31 t2req sw8 83
fin load1 10 str 5 57 t2req sw3 33
st load2 25 turn 5 59 t1req sw4 41

Table 6.1: TCT Event Map
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Chapter 7

DES Supervisors

After the plant model was developed, 29 modular supervisors were designed to enforce

the given control specifications. There are three types of supervisors: crane supervisors,

routing supervisors, and collision protection supervisors. The supervisors as well as the

control specifications are discussed below.

The figures shown, depicting the individual supervisors, are complete definitions of the

supervisors except for the omission of unimportant self-looped events required for logical

completeness. All events that are part of the plant model defined in Chapter 6, but are

not shown in the diagram of the supervisor, are self-looped at every state in the indicated

supervisor. Additional events that are self looped only at certain states in the supervisor,

will be specified in tables.

7.1 Control Specifications

The testbed’s safety and operation specifications are given below. They are discussed in

detail in the following subsections.

1. Prevent trains from colliding.

2. Ensure switches are set correctly while train traverses them.

3. Enforce specified route.

4. Synchronize trains to permit loading by cranes.
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7.1.1 Collision Prevention

The first specification is obvious. As the trains traverse the track along their assigned

routes, it is desired to prevent rear collisions as well as collisions in intersections. Since

trains only traverse a section of tracks in one direction, head-on collisions are not an issue.

7.1.2 Ensuring Correct Switch Positions

The second specification has two purposes. The first purpose is to ensure that switches

are set correctly for routing the trains. The second purpose is to prevent a switch from

changing position while a train is traversing the switch. This requires allowing only one

train to control a switch at one time.

There are no supervisors specifically dedicated to this specification, but instead the

routing, and collision protection supervisors cleverly subsume this specification into their

primary mandates. This means that the routing, and collision protection supervisors already

perform most of the necessary tasks to meet the above specifications. The supervisors only

required slight modifications and then they were able to fully meet the above specifications.

The routing, and collision protection supervisors implement the switch position spec-

ifications in the following manner. The routing supervisors are the only supervisors that

control the switches. They only change the switch’s position when a train is just in front

of the switch. Then, the collision protection supervisors prevent more than one train from

occupying a given track section. For a switch that can be accessed from only one track

section, this means that the switch moves to the correct position when the train arrives

and stays there until the train has traversed the switch. Since no other train can enter the

track section until the first train has crossed the switch, there will be no contention for the

switch.

For switches that can be reached from two different track sections simultaneously (such

as switch 6: see Figure 4.11), the situation is more complicated. The collision protection

supervisor for the track section1 that two trains are about to enter, disables the switch

request event for the second train that arrives at the switch. When the first train has

cleared the switch, the second train is released, and its switch request event can now occur.

By disabling the second train’s switch request event, the collision protection supervisor

1For switch 6, this is the section containing sensors 11 and 13.
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prevents the train from changing the switch’s position.

7.1.3 Routing Specifications

Each train is assigned a set route through the three work units of the cell. They repeat the

route indefinitely2. The route for train 1 is as follows: Traverse left side of loop 1. Continue

straight to left side of loop 2. Traverse loop 2 until right side then continue straight and

into loop 3. Traverse loop 3 and then continue into loop 1. Repeat.

The route for train 2 is as follows: Traverse loop 2, loop 1, loop 3 and then repeat.

7.1.4 Crane Specifications

Specifically, the crane specifications say that, whenever a train arrives at a crane, the train

is to be stopped. The crane then loads the train. When the crane is finished loading and

returns to its starting position, the train is released.

7.2 Modular Supervisors

The supervisor for the testbed is implemented as several modular supervisors. Modular

supervisors were chosen because centralized methods are not feasible for a system of this

size. Besides the fact that it would be very difficult to conceive of the design of one large

supervisor that implements all of the above specification (not to mention that the accuracy

of such a design would be highly questionable), it would exceed our current software capacity

to verify controllability for such a supervisor since we would be unable to break the plant

into sections as is done in the model reduction theorems in Chapter 8.

In additional to feasibility issues, modular supervisors are easier (and more accurate in

general) to design, modify, and implement. Implementing modular supervisors using the

method given in Section 9.3, permits one to easily convert the 25 supervisors discussed

in this section into PLC code by hand. One single centralized supervisor would require

computer software to do the conversion and the resulting PLC code would be far more

massive than the modular code.

2Refer to Figure 4.1 to determine labeling of track loops.
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7.3 Crane Supervisors

A crane supervisor continually monitors the sensor just in front of it for a train. When a

train arrives, the supervisor stops the train and activates the crane, which then proceeds to

load the train. When the crane finishes loading the train, the supervisor releases the train.

The crane supervisors for crane 1, crane 2, and crane 3 are shown in Figure 7.1. Table 7.1

shows additional self-looped events.

sup crane1 sup crane2 sup crane3

State Event Event Event

0 fin load1 fin load2 fin load3
1 t1 at13 t1 at2 t1 at21
1 t2 at13 t2 at2 t2 at21
2 t1 at13 t1 at2 t1 at21
2 t2 at13 t2 at2 t2 at21

Table 7.1: Self-looped Events for Crane Supervisors
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sup _crane1 t1 _ at13

fin_load1

fin_load1

t2 _ at13

en_train1,
en_train2

en_train2,
st_load1

en_train1,
st_load1

0 1

2

sup _crane3 t1 _ at21

fin_load3

fin_load3

t2 _ at21

en_train1,
en_train2

en_train2,
st_load3

en_train1,
st_load3

0 1

2

sup _crane2 t1 _ at2

fin_load2

fin_load2

t2 _ at2

en_train1,
en_train2

en_train2,
st_load2

en_train1,
st_load2

0 1

2

Figure 7.1: Crane Supervisors
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7.4 Routing Supervisors

The routing supervisors enforce the specified route of each train. Each train has its own

set of supervisors, one for each switch used (Switches 1, 2, 9, and 10 are ignored since they

are not used - refer to section 6.1).

The path of each train is controlled by the position of the switches as the train passes

through them. The required pattern of switch settings for each train’s route was found by

tracing the path of each train. This overall pattern was then further reduced by observing

the individual pattern of each switch. Finally, a supervisor was written for each switch

to generate the prescribed pattern as the given train traverses the tracks. When all six

supervisors for a given train are put together, the overall pattern creates the proper route

for the train.

7.4.1 Routing Supervisors for Train 1

The routing supervisors for train 1 are given in Figures 7.2, 7.3, 7.4, 7.5, 7.6, and 7.7. They

are for switches 3 to 8. Table 7.2 shows additional self-looped events.

sup rt1 sw3 sup rt1 sw4 sup rt1 sw5 sup rt1 sw6 sup rt1 sw7

Event States States Event Event Event Event

t1 at3 1, 2, 4, 5 1, 2 t1 at4 t1 at8 t1 at27 t1 at12
cplR 3 0, 1, 3, 4, 5
cplL 3 0, 1, 2, 3, 4

sup rt1 sw8

Event States
t1 at16 1, 2, 3, 4, 5
t1 at25 0, 1, 2, 4, 5
cplR 8 0, 1, 3, 4, 5
cplL 8 0, 1, 2, 3, 4

Table 7.2: Self-looped Events for Routing Supervisors, Train 1
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sup _rt1_sw3

t1req_sw3

t1 _ at3

turnR_3,
turnL_3,
en_train1

turnR_3,
turnL_3 turnR_3

turnL_3
turnR_3,
turnL_3

c p lL
_ 3

0 1

5 4

t1req_sw3

t1 _ at3

turnR_3,
turnL_3,
en_train1

c pl R
_3

2

3

Figure 7.2: Routing Supervisor for Train 1, Switch 3

sup _rt1_sw4 t1 _ at4

turn_4,
str_4,
en_train1

turn_4,
str_4

st r_ 4

0 1

2

t1req_sw4

Figure 7.3: Routing Supervisor for Train
1, Switch 4

sup _rt1_sw5 t1 _ at8

turn_5,
str_5,
en_train1

turn_5,
str_5

st r_ 5

0 1

2

t1req_sw5

Figure 7.4: Routing Supervisor for Train
1, Switch 5
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sup _rt1_sw6 t1 _ at27

turn_6,
str_6,
en_train1

turn_6,
str_6

s tr _ 6

0 1

2

t1req_sw6

Figure 7.5: Routing Supervisor for Train
1, Switch 6

sup _rt1_sw7 t1 _ at12

turn_7,
str_7,
en_train1

turn_7,
str_7

s tr _7
0 1

2

t1req_sw7

Figure 7.6: Routing Supervisor for Train
1, Switch 7

sup _rt1_sw8

t1req_sw8

t1 _ at16

turnR_8,
turnL_8,
en_train1

turnR_8,
turnL_8 turnR_8

turnL_8
turnR_8,
turnL_8

cp l L
_8

0 1

5 4

t1req_sw8

t1 _ at25

turnR_8,
turnL_8,
en_train1

c pl R
_ 8

2

3

Figure 7.7: Routing Supervisor for Train 1, Switch 8
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7.4.2 Routing Supervisors for Train 2

The routing supervisors for train 2 are given in Figures 7.8, 7.9, 7.11, 7.10, 7.12, and 7.13.

They are for switches 3 to 8. Table 7.3 shows additional self-looped events.

sup rt2 sw3 sup rt2 sw5 sup rt2 sw7

Event States Event States Event States

t2 at3 1, 2, 4, 5 t2 at8 1, 2, 3, 4, 5 t2 at12 1, 2, 3, 5, 6, 7
cplR 3 0, 1, 2, 3, 4 t2 at7 0, 1, 2, 4, 5 t2 at14 0, 2, 3, 4, 6, 7
cplL 3 0, 1, 3, 4, 5

sup rt2 sw8 sup rt2 sw4 sup rt2 sw6

Event States States Event Event

t2 at16 1, 2, 3, 4 1, 2 t2 at4 t2 at9
t2 at25 1, 2, 3, 4
cplR 8 0, 1, 3, 4
cplL 8 0, 1, 2, 3

Table 7.3: Self-looped Events for Routing Supervisors, Train 2
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sup _rt2_sw3

t2req_sw3

t2 _ at3

turnR_3,
turnL_3,
en_train2

turnR_3,
turnL_3 turnL_3

turnR_3
turnR_3,
turnL_3

c p lR
_ 3

0 1

5 4

t2req_sw3

t2 _ at3

turnR_3,
turnL_3,
en_train2

c pl L
_ 3

2

3

Figure 7.8: Routing Supervisor for Train 2, Switch 3

sup _rt2_sw4 t2 _ at4

turn_4,
str_4,
en_train2

turn_4,
str_4

t u rn_4

0 1

2

t2req_sw4

Figure 7.9: Routing Supervisor for Train
2, Switch 4

sup _rt2_sw6 t2 _ at9

turn_6,
str_6,
en_train2

turn_6,
str_6

t u rn _ 6

0 1

2

t2req_sw6

Figure 7.10: Routing Supervisor for Train
2, Switch 6

89



sup _rt2_sw5

t2req_sw5

t2 _ at8

turn_5,
str_5,
en_train2

turn_5,
str_5

turn_5,
str_5

tu r n_7

0 1

5 4

t2req_sw5

t2 _ at7

turn_5,
str_5,
en_train2

s tr _ 5

2

3

Figure 7.11: Routing Supervisor for Train 2, Switch 5

sup _rt2_sw7 t2req_sw7

t2req_sw7

t2 _ at14 t2 _ at12

t2 _ at14t2 _ at12

turn_7,
str_7,
en_train2

turn_7,
str_7,
en_train2

turn_7,
str_7,
en_train2

turn_7,
str_7,
en_train2

turn_7,
str_7

turn_7,
str_7

s t r_ 7

tur n_7

0 1 2 3

7 6 5 4

Figure 7.12: Routing Supervisor for Train 2, Switch 7
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sup _rt2_sw8 t2 _ at16

cplR_8

cplL_8

t2req_sw8

t2req_sw8t2 _ at25

turnR_8,
turnL_8,
en_train2

turnR_8,
turnL_8 turnR_8

turnL_8
turnR_8,
turnL_8

0 1 2

3 4

Figure 7.13: Routing Supervisor for Train 2, Switch 8
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7.5 Collision Protection Supervisors

The final class of supervisors are the collision protection supervisors. Each track section

(denoted by the two sensors it contains, such as sensors RS23 and RS24 in Figure 7.14)

has its own supervisor that essentially permits only one train to occupy that portion of the

track at any given time. Thus each train is handed off from one supervisor to the other,

and together, the supervisors provided a net of safety for the trains as they travel.

The supervisors are broken down into three classes of supervisors of similar structure.

This is done purely as a descriptive aid. Each class is described below.

7.5.1 Class I Supervisors

Class I supervisors are the simplest form of supervisors, and are all very similar to the

supervisor for track section RS23 and RS24. The layout of track section RS23 and RS24 is

shown in Figure 7.14. Sensor RS23 marks the start of the section, sensor RS26 marks the

start of the adjoining section, and sensor RS22 marks the end of the preceding section.

RS22 RS23 RS24 RS26

Train Direction

Figure 7.14: Track Section Containing RS23 and RS24

The supervisor (sup cprot 23 24) monitors RS23 for a train to enter its area. When

a train does (say train 1) it starts monitoring RS26 for train 1 to leave and RS22 for train

2. When train 1 reaches RS26, the supervisor starts over. If train 2 reaches RS22 before

train 1 leaves the track section (RS26), then train 2 is stopped. When train 1 reaches RS26,

train 2 is released. Supervisor sup cprot 23 24 is shown in Figure 7.15. The remaining

class I supervisors are shown in Figures 7.16, 7.17, 7.18, 7.19, 7.20, and 7.21. Table 7.4

shows additional self-looped events.
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sup cprot 23 24 sup cprot 25 26 sup cprot 21 22 sup cprot 15 16

Event States Event States Event States Event States

t1 at22 0, 1, 2, 4 t1 at24 0, 1, 2, 4 t1 at20 0, 1, 2, 4 t1 at15 0, 1, 3, 4

t2 at22 0, 2, 3, 4 t2 at24 0, 2, 3, 4 t2 at20 0, 2, 3, 4 t2 at15 0, 1, 3, 4

t1 at23 1, 2, 3, 4 t1 at26 1, 2, 3, 4 t1 at21 1, 2, 3, 4 t1 at13 1, 2, 3, 4

t2 at23 1, 2, 3, 4 t2 at26 1, 2, 3, 4 t2 at21 1, 2, 3, 4 t2 at13 0, 1, 2, 4

t1 at26 0, 3, 4 t1 at14 0, 3, 4 t1 at23 0, 3, 4 t1 at14 0, 1, 2

t2 at26 0, 1, 2 t2 at14 0, 1, 2 t2 at23 0, 1, 2 t2 at14 2, 3, 4

sup cprot 2 4 sup cprot rs27 sup cprot rs8

Event States Event States Event States

t1 at0 0, 1, 2, 4 t1 at4 0, 1, 2, 4 t1 at12 0, 1, 2, 4

t2 at0 0, 2, 3, 4 t2 at4 0, 2, 3, 4 t2 at12 0, 2, 3, 4

t1 at2 1, 2, 3, 4 t1 at27 1, 2, 3, 4 t1 at8 1, 2, 3, 4

t2 at2 1, 2, 3, 4 t2 at27 1, 2, 3, 4 t2 at8 1, 2, 3, 4

t1 at27 0, 3, 4 t1 at11 0, 3, 4 t1 at5 0, 3, 4

t2 at27 0, 1, 2 t2 at11 0, 1, 2 t2 at5 0, 1, 2

t1 at6 0, 3, 4

t2 at6 0, 1, 2

Table 7.4: Self-looped Events for Collision Protection Supervisors, Class I

en_train1,
en_train2

en_train1,
en_train2

sup _cprot_23_24 t1 _ at23

t1 _ at26

t2 _ at26

t2 _ at23

t1 _ at26

en_train1,
en_train2 en_train1

0 1

3

t2_at22

t1 _ at22

t2 _ at26

en_train2

2

4

Figure 7.15: Collision Protection Supervisor for Section RS23 and RS24
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en_train1,
en_train2

en_train1,
en_train2

sup _cprot_25_26 t1 _ at26

t1 _ at14

t2 _ at14

t2 _ at26

t1 _ at14

en_train1,
en_train2 en_train1

0 1

3

t2_at24

t1 _ at24

t2 _ at14

en_train2

2

4

Figure 7.16: Collision Protection Supervisor for Section RS25 and RS26

en_train1,
en_train2

en_train1,
en_train2

sup _cprot_21_22 t1 _ at21

t1 _ at23

t2 _ at23

t2 _ at21

t1 _ at23

en_train1,
en_train2 en_train1

0 1

3

t2_at20

t1 _ at20

t2 _ at23

en_train2

2

4

Figure 7.17: Collision Protection Supervisor for Section RS21 and RS22
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en_train1,
en_train2

en_train1,
en_train2

sup _cprot_15_16 t2 _ at15

t2 _ at14

t1 _ at14

t1 _ at15

t2 _ at14

en_train1,
en_train2 en_train1

2 0

3

t1_at13

t2 _ at13

t1 _ at14

en_train2

1

4

Figure 7.18: Collision Protection Supervisor for Section RS15 and RS16

en_train1,
en_train2

en_train1,
en_train2

sup _cprot_2_4 t1 _ at2

t1 _ at27,

t2 _ at27,

t2 _ at6

t2 _ at2

t1 _ at27,
t1 _ at6t1 _ at6

en_train1,
en_train2 en_train1

0 1

3

t2_at20

t1 _ at0

t2 _ at27,
t2 _ at6

en_train2

2

4

Figure 7.19: Collision Protection Supervisor for Section RS2 and RS4
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en_train1,
en_train2

en_train1,
en_train2

sup _ cprot _ rs27 t1 _ at27

t1 _ at11

t2 _ at11

t2 _ at27

t1 _ at11

en_train1,
en_train2 en_train1

0 1

3

t2_at4

t1 _ at4

t2 _ at11

en_train2

2

4

Figure 7.20: Collision Protection Supervisor for Section RS27

en_train1,
en_train2

en_train1,
en_train2

sup _ cprot _ rs8 t1 _ at8

t1 _ at5

t2 _ at5

t2 _ at8

t1 _ at5

en_train1,
en_train2 en_train1

0 1

3

t2_at12

t1 _ at12

t2 _ at5

en_train2

2

4

Figure 7.21: Collision Protection Supervisor for Section RS8
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7.5.2 Class II Supervisors

Class II supervisors are similar in structure to class I supervisors, except they deal with track

sections that can be accessed by two separate track sections. All class II supervisors are

similar to the supervisor for track section RS11 and RS13. The layout of track section RS23

and RS24 is shown in Figure 7.22. The operation of the supervisor (sup cprot 11 13) is

similar to the operation of sup cprot 23 24, except that sup cprot 11 13 monitors both

incoming track sections for trains. Supervisor sup cprot 11 13 is shown in Figure 7.23.

The remaining class II supervisors are shown in Figures 7.24 and 7.25. Table 7.5 shows

additional self-looped events.

RS27

RS9

RS11 RS13 RS15

Train Direction

Figure 7.22: Track Section Containing RS11 and RS13

sup cprot 11 13 sup cprot 12 14 sup cprot 3 5

Event States Event States Event States

t1 at9 1, 2, 4 t1 at16 1, 2, 4 t1 at7 1, 2, 4

t2 at9 3, 4, 2 t2 at16 3, 4, 2 t2 at7 3, 4, 2

t1 at27 1, 2, 4 t1 at25 1, 2, 4 t1 at8 1, 2, 4

t2 at27 2, 3, 4 t2 at25 2, 3, 4 t2 at8 2, 3, 4

t1 at15 0, 3, 4 t1 at8 0, 3, 4 t1 at19 0, 3, 4

t2 at15 0, 1, 2 t2 at8 0, 1, 2 t2 at19 0, 1, 2

t1 at10 0, 3, 4 t1 at1 0, 3, 4

t2 at10 0, 1, 2 t2 at1 0, 1, 2

Table 7.5: Self-looped Events for Collision Protection Supervisors, Class II

Also, as discussed in Section 7.1.2, class II supervisors help prevent switch contention.

When the supervisor disables one of the trains to prevent a collision, it also disables (and

later re-enables) the train’s switch request event.
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sup _ cprot _ 11_13
t1 _ at9,
t1 _ at27

t1 _ at9,
t1 _ at27

t1 _ at15 t2 _ at15

t2 _ at15
Let X = { en _ train1,  en _ train2, 

t1req _ sw6,  t2req _ sw6 }

t1 _ at15

X X

X

en_train1,
t1req _ sw6

0 1

3

t2_at9,
t2 _ at27

t2_at9,
t2 _ at27

en_train2,
t2req _ sw6

2

4

Figure 7.23: Collision Protection Supervisor for Section RS11 and RS13

Let X = { en _ train1,  en _ train2, 

t1req _ sw8,  t2req _ sw8 }

en_train1,
t1req _ sw8

en_train2,
t2req _ sw8

sup _ cprot _ 12_14
t1 _ at25,
t1 _ at16

t1 _ at25,
t1 _ at16

t1 _ at8,

t1 _ at10,

t2 _ at8,  t2 _ at10

t2 _ at8,

t2 _ at10,

t1 _ at8,  t1 _ at10

X X

X

0 1

3

t2_at25,
t2 _ at16

t2_at25,
t2 _ at16

2

4

Figure 7.24: Collision Protection Supervisor for Section RS12 and RS14
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Let X = { en _ train1,  en _ train2, 

t1req _ sw3,  t2req _ sw3 }

en_train1,
t1req _ sw3

en_train2,
t2req _ sw3

sup _ cprot _ 3 _ 5
t1 _ at8,
t1 _ at7

t1 _ at8,
t1 _ at7

t1 _ at19,

t1 _ at1,

t2 _ at19,  t2 _ at1

t2 _ at19,

t2 _ at1,

t1 _ at19,  t1 _ at1

X X

X

0 1

3

t2_at8,
t2 _ at7

t2_at8,
t2 _ at7

2

4

Figure 7.25: Collision Protection Supervisor for Section RS3 and RS5
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7.5.3 Class III Supervisors

Class III supervisors are the most complicated of the collision protection supervisors. They

deal with track sections like RS19 and RS20 (shown in Figure 7.26) that have one access

section, but the train has a choice of two tracks to enter. This causes complications, since a

supervisor wants to interfere as little as possible with a train that plans to enter the other

track, but the supervisor has no knowledge of the train’s intended path.

RS1

RS3

RS19 RS20

RS21

Train Direction

Figure 7.26: Track Section Containing RS19 and RS20

All class III supervisors are similar to supervisor sup cprot 19 20. This supervisor

operates similarly to sup cprot 23 24, except that it releases a train waiting at RS3

when the first train reaches RS20 (an interior sensor), instead of at RS21 (the next section

marker). This permits the waiting train to enter the other track section. If the train enters

the section containing section RS19 instead, it is stopped at RS19 and forced to wait until

the first train has left the section. Supervisor sup cprot 19 20 is shown in Figure 7.27.

The remaining class III supervisors are shown in Figures 7.28, 7.29, and 7.30. Table 7.6

shows additional self-looped events.
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Figure 7.27: Collision Protection Supervisor for Section RS19 and RS20
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Figure 7.28: Collision Protection Supervisor for Section RS1 and RS0

102



su
p _ cp

rot _6_7

en_train1,
en_train2

9

t2_at4

t1_at7

t1_at5

t1 _ at6

en_train1,
en_train2

0

en_train1,
en_train2

1

t2_at4 t1_at7

t1_at5

t1_at5

en_train1

2

en_train1,
en_train2

3

t2_at6

en_train1

4

t2 _ at6

en_train1,
en_train2

t2_at5

t2_at5

en_train1,
en_train2 en_train2en_train2

5

t1 _ at4 t2 _ at7

en_train1,
en_train2

10t2_at5

t1 _ at4t2 _ at7

7

t1_at6

86

Figure 7.29: Collision Protection Supervisor for Section RS6 and RS7
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Figure 7.30: Collision Protection Supervisor for Section RS9 and RS10
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sup cprot 19 20 sup cprot 1 0 sup cprot 6 7

Event States Event States Event States

t1 at19 1, 2, 3, 4, 5, 6, 8, 9, 10 t1 at1 0, 2, 3, 4, 5, 6, 8, 9, 10 t1 at6 1, 2, 3, 4, 5, 6, 8, 9, 10

t2 at19 1, 2, 4, 5, 6, 7, 8, 9, 10 t2 at1 0, 2, 4, 5, 6, 7, 8, 9, 10 t2 at6 1, 2, 4, 5, 6, 7, 8, 9, 10

t1 at21 0, 5, 6, 7, 8, 10 t1 at2 1, 5, 6, 7, 8, 10 t1 at5 0, 5, 6, 7, 8, 10

t2 at21 0, 1, 2, 3, 4, 9 t2 at2 0, 1, 2, 3, 4, 9 t2 at5 0, 1, 2, 3, 4, 9

t1 at3 0, 1, 2, 3, 4, 6, 7, 8, 9 t1 at3 0, 1, 2, 3, 4, 6, 7, 8, 9 t1 at4 0, 1, 2, 3, 4, 6, 7, 8, 9

t2 at3 0, 2, 3, 4, 5, 6, 7, 8, 10 t2 at3 1, 2, 3, 4, 5, 6, 7, 8, 10 t2 at4 0, 2, 3, 4, 5, 6, 7, 8, 10

t1 at20 0, 3, 4, 5, 6, 7, 8, 9, 10 t1 at0 1, 3, 4, 5, 6, 7, 8, 9, 10 t1 at7 0, 3, 4, 5, 6, 7, 8, 9, 10

t2 at20 0, 1, 2, 3, 4, 7, 8, 9, 10 t2 at0 0, 1, 2, 3, 4, 7, 8, 9, 10 t2 at7 0, 1, 2, 3, 4, 7, 8, 9, 10

sup cprot 9 10

Event States

t1 at10 1, 2, 3, 4, 5, 6, 8, 9, 10

t2 at10 1, 2, 4, 5, 6, 7, 8, 9, 10

t1 at11 0, 5, 6, 7, 8, 10

t2 at11 0, 1, 2, 3, 4, 9

t1 at12 0, 1, 2, 3, 4, 6, 7, 8, 9

t2 at12 0, 2, 3, 4, 5, 6, 7, 8, 10

t1 at9 0, 3, 4, 5, 6, 7, 8, 9, 10

t2 at9 0, 1, 2, 3, 4, 7, 8, 9, 10

Table 7.6: Self-looped Events for Collision Protection Supervisors, Class III
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Chapter 8

Model Reduction Theorems

After modeling the testbed, it was quickly apparent that conventional methods would be

ineffective due to the large size of the composite model (on the order of 1016 states). To

handle this, several theorems were developed for verifying controllability and nonblocking

on reduced models of the plant.

8.1 Definitions

Let the plant be composed of n ≥ 1 plant models.

Let I = {1, 2, . . . , n} be an index set for the n plant models. Define the n plant models

as follows:

Gi = (Yi, Σi, ηi, yoi
, Ymi

), i ∈ I

Plant = sync(G1, G2, . . . ,Gn) = (Y, Σ, η, yo, Ym)

Let J = {1, 2, . . . ,m} be an index set for the m ≥ 1 DES supervisors for the plant.

Define the m supervisors as follows:

Sj = (Xj , Σ, ξj , xoj
, Xmj

), j ∈ J

Definition: A sub-plant, Gsub, is any group formed from the n models that define Plant.

Let Isub ⊆ I be the index set that represents the sub-plant.

Formally, Gsub = sync(Gi1 ,Gi2 , . . . ,Gik), Isub = {i1, i2, . . . , ik}, k ≤ n.

Definition: Arbitrary events for supervisor Sj , j ∈ J , are events self-looped at every state

in the supervisor. Let Σarb ⊆ Σ represent these events.
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Formally,

Σarbj
= {σ ∈ Σ | (∀x ∈ Xj) ξj(x, σ)! ∧ ξj(x, σ) = x}

Definition: Essential events for supervisor Sj , j ∈ J , are those events in Σ not in Σarbj
.

Let Σessj
= Σ− Σarbj

represent these events.

Definition: Plants Gi1 and Gi2 , i1 and i2 ∈ I, are decoupled if they have no common

events ( Σi1 ∩ Σi2 = ∅).

Definition: A fundamental plant for supervisor Sj , j ∈ J , is a minimal (in terms of

index set size) sub-plant that contains every event in Σessj
(Σessj

⊆ Σfundj
) and is

decoupled from the remaining sub-plant. Let Gfundj
represent such a sub-plant and

let Ifundj
⊆ I be its index set. Let Gremj

represent the corresponding remaining

sub-plant and Iremj
= I − Ifundj

be its index set.

Definition: A candidate plant for supervisor Sj , j ∈ J , is any sub-plant that contains

every event in Σessj
(Σessj

⊆ Σcandj
). Let Gcandj

denote such a sub-plant and let

Icandj
⊆ I be its index set.

8.2 Controllability Theorems

The following two theorems identify sub-plants that can be used for verifying controllability

of the entire plant. Theorem 1 presents necessary and sufficient conditions for the control-

lability of the plant. The theorem utilizes the principle that, if the portion of the plant that

the given controller affects has no interaction with the rest of the plant, then the unaffected

portion of the plant will have no effect on controllability.

Theorem 1 S1 is controllable for Plant iff it is controllable for Gfund1.

Proof:

Define the natural projection Pfund1 : Σ∗ → Σ∗
fund1

I) “If” portion:

Let S1 be controllable forGfund1. (†)
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Must show S1 is controllable for Plant. Sufficient to show:

L(S1)Σu ∩ L(Plant) ⊆ L(S1)

Let s ∈ L(S1), σ ∈ Σu, sσ ∈ L(Plant). Must show sσ ∈ L(S1).

sσ ∈ L(Plant)⇒ s ∈ L(Plant)⇒ Pfund1(s) ∈ L(Gfund1)

Since Σess1 ⊆ Σfund1, Pfund1 only removes events in Σarb1. Thus,

s ∈ L(S1)⇒ Pfund1(s) ∈ L(S1) by definition of arbitrary events.

Two cases to consider: i) σ ∈ Σarb1u
and ii) σ ∈ Σess1u .

Case i) For σ ∈ Σarb1u
.

Automatic by definition of arbitrary events.

Case ii) For σ ∈ Σess1u .

σ ∈ Σess1u ⇒ σ ∈ Σfund1 by definition of Gfund

Thus,

Pfund1(sσ) = Pfund1(s)σ ∈ L(Gfund1)

Also,

Pfund1(s)σ ∈ L(S1)⇒ sσ ∈ L(S1) by
†

Thus by cases i) and ii), sσ ∈ L(S1) and thus S1 is controllable for Plant.

II) “Only If” portion:

Let S1 be controllable for Plant. (‡)

Must show S1 is controllable for Gfund1. Sufficient to show:

L(S1)Σu ∩ L(Gfund1) ⊆ L(S1)
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Let s ∈ L(S1), σ ∈ Σu, sσ ∈ L(Gfund1). Must show sσ ∈ L(S1).

Two cases to consider: i) σ ∈ Σarb1u
and ii) σ ∈ Σess1u .

Case i) For σ ∈ Σarb1u
.

Automatic since:

s ∈ L(S1) ⇒ ξ1(ξ1(xo, s), σ)! and ξ1(ξ1(xo, s), σ) = ξ1(xo, s) by definition of arbitrary

events.

Case ii) For σ ∈ Σess1u .

Since Plant = Sync(Gfund1,Grem1) and by definition, Gfund1 and Grem1 are decoupled,

sσ ∈ L(Gfund1)⇒ sσ ∈ L(Plant)

which by ‡, implies sσ ∈ L(S1)

Thus, by cases i) and ii), sσ ∈ L(S1) and thus S1 is controllable for Gfund1.

2

Unfortunately, Gfund for the testbed is approximately the same size as the entire plant

model, for every supervisor. This is due to the high degree of sub-model interaction.

To contend with this problem, Theorem 2 was developed. Theorem 2 requires a candi-

date plant that contains at least one instance of every event in Σess for the given supervisor.

The theorem utilizes the fact that the sync of two sub-models means that any event com-

mon to both sub-models can only occur when both sub-models permit it. Thus, if the

supervisor handles every “situation” in the candidate plant, then it will handle every situ-

ation in the real plant since the sync operation will not permit any new “situations.” This

is because new, possibly less restrictive sub-models will be restricted (for σ ∈ Σess) by the

old sub-models.

The limitation of Theorem 2 is that several possible sub-plants qualify as Gcand, many

of which may fail to contain enough information to determine controllability. Designers

should easily be able to use their knowledge of the plant’s interactions to select a candidate
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plant of minimal size, yet still retain the necessary information to determine controllability.

Theorem 2 If S1 is controllable for Gcand1 then S1 is controllable for Plant.

Proof:

Proof is identical to “if” portion of proof for theorem 2, after substituting Gcand1 for

Gfund1.

2

Example 1: Let the supervisor be sup cprot 19 20 (see Figure 7.27).

Let Gcand1 = sync(train1, train2, train1 sensor, train2 sensor) [9 states, 408 transi-

tions]

Supervisor sup cprot 19 20 is NOT controllable for Gcand1.

Example 2: Let the supervisor be sup cprot 19 20 (see Figure 7.27).

LetGcand2 = sync(Gcand1, sensor sensor intd t1, sensor sensor intd t2) [4761 states,

136 896 transitions]

Supervisor sup cprot 19 20 is controllable forGcand2 and thus it is controllable for Plant.

8.3 Non-Blocking Theorems

The next two theorems enable the verification of non-blocking on reduced plant models. The

first theorem, Theorem 3, identifies sub-plants that can be used for testing non-blocking for

individual controllers. The theorem utilizes the fact that, if the section of the plant that

the supervisor affects has no interaction with the rest of the plant (which is trim), then it

is only important that the supervisor be non-blocking for this section.

Theorem 3 If S1, Gfund1, and Grem1 are trim then S1 is non-blocking for Plant iff S1

is non-blocking for Gfund1.
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Proof:

Define the natural projections PF1 : Σ∗ → Σ∗
fund1 and PR1 : Σ∗ → Σ∗

rem1.

Let S1,Gfund1
, andGrem1 be trim. (†)

I) “If” portion:

Let S1 be non-blocking for Gfund1 (‡)

Must show S1 is non-blocking for Plant. Sufficient to show:

Lm(S1/Plant) = L(S1/Plant)

Requires showing: i) Lm(S1/Plant) ⊆ L(S1/Plant)

ii) L(S1/Plant) ⊆ Lm(S1/Plant)

i) Show Lm(S1/Plant) ⊆ L(S1/Plant) .

Automatic.

ii) Show L(S1/Plant) ⊆ Lm(S1/Plant).

Let s ∈ L(S1/Plant). Must show s ∈ Lm(S1/Plant).

s ∈ L(S1/Plant) ⇒ s ∈ L(S1) ∩P
−1
F1L(Gfund1) ∩P

−1
R1L(Grem1)

⇒ PF1(s) ∈ L(Gfund1) andPR1(s) ∈ L(Grem1)

⇒ PF1(s) ∈ Lm(Gfund1) andPR1(s) ∈ Lm(Grem1) by
†.

⇒ (∃s1 ∈ Σ∗
fund1) such thatPF1(s)s1 ∈ Lm(Gfund1) and (3)

(∃s2 ∈ Σ∗
rem1) such thatPR1(s)s2 ∈ Lm(Grem1)

By definition, Σfund1 ∩ Σrem1 = ∅. This means:

PF1(ss1s2) = PF1(s)s1 ∈ Lm(Gfund1)

PR1(ss1s2) = PR1(s)s2 ∈ Lm(Grem1)

Thus,

ss1s2 ∈ P
−1
F1Lm(Gfund1) ∩P

−1
R1Lm(Grem1)
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Examine relationship of S1 and Gfund1 :

PF1(s) ∈ L(S1) and PF1(s) ∈ L(Gfund1)⇒ PF1(s) ∈ L(S1) ∩ L(Gfund1)

⇒ PF1(s) ∈ Lm(S1) ∩ Lm(Gfund1) by
‡.

⇒ (∃s′ ∈ Σ∗
fund1) PF1(s)s

′ ∈ Lm(S1) ∩ Lm(Gfund1)

Clearly, s′ qualifies for s1 in 3 so let s1 = s′.

PF1(s)s1 ∈ Lm(S1)⇒ ss1 ∈ Lm(S1) by definition of arbitrary events.

Also, ss1s2 ∈ Lm(S1) since s2 ∈ Σ∗
rem1 ⊆ Σ∗

arb1. Thus

ss1s2 ∈ Lm(S1) ∩P
−1
F1Lm(Gfund1) ∩P

−1
R1Lm(Grem1)

⇒s ∈ Lm(S1) ∩ Lm(Plant) as required.

Thus by parts i) and ii), S1 is non-blocking for Plant.

II) “Only If” portion:

Let S1 be non-blocking for Plant. (4)

Must show S1 is non-blocking for Gfund1. Sufficient to show:

Lm(S1/Gfund1) = L(S1/Gfund1)

Requires showing: i) Lm(S1/Gfund1) ⊆ L(S1/Gfund1)

ii) L(S1/Gfund1) ⊆ Lm(S1/Gfund1)

i) Show Lm(S1/Gfund1) ⊆ L(S1/Gfund1.

Automatic.

ii) Show L(S1/Gfund1) ⊆ Lm(S1/Gfund1).

Let s ∈ L(S1/Gfund1). Must show s ∈ Lm(S1/Gfund1).

s ∈ L(S1/Gfund1) ⇒ s ∈ L(Gfund1)

⇒ s ∈ L(Plant) since Gfund1 and Grem1 are decoupled.

⇒ s ∈ L(S1) ∩ L(Plant)⇒ s ∈ Lm(S1) ∩ Lm(Plant) by 4.
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This implies (∃s′′ ∈ Σ∗) such that ss′′ ∈ Lm(S1) ∩ Lm(Plant)

ss′′ ∈ Lm(Plant) ⇒ ss′′ ∈ P−1
F1Lm(Gfund1) ∩P

−1
R1Lm(Grem1)

⇒ ss′′ ∈ Lm(S1) ∩P
−1
F1Lm(Gfund1)

ss′′ ∈ P−1
F1Lm(Gfund1) ⇒ sPF1(s

′′) ∈ Lm(Gfund1)

Also,

ss′′ ∈ Lm(S1)⇒ PF1(ss
′′) = sPF1(s

′′) ∈ Lm(S1)

since PF1 only removes σ ∈ Σarb1.

Thus, sPF1(s
′′) ∈ Lm(S1) ∩ Lm(Gfund1) implies

s ∈ Lm(S1) ∩ Lm(Gfund1) as required.

Thus by parts i) and ii), S1 is non-blocking for Gfund1.

2

Once Theorem 3 has been used to verify that each supervisor is non-blocking for Plant,

then Theorem 4 can be applied iteratively to determine that ((S1 ∧S2 ∧ . . .∧Sm) /Plant)

is non-blocking. Theorem 4 is intended to be used on plants with the structure shown in

Figure 8.1. As can be seen from the diagram, the fundamental plant for supervisor S1 has

no interaction with the rest of the plant. Also, the fundamental plant for supervisor S2 is

contained in Grem1.

Theorem 4 works on the principle that, since the fundamental sub-plants of the two

supervisors do not interact, then they will not affect whether the other supervisor is non-

blocking for Plant. Both Theorems 3 and 4 only operate well on plants with limited

sub-model interaction.

Theorem 4 If (S1 /Gfund1) and (S2 /Grem1) are non-blocking and Gfund1 is decoupled

from Gfund2 then (S1 ∧ S2 /Plant) is non-blocking.

Proof:

Define the natural projections PF1 : Σ∗ → Σ∗
fund1 and PR1 : Σ∗ → Σ∗

rem1.

Let (S1/Gfund1) be non-blocking (†)
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Gfund1 Gfund2

Grem1

Plant

Figure 8.1: Example Plant For Theorem 4

(S1/Grem1) be non-blocking (‡)

Gfund1 and Gfund2 be decoupled (3)

Must show: Lm( (S1 ∧ S2)/Plant) = L( (S1 ∧ S2)/Plant)

This requires showing: I) Lm( (S1 ∧ S2)/Plant) ⊆ L( (S1 ∧ S2)/Plant)

II) L( (S1 ∧ S2)/Plant) ⊆ Lm( (S1 ∧ S2)/Plant)

I) Show Lm( (S1 ∧ S2)/Plant) ⊆ L( (S1 ∧ S2)/Plant).

Automatic.

II) Show L( (S1 ∧ S2)/Plant) ⊆ Lm( (S1 ∧ S2)/Plant).

Let s ∈ L( (S1 ∧ S2)/Plant). Must show s ∈ Lm( (S1 ∧ S2)/Plant)

s ∈ L( (S1 ∧ S2)/Plant) ⇒ s ∈ L(S1) ∩ L(S2) ∩ L(Plant)

⇒ s ∈ L(S1) ∩ L(S2) ∩P
−1
F1L(Gfund1) ∩P

−1
R1L(Grem1)
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Look at Problem in three steps:

Step i) Examine s ∈ L(S1) ∩P
−1
F1L(Gfund1).

s ∈ L(S1) ∩P
−1
F1L(Gfund1)⇒ PF1(s) ∈ L(Gfund1)

By definition of Gfund1, Σess1 ⊆ Σfund1, thus PF1 only removes σ ∈ Σarb1.

This means

s ∈ L(S1) ⇒ PF1(s) ∈ L(S1) by definition of arbitrary events.

⇒ PF1(s) ∈ L(S1) ∩ L(Gfund1)

⇒ PF1(s) ∈ Lm(S1) ∩ Lm(Gfund1) by
†

⇒ (∃s1 ∈ Σ∗
fund1) such that PF1(s)s1 ∈ Lm(S1) ∩ Lm(Gfund1)

Thus,

ss1 ∈ Lm(S1) ∩P
−1
F1Lm(Gfund1)

Step ii) Examine s ∈ L(S2) ∩P
−1
R1L(Grem1).

s ∈ L(S2) ∩P
−1
R1L(Grem1)⇒ PR1(s) ∈ L(Grem1)

By definition of Gfund, Σess2 ⊆ Σfund2. Also, Σfund1∩Σfund2 = ∅ by 3 and Σfund1∩Σrem1

= ∅ by definition of Gfund. This means:

Σfund2 ⊆ Σrem1

Since Σess2 ⊆ Σfund2, PR1 only removes σ ∈ Σarb2. Thus,

s ∈ L(S2) ⇒ PR1(s) ∈ L(S2) by definition of arbitrary events

⇒ PR1(s) ∈ L(S2) ∩ L(Grem1)

⇒ PR1(s) ∈ Lm(S2) ∩ Lm(Grem1) by
‡

⇒ (∃s2 ∈ Σ∗
rem1) such that PR1(s)s2 ∈ Lm(S2) ∩ Lm(Grem1)
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Thus,

ss2 ∈ Lm(S2) ∩P
−1
R1Lm(Grem1)

Step iii) Put steps i) and ii) together.

From i) ss1 ∈ Lm(S1) ∩P
−1
F1Lm(Gfund1), s1 ∈ Σ∗

fund1 ⇒ s1 ∈ Σ∗
arb2 by 3.

From ii) ss2 ∈ Lm(S2) ∩P
−1
R1Lm(Grem1), s2 ∈ Σ∗

rem1 ⇒ s2 ∈ Σ∗
arb1 by definition

of Gfund.

Thus,

ss1s2 ∈ Lm(S1) since s2 ∈ Σ∗
arb1

ss1s2 ∈ Lm(S2) since s1 ∈ Σ∗
arb2

Finally,

ss1s2 ∈ P
−1
F1Lm(Gfund1) since PF1(ss1s2) = PF1(s)s1

ss1s2 ∈ P
−1
R1Lm(Grem1) since PR1(ss1s2) = PR1(s)s2

Thus,

ss1s2 ∈ Lm(S1) ∩ Lm(S2) ∩P
−1
F1Lm(Gfund1) ∩P

−1
R1Lm(Grem1)

which implies

s ∈ Lm( (S1 ∧ S2)/Plant), as required.

Thus by parts I) and II), (S1 ∧ S2 /Plant) is non-blocking.

2

As discussed above, Gfund for the testbed is approximately the same size as the entire

plant model, for every supervisor. Thus by themselves, the non-blocking theorems are

not enough to verify non-blocking for the testbed. However, they can greatly reduce the

necessary work.

For the testbed, the plant sub-models train1 sensor, train2 sensor, sensor sensor -

intd t1, and sensor sensor intd t2 cause the non-blocking theorems to fail. For ease of

reference, let’s label these sub-models G1, G2, G3, and G4 respectively.

Since non-blocking is not concerned about controllability, all that is important is the

languages generated by the plant. Thus, we could replace G1, G2, G3, and G4 with
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supervisors that would generate the same languages when applied to the plant. Let’s call

these new supervisors SG1, SG2, SG3, and SG4.

Note: Supervisor SGi, i = 1, 2, 3, 4 would be Gi with events σ ∈ (Σ − Σi) self-looped at

every state.

Now, the remaining plant (still very large) has a low degree of sub-model interaction. Thus

Theorems 3 and 4 can now be applied to the original 29 supervisors to verify that they are

non-blocking individually and as a group, for the new plant. All that would remain would

be to verify that SG1, SG2, SG3, and SG4 are non-blocking individually and as a group

(including original 29 supervisors) for the new plant.

8.4 Application to Testbed

Theorem 2 was successfully used to verify controllability1 for the testbed’s 29 modular

supervisors. Candidate plants as small as (16 states, 72 transitions) and as large as (4761

states, 136 896 transitions) were used. Since L(Sj), j ∈ Jtb, is a closed language2, the

intersection of these languages is controllable. Thus, the conjunction of the testbed’s 29

modular supervisors is controllable.

As yet there has been no success in verifying non-blocking for the testbed due to the

high interaction among the sub-plants. The reduced plant was only slightly smaller than

the testbed itself.

1The software package TCT was used to verify controllability.
2The set Jtb is the index set for the testbed’s 29 modular supervisors.
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Chapter 9

Synchronous State Machines

The proposed method is to implement the DES supervisors as clocked Moore synchronous

state machines (CMSSM: [7], [31]) on a PLC. The supervisors will be first translated into

CMSSM and then the boolean logic defining the CMSSM will be expressed in Relay Ladder

Logic and executed on the PLC.

The supervisors are expressed as CMSSM as an intermediate step because CMSSM are

a natural intuitive representation of a DES supervisor, they specify the controller exactly,

and they can easily be implemented on most digital logic devices such as a microcomputer

(ie. as a ’C’ program), a programmable array logic chip (PAL), or a Xilinx chip. Thus,

the implementation method proposed in this chapter can easily be modified to implement

supervisors on other digital logic devices, besides programmable logic controllers.

In this chapter, CMSSM will be described, and a formal model will be presented. Then,

a translation method to convert supervisors into CMSSM will be introduced, followed by a

discussion on the equivalence of the supervisor and CMSSM representation.

9.1 Introduction to CMSSM

A clocked synchronous state machine is a standard way to implement control functions in

digital hardware. State machines only change states on the rising or falling edge of a clock

pulse. For now, state machines will be assumed to only change states on the falling edge.

A Moore machine is characterized by the fact that the outputs are functions only of the

present state.

In a CMSSM, all variables represent a binary digit, and the next state vector is deter-
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mined by a boolean logic equation of the input variables, and the current state variables.

A simple example of a CMSSM is given in Figure 9.1. The state machine is defined by

an initial or reset state, a set of next state equations (one for each state variable), and a

set of state to output map equations (one for each output). These are given below for the

example in Figure 9.1. Thus, on the falling edge of the CMSSM’s driving clock pulse, the

state machine changes to the next state (starting from the initial state) dictated by its next

state equations. The state to output map is then evaluated to determine the new output

values.

q0new = ¬q1 ∧ ¬q0 ∧ ¬i0

q1new = (q0 ∧ ¬i0) ∨ (¬q1 ∧ ¬i0)

z0 = ¬q0

q1 q0

0 0
z0

1

q1 q0

0 1
z0

0

q1 q0

1 0
z0

1

i0 = 1

i0 = 1i0 = 0

i0 = 1 i0 = 0

i0 = 0

q1, q0 - State variables
i0 - Input variable
z0 - Output variable

Reset

Figure 9.1: An example CMSSM
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9.2 Formal Model

To prove that a CMSSM is an equivalent control representation, we first present a formal

model.

Let the CMSSM be represented by the 7-tuple

H = (I, Z,Q,Ω,Φ, qRes, T )

where I represents inputs to the state machine, Z represents outputs from the state machine,

Q represents the state vector, Ω is the next state function, Φ is the state to output map,

qRes represents the initial or reset state, and T is the period of the clock pulse that drives

the state machine.

In detail, let the states of the CMSSM be represented by:

Q = [q0, q1, . . . , ql−1], qj ∈ {0, 1}, j = 0, 1, . . . , l − 1;

the input by:

I = [i0, i1, . . . , iv−1], ij ∈ {0, 1}, j = 0, 1, . . . , v − 1;

and the output by:

Z = [z0, z1, . . . , zr−1], zj ∈ {0, 1}, j = 0, 1, . . . , r − 1

Since inputs, outputs, and states only change on the rising (falling) edge of the clock

pulse, they each form a discrete series. Let k represent the index for the series, where k = 0

corresponds to when the state machine starts, k = 1 to the state machine 1 · T seconds

later, and so on. Thus, the state variables form a series:

Q(k), k = 0, 1, 2, 3, . . . where Q(k) = [q0(k), q1(k), . . . , ql−1(k)].

with Q(0) = qRes. The input and output vectors form similar series.

The new input, I(k + 1) is simply the sampled value of the input at the (k + 1)th clock

pulse. The CMSSM doesn’t model how the input changes, but simply makes decisions based

on its last state and the new input.
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The next value of Q is determined by the next state function, Ω, defined as follows:

Ω : Q x I → Q; Q(k + 1) = Ω(Q(k), I(k + 1))

The current output is determined by the output map, Φ, defined as follows:

Φ : Q→ Z; Z(k + 1) = Φ(Q(k + 1))

9.3 Translation Method

In this section, a translation method is defined to convert a deterministic DES supervisor

into a CMSSM. We present both a centralized and modular implementation. First, we state

a few definitions.

Let the plant model be defined as:

G = (Y,Σ, η, yo, Ym), Σ = Σu ∪ Σc

Let S1, S2, . . . , Sn be n supervisors for G, with

Sj = (Xj ,Σ, ξj , xoj
, Xmj

), j = 1, 2, . . . n

Let S = meet(S1,S2, . . . ,Sn) = (X,Σ, ξ, xo, Xm)

9.3.1 Centralized Controller

For the centralized implementation, the CMSSM will be defined with respect to the com-

posite supervisor, S.

Define the state size of Q to satisfy 2l ≥| X |. Define an arbitrary injective map,

λ : X → Q. The initial state is defined to be qRes = λ(x0).

Define the state size of I to be v = | Σ |. Define an arbitrary bijective map, γ : Σ →

{i0, i1, . . . , iv−1}. Then define an injective map, Γ : Σ→ I where:

Γ(σ) = [0 · · · 0 1 0 · · · 0] for σ ∈ Σ and γ(σ) = ij

j
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Define the state size of Z to be r = | Σc |. Define an arbitrary bijective map, δ : Σc →

{z0, z1, . . . , zr−1}.

The next state function, Ω, is defined in accordance with the supervisor. For x ∈ X and

σ ∈ Σ,

if ξ(x, σ)! then Ω(λ(x),Γ(σ)) = λ(ξ(x, σ)) else Ω(λ(x),Γ(σ)) = λ(x)

All remaining values of Ω are assigned arbitrarily.

The output map, Φ, is similarly based on the supervisor. For x ∈ X and σ ∈ Σc,

if ξ(x, σ)! then δ(σ) = 1 for state λ(x). Thus, Φ(λ(x)) = [· · · 1 · · ·] for δ(σ) = zj

j

otherwise δ(σ) = 0 for state λ(x) and Φ(λ(x)) = [· · · 0 · · ·] for δ(σ) = zj

j

9.3.2 Modular Controllers

For large systems, it is desirable to design modular controllers instead of a centralized

controller as they are easier to design, verify and modify. It is also easier to implement

several small modular controllers, as discussed in Section 7.2, rather than one massive one.

For clarity, we define the modular implementation for the case of two modular DES

supervisors, S1 and S2. The definition can easily be extended to n supervisors.

First, the two supervisors are converted to centralized CMSSM as above. But, instead

of actually controlling the system’s outputs, they generate ‘local’ outputs. Thus we have

the following controllers:

H1 = (I, Z1, Q1,Ω1,Φ1, qRes1 , T ) and H2 = (I, Z2, Q2,Ω2,Φ2, qRes2 , T )

The Composite Controller, Hmod, is then implemented by taking the conjunction of the two

modular controllers’ outputs. Thus the system output is:

Z = Z1 ∧ Z2 = [z10 ∧ z20 , . . . , z1r−1 ∧ z2r−1 ]

We then define the following maps:
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i) Ω = Ω1 x Ω2 (Q1 x Q2) = Ω1(Q1) x Ω2(Q2)

ii) Φ = Φ1 ∧ Φ2 (Q1 x Q2) = Φ1(Q1) ∧ Φ2(Q2)

Then, let Q = Q1 xQ2, and qRes = qRes1 x qRes2 . Thus the composite controller is defined:

Hmod = (I, Z1 ∧ Z2, Q1 xQ2,Ω,Φ, qRes1 x qRes2 , T ) = (I, Z,Q,Ω,Φ, qRes, T )

9.3.3 Implementation Details

In this section we discuss the implementation of the synchronous state machine’s mapping

functions, and the execution algorithm used to implement the CMSSM.

For the state machine, both the next state function (Ω) and the output map (Φ) are

implemented in a modular manner. The next state function is implemented as l boolean

logic functions. Thus,

Ω(Q(k), I(k + 1)) = [ω0(Q(k), I(k + 1)), . . . , ωl−1(Q(k), I(k + 1))]

Similarly, the output map is implemented as r boolean logic functions. Thus,

Φ(Q(k + 1)) = [φ0(Q(k + 1)), . . . , φr−1(Q(k + 1))]

The execution algorithm used to implement the clocked Moore synchronous state ma-

chines for a centralized implementation is as follows:

1. Initialize state machine by setting Q(0) = qRes, Z(0) = Φ(qRes)and k = 0.

2. Wait for next clock pulse (k + 1). Sample inputs and set I(k + 1) to these values.

3. Compute Q(k + 1) = Ω(Q(k), I(k + 1)) and Z(k + 1) = Φ(Q(k + 1).

4. Set k = k + 1 and then go to step 2.

For the modular implementation, the algorithm would be essentially the same. Step 3

of the algorithm would be applied to every modular controller, and then the global output

would be evaluated using the local outputs generated by each controller. Step 4 would then

occur and the process would repeat.
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9.3.4 Interpretation of Events

The interpretation of the input variables (i0, i1 etc.) is that the CMSSM senses the occur-

rence of an event σ when its corresponding input γ(σ) is TRUE (=1). The interpretation

of the output variables (z0, z1 etc.) is that a controllable event, σ ∈ Σc, is enabled when its

corresponding output δ(σ) is TRUE. Otherwise, the event is disabled.

PLC Interpretation

With respect to the PLC implementation we are discussing, Figure 9.2 shows what the

above interpretation means in terms of actual input and output signals. The state machines

sample inputs and generate outputs with regard to the clock signal, PLC clock. Just before

the falling edge of PLC clock, input signals (such as Inβ) are sampled, and, just after the

same edge, output signals (such as the enablement signal Enα) are generated.

NOTE: The bar over the signals in Figure 9.2 indicates that the signal is TRUE when the

signal is low.

PLC_clock

Inβ

Inγ

Enα

Figure 9.2: Input and Output Signals

In the case of controllable events generated by the supervisor (see Section 6.2), the

enablement output is monitored as the input event. For the controllable event α, generated

by the supervisor, the signal Enα is both the output signal (enablement) and the input

signal (occurrence indicator) of the event. In the diagram, the vertical dashed line indicates
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approximately where the state machine evaluates its inputs. One sees that Enα occurs after

the line and thus doesn’t get seen until the next falling edge. At this point α is considered

to have occurred.

This interpretation works well with the modular implementation method. Each modular

state machine generates its local value for each output. The conjunction of these local values

is taken and the result is used to generate the output signal. Thus, the local controllers

don’t have to know the decisions of the other controllers; they simply monitor the output

signal, and when it goes low, they know they were finally in agreement. This permits them

to work together, yet not fall out of sync, falsely believing that a controllable event occurred

just because one (or more, but not all) individual controller permitted it.

Event Demarcation

An important issue in the implementation of supervisors, is how to correctly determine the

occurrence of an event: in particular, how to be able to determine from an input signal that

an event has occurred and how many times that it has occurred. For instance, in Figure

9.2, the input signal Inγ stretches over two falling edges of the clock pulse; thus it is seen

twice by the state machines. The question is, “Does this mean the event occurred once or

twice?” The answer is that it depends on the event and how it is defined.

The signal Inγ is typical of a sensor input that a train is present. If you define the input

to mean the event that a train is present, then the event occurred twice. If you define the

input to mean that a train arrived at the sensor, then it has occurred once (when the signal

is high (FALSE), this would be the event that no train is present). This requires that the

input signal be conditioned to generate only one pulse of the correct length or that the state

machine, after seeing the event once, moves to a state in which it will ignore the event (the

event is self-looped) until such a time that the signal is FALSE again.

For controllable events generated by the supervisor, the event is considered to have

occurred once when the enablement signal is low (TRUE) for one clock cycle. If the event

is TRUE for two clock cycles, it is considered to have occurred twice.

NOTE: It is important that both output and input signals have a pulse width slightly

longer (to allow for any setup and hold time required) than the period of PLC clock

to prevent an event from being missed by the state machines.
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9.4 Control Equivalence

For the purpose of this work, we are only interested in whether a CMSSM will enforce the

same control action as the original DES supervisor. The effects of transmission delay and

concurrent events are not considered at this time and are left for future research. For a

discussion on these subjects, refer to [6], [18] and [27]. To aid in the following discussion,

some definitions are useful.

Definition: A DES supervisor and a CMSSM are control equivalent if they both take the

same control action based on any sequence of events generated by the plant.

Definition: Let ζ : X → Z map the control action specified in the supervisor at a given

state to the same representation used by the CMSSM.

9.4.1 Centralized Controller

For centralized equivalence we have the following:

Theorem 5 If S is controllable for plant G then the centralized implementation, H, is

control equivalent to S.

Proof:

To prove Theorem 5, it is sufficient to show that Figure 9.3 commutes. It is clear from the

definitions of λ, Γ, Ω, Φ, and ζ that this is in fact the case.

2
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X XΣ
ξ

ζ

Φ
Ω

λ Γ

Q QI

Z

Figure 9.3: Centralized Control Equivalence Diagram

9.4.2 Modular Controllers

For modular equivalence, we present the following theorem:

Theorem 6 If S1 and S2 are controllable for plant G then the modular implementation,

Hmod, is control equivalent to S1 ∧ S2.

For the proof of Theorem 6, we require the following definition:

Definition: Let ζ : X1 × X2 → Z map the control action specified in S1 ∧ S2 at a given

state to the same representation used by the CMSSM.

Proof:

To prove Theorem 6, it is sufficient to show that Figure 9.4 commutes, namely whenever

the upper path through the diagram is defined, then so is the lower, and yields the same

results. This follows directly from the definitions of the relevant maps. This result can

easily be extended to n supervisors.

2
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ξ

Ω
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ζ
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Figure 9.4: Modular Control Equivalence Diagram
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Chapter 10

PLC Implementation

In this chapter, the PLC implementation of the clocked Moore synchronous state machine

(CMSSM) is discussed. First, programmable logic controllers (PLC:[15],[19], and [29]) are

examined, followed by a discussion of how the CMSSM are implemented on the PLC. Then,

an overview of the PLC processor file that controls the testbed is given. Finally, the PLC

controller implementation of the testbed supervisors is discussed.

10.1 Introduction to Programmable Logic Controllers

A programmable logic controller is similar to a microcomputer, but specialized for control

purposes. The PLC is designed to be highly reliable, and robust enough to operate in

hazardous industrial environments. An example of a PLC is shown in Figure 10.1. The

PLC was chosen for the physical implementation of the synchronous state machine because

of its robustness, and its wide use in industry.

The PLC traces its origins back to the 1960’s. At the time, automated manufacturing

lines were controlled by a wiring panel of relays, often filling an entire wall. The control

logic would be designed by an engineer, and then an electrician would hardwire the various

components together, using a blueprint (similar to the ladder diagram in Figure 5.4) given

to him by the engineer. Wiring panels were obviously undesirable since they meant that

changing the control program required re-wiring the entire panel. During this time, the

entire manufacturing line would have to be shut down.

In 1968, General Motors Hydromatic Division drafted the design specifications for the

first programmable logic controller. Their requirements were:
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Power

Fuse

Group 6 Group 7Group 5Group 4Group 3Group 2Group 1Group 0
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PLC-5/30

L1
L2/N
GND

Figure 10.1: Allen-Bradley PLC-5/L30B

1. The PLC must be solid state (no mechanical devices).

2. It had to be programmable like a computer.

3. The PLC had to be robust enough to operate in an industrial environment.

4. Electricians and technicians must be able to easily program and use the PLC.

The last item is the main reason that programmable logic controllers are so popular today.

The first PLC (developed by Gould Modicon) was programmed using relay ladder logic

(discussed in Section 10.3.1) which looked a lot like the blueprint used by the electricians for

wiring the control panel. This meant that an electrician would be able to easily understand

and write relay ladder logic code.

Today, the PLC is a part of most manufacturing processes. It is used to control auto-

mobile manufacturing lines, robots, plastic injection molding machines, large flexographic

printing presses, food packaging lines, and even to control railroad cars that perform main-

tenance (re-grind and true) on railroad tracks.
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10.2 PLC Interpretation

The execution algorithm given in Section 9.3.3 will be translated into a RLL program.

The code will have five main parts: initialize variables, evaluate next state logic, assign

temporary outputs, set new states to be current states, and combine temporary outputs to

generate system outputs. This code will compose the main control loop of the PLC program

discussed in Section 10.3.5.

10.3 PLC Processor File

This section discusses the structure of the files that operate the testbed. The processor file

is the file that gets loaded into the memory of the PLC. This file contains configuration

information, data files, and relay ladder logic and sequential function chart programs. The

relevant components of the processor file for the testbed are discussed below.

10.3.1 Relay Ladder Logic Files

The CMSSM will be implemented on the PLC in the form of a relay ladder logic (RLL:[3],

[4]) program. A RLL program is made up of several steps called rungs. A rung is composed

of a logical evaluation statement and an output assignment statement. If the logic evaluates

to TRUE, then the output is energized. The basic components of a rung are shown in Fig.

10.2. In the example rung in the diagram, the output would evaluate as Z = (X0 ∧¬X1) ∨

¬X2. A RLL program is evaluated by starting at the first rung and then processing each

rung in order.

ZX

Y

X

Y

X Y

X0 X1

X2

Z
Example Relay Ladder
Logic rung

Energize Output variable
if preceding logic TRUE

Logical AND

LOGICAL OR

Test if variable 
TRUE

Test if variable
FALSE

Figure 10.2: Components of Relay Ladder Logic

For the testbed, several RLL programs are used to implement the CMSSM. There are
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two initialization routines, init1 and init2 that set track switches and initialize variables.

The main RLL program is supvis. This RLL program evaluates the state machines and

determines the system outputs. The source code listing for the RLL programs is given in

Appendix D.

10.3.2 Sequential Function Charts

A sequential function chart (SFC:[3], [4]) provides a means to divide a long program into

several sections. Figure 10.3 shows the basic structure of a SFC. The SFC is composed of

steps and transitions. Each step is related to an RLL program file. Each transition is related

to a RLL transition file, similar to the example shown in the diagram. The PLC starts at

the first step of the SFC, executes the RLL file associated with it, and then evaluates the

transition. The current step is executed repeatedly until the transition evaluates to TRUE.

The testbed is controlled by the SFC main des. The structure of main des is shown in

Step7

5 Transition

Example Transition File

EOT

END

START

Init1

Init2

Supvis

True

Beg_main

False

Figure 10.3: Structure of SFC

Figure 10.3. The SFC calls the RLL programs discussed in the section above. The source

132



code listing for main des is given in Appendix D.

10.3.3 Switch Management Code

The RLL program supvis contains code that operates the 3-way switches (switches 3 and

8) and implements the switch request handlers discussed in Section 6.4.4. This code is not

part of the supervisor, but part of the plant. The 3-way switch operators are required since

the switches change position in two steps. First, the switch is moved to the straight track

position, and then it is moved to the new curved position. The switch operators hide these

details from the supervisors.

Both the 3-way switch operators, and the switch request handlers are implemented as

state machines. The state machine for the operator of switch 3 is called def sw3, and the

state machine for switch 8 is called def sw8. The PLC code for the switch operators starts

on page 236 while the code for the request handlers starts on page 234.

10.3.4 PLC Data Files

The RLL programs for the testbed utilize data files to store its data. The integer file N7 is

used to store state variables and temporary outputs for the state machines. Initialization

data as well as information for the operation of the timers (see following section) is also

stored in file N7. The file N7 must have at least 40 16-bit elements in it.

The binary file B3 stores data used to “process” sensor inputs. This file must always

have at least 18 16-bit elements in it.

Note: Most of the sensor inputs are “processed” by attaching them to a one-shot command.

The output of the one shot goes TRUE for exactly one clock cycle when the input of

the one shot makes a low to high transition. This is used to generate a single pulse

of known duration when a sensor is activated. This is to prevent a single activation

from being “seen” by a supervisor more than once. The output of the one shot is

monitored by the supervisor instead of the actual sensor input.

10.3.5 Structure of Testbed PLC Program

The operation of the testbed’s PLC program that implements the DES supervisors is shown

in Figure 10.4. The relay ladder logic program that is currently being executed is labeled
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at the top of the box that marks entry into the program.

10.4 PLC Testbed Controllers

The 29 DES supervisors were implemented using the modular method outlined in Section

9.3.2. The resulting CMSSM were then converted into PLC code as described in Section

10.2. Below, example implementations of the main types of the testbed supervisors are

given. The relay ladder code of the remaining supervisors can be found in Section D.2.3.

From this code, it is easy to re-create the CMSSM that corresponds to the given supervisor.

It is important to note the following points:

• The state machines shown below only show inputs that are relevant to deciding the

next state, and only those outputs that the controller actually disables.

• Each state in the CMSSMs shown below has a self-looped transition labeled OTHER.

This means that, if the logical conditions on the other arrows leaving the state are not

met, then this “catch-all” condition takes effect, and the CMSSM stays in its current

state.

10.4.1 Discussion of Concurrency

As discussed in Section 9.4, this work does not formally deal with concurrent events; that

is left for future work. However, the collision protection supervisors each contain instances

in which the issue of concurrent events couldn’t be avoided. These issues were handled in

an ad hoc manner. If time permitted, they could be formalized by adding new events to

the plant model that stood for the simultaneous occurrence of the events in question. Thus,

the supervisors could be specifically instructed on how to handle these situations. In the

section below concerning the collision protection controllers, specific instances of concurrent

events will be discussed.

10.4.2 Crane Controllers

As an example of the crane supervisors, the implementation of supervisor sup crane1

(shown on page 84) is shown below. The CMSSM representation is shown in Figure 10.5.
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START

Initialize variables
for Init2

Initialize one set 
of switches  to 
starting position

All
switches

initialized?

Initialize variables
used by state mach-
ines

Start Timer # 8

Wait

Wait

Timer # 8
expired?

Timer # 9
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Start Timer # 9

Set PLC_clock
HIGH (causes
MC68332s to 
latch PLC data)
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supervisors
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request handler
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Execute code to
operate 3-way
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Set system outputs
based upon 
temporary outputs

Set PLC_clock 
LOW

No

Yes

No

Yes

Yes

No

Main Control Loop

Figure 10.4: Flow Diagram for PLC Program
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The reset state, next state equations, and the local output equations1 are defined below.

Figure 10.6 shows the equivalent Relay Ladder Logic.

NOTE: In Figure 10.5, the output “s ld1” is the actual system output. This is because

supervisor sup crane1 is the only supervisor that disables the event.

ARes = [A1Res, A0Res] = [0, 0]

A1new = (¬A1 ∧ ¬A0 ∧ t2 at13) ∨ (A1 ∧ ¬ f ld1)

A0new = (¬A1 ∧ ¬A0 ∧ t1 at13) ∨ (A0 ∧ ¬ f ld1)

en t2a = ¬A1new

en t1a = ¬A0new

s ld1 = A1new ∨ A0new

A1 A0

en_t1a en_t2a s_ld1

0 0

1 1 0

Reset 0 1

0 1 1

1 0

1 0 1

t1_at13

OTHER

O
T

H
E

R
O

T
H

E
R

f_ld1

f_ld1

t2_at13

Figure 10.5: CMSSM for sup crane1

1Only local outputs are shown here. For the evaluation of the system outputs, refer to the PLC source
code starting on page 238.
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A0new en_t1a
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A1new

A0new

A1
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Figure 10.6: RLL for sup crane1
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10.4.3 Routing Controllers

As an example of the routing supervisors, the state machine implementation of supervisor

sup rt2 sw8 (shown on page 91) is shown in Figure 10.7. Refer to the PLC source code

on page 228 for the logic equations that define the CMSSM.

Reset
R1

0
R2

0
R0

0

01

1 1

OTHER
OTHER OTHER

OTHEROTHER

tr_sw8r tl_sw8r

en_t2r t2r_sw8r

0 0 1

1 1

0 1

0 1 0

1 0

0 0

0 1 1

1 1

0 1

1 0 0

0 1

0 0

t2_at16 t2r_sw8

t2r_sw8

compr_sw8

t2_at25

compl_sw8

Figure 10.7: CMSSM for sup rt2 sw8
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10.4.4 Collision Protection Controllers

The collision protection supervisors are broken down into three classes of supervisors of

similar structure. This is done purely as a descriptive aide. An example implementation

for each class is given below.

Class I Supervisors

As an example of this class of supervisors, the state machine implementation of supervisor

sup cprot 23 24 (shown on page 93) is shown in Figure 10.8. Refer to the PLC source

code on page 216 for the logic equations that define the CMSSM.

Examination of sup cprot 23 24 shows that both states 1 and 3 contain the possibility

of concurrent events2. At state 1, events “t2 at22” and “t1 at26” could both conceivably

occur concurrently. The order of occurrence would dictate which states the supervisor would

enter before reaching the same final state. If “t2 at22” occurred first, then the supervisor

would enter state 2 before entering state 0. Following this path would mean that the event

“en train1” would be disabled briefly. The event would not have been disabled at all if

“t1 at26” had occurred first. Since a variation of an output could occur, the order the

events actually occur may be important. For the testbed, all that is important at this point

is that train 1 had reached sensor 26 thus leaving that section of track. It is no longer

important that train 2 is about to enter the track section, so there is no need to disable

train 2. The CMMSM in Figure 10.8 returns to state 0 if events “t2 at22” and “t1 at26”

occur concurrently. A similar situation is present at state 3 of the supervisor.

2For the purposes of this work, concurrent events are taken to mean two or more events that occur so
close together that it is impossible to distinguish which one occurred first.
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Class II Supervisors

As an example of this class of supervisor, the state machine implementation of supervisor

sup cprot 11 13 (shown on page 98) is shown in Figure 10.9. Refer to the PLC source

code on page 224 for the logic equations that define the CMSSM.

For supervisor sup cprot 11 13, states 1 and 3 contain possibilities for concurrent

events similar to the instances in supervisor sup cprot 23 24. Comparing the original

supervisor and the CMSSM implementation, one can easily determine the relevant issues

and the solution employed to resolve them.

Class III Supervisors

As an example of this class of supervisor, the state machine implementation of supervisor

sup cprot 19 20 (shown on page 101) is shown in Figure 10.10. Refer to the PLC source

code on page 218 for the logic equations that define the CMSSM.

For supervisor sup cprot 19 20, states 1, 3, 5, 7, 9, and 10 contain possibilities for

concurrent events. Comparing the original supervisor and the CMSSM implementation,

one can determine the relevant issues and the solution employed to resolve them.
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Chapter 11

Discussion of Results

The manufacturing testbed has been designed, assembled and tested. The testbed hardware

is operational, although there still exist some minor hardware problems. A detailed plant

model composed of 59 sub-models has been developed, giving a composite model with state

size on the order of 1016. Then, 29 supervisors were designed to implement the required

control specifications. Since the size of the plant model was beyond the capacity of current

methods to handle, model reduction theorems were created that enabled the verification

of the controllability of the supervisors, using sub-plants of the original model as small

as (16 states, 72 transitions) and as large as (4761 states, 136 896 transitions). As yet

non-blocking has not been verified due to the high interaction of the sub-models, but non-

blocking theorems have been created that, although not sufficient by themselves to verify

non-blocking, greatly reduce the work involved.

The testbed model was developed by interpreting the model as an interface to the un-

derlying software that physically controls the testbed. This creates a specification dictating

how the DES controllers interact with the low level software. This effectively creates an ab-

straction layer that isolates the high level DES supervisors from the low level hardware. The

abstraction layer permits changes in the hardware or software without requiring changes in

the DES supervisor.

The physical interpretation of “events occurring” as well as the “enablement” of control-

lable events has been defined. A closed-looped feedback interpretation has been presented

that permits events to be generated by the supervisor. This makes it easy to design super-

visors that need to send commands to the plant. Also, guidelines to aid in modeling and
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designing supervisors for real plants have been given.

The supervisor implementation has been formally defined as a clocked Moore syn-

chronous state machine (CMSSM). A method to translate a DES supervisor into an equiv-

alent CMSSM is outlined. The implementation of the CMSSM as a relay ladder logic

program on a PLC was then specified. This general methodology does not yet deal with

transmission delay and concurrent events.

Software programs for the MC68332 processors have been written to generate the dis-

crete interface required by the plant model specification. The supervisors have been trans-

lated into CMSSM. PLC source code has been written to implement the CMSSM and pro-

vide an interface to the rest of the testbed. All software has been tested, and the testbed

is now operational, demonstrating that the supervisor implementation method works.
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Chapter 12

Conclusions and Future Work

This chapter contains a discussion of conclusions and future work. They are discussed in

the following sections.

12.1 Conclusions

After completion of the project described in this thesis, several conclusions are evident.

• The success of the testbed demonstrates that supervisory control can effectively be

used as a design tool for reasonably large, real systems.

• It is evident that modular design of both the plant model and the supervisor is essential

to deal with large, real systems. The size of such systems currently makes any other

method infeasible.

• The model reduction theorems greatly extend the possible size of plants that RW

theory can be applied to. The theorems immensely reduce the amount of computations

necessary.

• By considering the plant model as an interface specification, RW theory can easily

be applied to programmable plants. The interface specification provides a necessary

abstraction level between the high level DES supervisors and the low level software

and hardware.

• The generic implementation methodology presented provides an excellent means to

bridge the gap between DES theory and applications. By giving a physical interpreta-
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tion to the theory, the implementation method makes it easier for designers to model

real plants, and to design effective supervisors. Because the method is generic, it can

be applied to a wide range of applications. Also, since the method uses CMSSM as

an intermediate step, it can easily be modified for implementation on any digital logic

device.

• To allow for easy implementation, it is important that the implementation methodol-

ogy be extended to handle transmission delay and concurrent events. The formalism

presented in this work provides an excellent starting point for this extension.

• The manufacturing testbed was an excellent instrument for investigating implementa-

tion issues. It posed a myriad of relevant, unexpected problems which yielded a wealth

of insight. The testbed is useful for testing theories as well as providing inspiration

for developing new ones.

• The current failure to verify non-blocking for the testbed shows that the non-blocking

issue is one of the main obstacles to be overcome to enable RW theory to handle large

systems.

12.2 Future Work

There are several potential future projects that are related or inspired by this work. They

are listed below.

• The implementation algorithm should be extended to handle transmission delay and

concurrent events. A computer program should be written to implement the new

algorithm to make implementing supervisors easier.

• It is imperative that a method be developed for the verification of non-blocking for

large plants. A possible approach for verifying that a given supervisor is non-blocking

for the plant, would be to remove “extraneous”1 events and generate a new, smaller

plant model that still retains the information necessary to verify non-blocking. Ideally,

this method would be applied to the sub-models before they are combined to form the

composite model. Various other methods of abstraction should also be investigated.

1This refers to events that are “extraneous” for a given supervisor.
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• Develop an approach to handle “unreliable”2 events. Because of pulse widths being

too short, some of the testbed’s sensor outputs sometimes get missed by the PLC

controllers. The ineffective signal outputs cause the sensor events to be “unreliable”.

In most cases, there is another sensor shortly after the ineffective one that works

properly and can be used as a backup if the first sensor fails. To obtain an optimal

yet dependable supervisor, the supervisor should check the first sensor event, and then

check the second sensor event as a backup. It would be useful to be able to generate

a supervisor that could do this automatically. Even if all events were “reliable”, this

approach would be useful for important systems that require redundancy.

2An event is “unreliable” if it sometimes fails to occur when it is supposed to.
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Appendix A

Circuit Schematics

This appendix contains the circuit schematics for the circuit boards described in Chapter

4. The schematics for the sensor boards, the remote switching board, and the expansion

boards are given below.

NOTE: In some of the following schematic pages, there are extra graphics that extend past

the diagram. This is due to an error in the program that generates the schematics.

A.1 Sensor Board Circuit Schematics

This section contains the schematics for sensor boards 0 to 6, as well as the RS-232 board

that goes with sensor board 6. Figure A.1 shows the board layout for each board.
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A.2 Remote Switching Board Circuit Schematics

This section contains the schematics for the remote switching circuit. Figure A.2 shows the

layout of the board.

P1P2P3

U3 U2 U1

R7

R22

R6 R5 R4 R3 R2 R1

R14 R13 R12 R11 R10 R9 R8

R21 R20 R19 R18 R17 R16 R15

Remote Switch
Board

Figure A.2: Layout of Remote Switching Board
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Remote Switching Circuit

  1 10

  2 9

8

7

6

  3

  4

  5

U22

TF2E-5V

sel_straight8

sel_straight3

sel_straight10

sel_turn10

  1 10

  2 9

8

7

6

  3

  4

  5

R21

TF2E-5V

sel_straight9

sel_turn9

G

D21

DIODE

G

D22

DIODE

+5V

A1
  2

A2
  4

A3
  6

A4
  8

B1
 11

B2
 13

B3
 15

B4
 17

ENA
  1

ENB
 19

YA1
18

YA2
16

YA3
14

YA4
12

YB1
 4

YB2
 7

YB3
 5

YB4
 3

G
N
D

1
0

V
C
C

2
0

U3

240A

+5V

1

2 3 4 5 6 7 8 9
1
0

RPACK3

R-PACK

/PLCS[16:21]

16

17

18

19

20

21

NC

NC

NC

NC

PLC_str8

PLC_str3

PLC_str10

PLC_turn10

PLC_str9

PLC_turn9

G

D20

DIODE

G

  1 10

  2 9

8

7

6

  3

  4

  5

R20

TF2E-5V

D19

DIODE

  1 10

  2 9

8

7

6

  3

  4

  5

R19

TF2E-5V

  1 10

  2 9

8

7

6

  3

  4

  5

R17

TF2E-5V

G

  1 10

  2 9

8

7

6

  3

  4

  5

R18

TF2E-5V

G

D18

DIODE

D17

DIODE

Date:  December  5, 1995 Sheet     3 of     4

Size Document Number REV

A 1 1.0

Title

Remote Switching Circuit

UNIVERSITY OF TORONTO

166



Remote Switching Circuit

G

+5V

16.5 V AC

+5V

16.5V AC

train GND

 1

 2

 3

 4

P3

P

 13

 25

 12

 24

 11

 23

 10

 22

  9

 21

  8

 20

  7

 19

  6

 18

  5

 17

  4

 16

  3

 15

  2

 14

  1

P1

CONNECTOR DB25

/PLCS12

/PLCS11

/PLCS10

/PLCS9

/PLCS[0:21]

/PLCS8

/PLCS7

/PLCS6

/PLCS5

+5V

C3

0.1uF

C1

0.1uF

C2

0.1uF

/PLCS4

/PLCS3

/PLCS15

/PLCS2

/PLCS14

/PLCS1

/PLCS13

/PLCS0

  5

  9

  4

  8

  3

  7

  2

  6

  1

P2

CONNECTOR DB9

/PLCS20

/PLCS19

/PLCS18

/PLCS17

/PLCS21

/PLCS16

Date:  December  5, 1995 Sheet     4 of     4

Size Document Number REV

A 1 1.0

Title

Remote Switching Circuit

University of Toronto

167



A.3 Expansion Board Circuit Schematics

This section contains the schematics for the expansion boards for CPU A and CPU B. One

set of schematics is given, and any differences between the two boards are pointed out in

the schematics, where appropriate. Figure A.3 shows the layout of the expansion board for

CPU B. The board for CPU A is almost identical.
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A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U10

MCM6226-30

+5V

8

9

10

11

D_B[8:15]

/CSB1_U

!R_(/W)_B

R_(/W)_B

/CSB1_U

R_(/W)

12

13

14

15

!R_(/W)_B

5

6

7

8

9

10

11

12

13

14

15

17

16

+5V

+5V

A
  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U11

MCM6226-30

RAM Bank 1 Lower Byte

A_B[1:17]
NC

1

2

3

4

5

6

7

8

3

4

5

6

7

1

2

0
D_B[0:7]

/CSB1_L

!R_(/W)_B

R_(/W)

/CSB1_L

R_(/W)

!R_(/W)_B

9

10

11

12

13

14

15

16

17

+5V
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RAM Bank 2 Upper Byte

A_B[1:17]
NC

1

2

3

4

5

6

+5V

A
  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U12

MCM6226-30

D_B[8:15]
8

9

10

11

12

13

/CSB2_U

R_(/W)

14

15

!R_(/W)_B
R_(/W)

/CSB2_U

!R_(/W)_B

7

8

9

10

11

12

13

14

15

16

17

+5V

D_B[0:7]
0

1

2

+5V

A
  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U13

MCM6226-30

NC

1

2

3

RAM Bank 2 Lower Byte

A_B[1:17]

4

5

6

7

8

9

10

11

12

R_(/W)

/CSB2_L

!R_(/W)_B

3

4

5

6

7

!R_(/W)_B

/CSB2_L

R_(/W)

+5V

13

14

15

16

17
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RAM Bank 3 Upper Byte

A_B[1:17]
NC

1

2

3

4

A
  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U14

MCM6226-30

+5V

8

9

10

11

D_B[8:15]

/CSB3_U

!R_(/W)_B

R_(/W)_B

12

13

14

15

5

6

7

8

9

10

11

12

13

14

15

17

16

+5V

+5V

A
  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U15

MCM6226-30

RAM Bank 3 Lower Byte

A_B[1:17]
NC

1

2

3

4

5

6

7

8

3

4

5

6

7

1

2

0
D_B[0:7]

/CSB3_L

!R_(/W)_B

R_(/W)

9

10

11

12

13

14

15

16

17

+5V
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RAM Bank 4 Upper Byte

A_B[1:17]
NC

1

2

3

4

5

6

A
  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U16

MCM6226-30

+5V

8

9

10

11

12

13

D_B[8:15]

/CSB4_U

!R_(/W)_B

R_(/W)
R_(/W)

/CSB4_U

!R_(/W)_B

15

147

8

9

10

11

12

13

14

15

16

17

+5V

D_B[0:7]

+5V

0
A

  2

A
  3

A
  4

A
  5

A
  6

A
  7

A
  8

A
  9

A
 10

EN.
32

DQ0
13

DQ1
14

DQ2
15

DQ3
17

DQ4
18

DQ5
19

DQ6
20

DQ7
21

/S
22

NC
  1

A
 11

A
 12

A
 23

A
 25

A
 26

A
 27

A
 28

/G
24

A
 31

VSS
 16

/W
29

S_NC
30

U17

MCM6226-30

NC

1

RAM Bank 4 Lower Byte

A_B[1:17]

2

3

4

5

6

7

8

9

10

/CSB4_L

!R_(/W)_B

1

2

3

4

5

6

7

/CSB4_L

!R_(/W)_B

R_(/W)

+5V

R_(/W)11

12

13

14

15

16

17
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PLCOUT0_[0:15]

PLCRego0 Upper Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U18

574

Output Registers (to PLC)

D_B[0:15]

8

9

10

11

12

13

14

15

8

9

10

11

12

13

14

15

5

6

7

+5V
Lower Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U19

574

5

6

7

PLCRo0_CL
PLCRo0_CL

PLCRo0_CL

0

1

2

3

4

PLCRo0_CL

0

1

2

3

4

PLCOUT1_[0:15]

12

13

14

15

+5V

PLCRego1 Upper Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U20

574

12

13

14

15
D_B[0:15]

PLCRo1_CL

8

9

10

11

PLCRo1_CL

8

9

10

11

+5V

2

3

4

5

6

7

Lower Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U21

574

2

3

4

5

6

7

PLCRo1_CL

0

1

PLCRo1_CL

0

1

+5V
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Input Registers From PLC

PLCIN0_[0:15]

PLCRegi0

Upper Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U22

574

D_B[0:15]

8

9

10

11

12

13

14

15

8

9

10

11

12

13

14

15

PLC_Clock_B

PLCin0_en

PLC_Clock_B

PLCin0_en

Lower Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U23

574

+5V

1

0

2

3

4

5

6

7

0

1

2

3

4

5

6

7

PLCin0_en

PLC_Clock_B

1

2 3 4 5 6 7 8 9
1
0

RPACK10

R-PACK 4.7k 1

2 3 4 5 6 7 8 9
1
0

RPACK11

R-PACK 4.7k

PLC_Clock_B

PLCin0_en

+5V

+5V
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Input Register from PLC

PLCIN1_[0:15]

PLCRegi1

15

Upper Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U24

574

15
D_B[0:15]

9

8

10

11

12

13

14

PLC_Clock_B

8

9

10

11

12

13

14

PLC_Clock_B

PLCin1_en
PLCin1_en

+5V

1

2

3

4

5

6

7

Lower Byte

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U25

574

1

2

3

4

5

6

7

PLCin1_en

PLC_Clock_B

1

2 3 4 5 6 7 8 9
1
0

RPACK12

R-PACK 4.7k 1

2 3 4 5 6 7 8 9
1
0

RPACK13

R-PACK 4.7k

PLC_Clock_B

PLCin1_en

0 0

+5V

+5V
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DUART

D_B[8:15]

IRQ Duart

+5V

IRQ Duart

R2

RESISTOR

4.7k

NC

X2
33

IP0
 7

IP1
 4

IP2
36

IP3
 2

IP4
39

IP5
38

RS1
 1

RS2
 3

RS3
 5

RS4
 6

CS
35

R/W
 8

IACK
37

RESET
34

TXDA
 30

RXDA
 31

TXDB
 11

RXDB
 10

OP0
 29

OP1
 12

OP2
 28

OP3
 13

OP4
 27

OP5
 14

OP6
 26

OP7
 15

D0
 25

D1
 16

D2
 24

D3
 17

D4
 23

D5
 18

D6
 22

D7
 19

DTACK
  9

IRQ
 21

X1/CLK
32

GND
20

VCC
40

U26

MC68681

+5V+5V R3

RESISTOR

4.7k

A_B[1:4]

/Reset_B

R_(/W)_B
R_(/W)_B

/Duart_SEL

/Reset_B

3

48

9

10

11

12

13

14

15

T1IN
 2

T2IN
 1

R1OUT
 3

R2OUT
20

C1+
 8

C1-
13

V-
12

V-
17

V+
14

T1OUT
  5

T2OUT
 18

R1IN
  4

R2IN
 19

C2+
 11

C2+
 15

C2-
 10

C2-
 16

VCC
 7

GND
 6

GND
  9

U27

ADM233

NC
+5V

1

2

C1

10pf

C2

3pf

PLC_ClockB

X1

CRYSTAL

3.6864MHz

PLC_ClockB
NC

NC

TXA

TXB

RXA

RXB
RXB

RXA

TXB

TXA
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3

7

6

5

4Crane Registers

NOTE: This page

applies only to CPU B 0

1

2

1 10

2  9

  8

  7

  6

3

4

5CR3

TF2E-5V

D4

DIODE

16.5v AC

1 10

2  9

  8

  7

  6

3

4

5CR7

TF2E-5V

D8

DIODE

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5CR6

TF2E-5V

D7

DIODE

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5CR2

TF2E-5V

D3

DIODE

Crane Register 0

1 10

2  9

  8

  7

  6

3

4

5CR1

TF2E-5V

D2

DIODE

D6

DIODE

16.5V AC

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5CR5

TF2E-5V

D5

DIODE

16.5V AC

D1

DIODE

715

D_B[15:8]

Upper

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U27

574

8

9

10

11

12

14

13

Crane0_cl

0

1

2

3

4

5

6

1 10

2  9

  8

  7

  6

3

4

5CR0

TF2E-5V

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5CR4

TF2E-5V

16.5V AC

Crane3_T_R

Crane3_T_L

Crane3_Raise
Crane3_Raise

Crane3_T_L

Crane3_T_R

Crane2_Mag

Crane2_T_L

Crane2_T_R

Crane2_T_L

Crane2_T_R

Crane2_Raise

Crane2_Lower

Crane2_Mag

Crane2_Lower

Crane2_Raise
+5V

Crane_en
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3

7

6

5

4

Crane Registers

NOTE: This page

applies only to CPU A

0

1

2

1 10

2  9

  8

  7

  6

3

4

5CR3

TF2E-5V

D4

DIODE

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5AU2

TF2E-5V

D8

DIODE

AUX2B

AUX2C

AUX2A

AUX1A

1 10

2  9

  8

  7

  6

3

4

5AU1

TF2E-5V

D7

DIODE

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5CR2

TF2E-5V

D3

DIODE

Crane Register 0

1 10

2  9

  8

  7

  6

3

4

5CR1

TF2E-5V

D2

DIODE

D6

DIODE

AUX1C

AUX1B

AUX0B

AUX0C

AUX0A

1 10

2  9

  8

  7

  6

3

4

5AU0

TF2E-5V

D5

DIODE

16.5V AC

D1

DIODE

715

D_B[15:8]

D1
  2

Q1
19

D2
  3

Q2
18

D3
  4

Q3
17

D4
  5

Q4
16

D5
  6

Q5
15

D6
  7

Q6
14

D7
  8

Q7
13

D8
  9

Q8
12

CLK
 11

OE
  1

GND
10

VCC
20

U28

574

Upper

8

9

10

11

12

14

13

Crane0_cl

0

1

2

3

4

5

6

1 10

2  9

  8

  7

  6

3

4

5CR0

TF2E-5V

16.5V AC

1 10

2  9

  8

  7

  6

3

4

5CR4

TF2E-5V

16.5V AC

Crane1_Mag

Crane1_T_L

Crane1_T_R

Crane1_Lower

Crane1_Raise
+5V

Crane_en
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D16

DIODE

D15

DIODE

D14

DIODE

1 10

2  9

  8

  7

  6

3

4

5AU3

TF2E-5V

Aux3A

Aux3C

Aux3B

1 10

2  9

  8

  7

  6

3

4

5AU4

TF2E-5V

Aux4A

Aux4C

Aux4B

1 10

2  9

  8

  7

  6

3

4

5AU5

TF2E-5V

Aux5A

Aux5C

Aux5B

D13

DIODE

1 10

2  9

  8

  7

  6

3

4

5AU2

TF2E-5V

D12

DIODE

1 10

2  9

  8

  7

  6

3

4

5AU1

TF2E-5V

D11

DIODE

1 10

2  9

  8

  7

  6

3

4

5AU0

TF2E-5V

2

3

4

5

0

1
Aux0A

Aux0C

Aux0B

Aux1A

Aux1C

Aux1B

Aux2A

Aux2C

Aux2B

D10

DIODE

1

2

3

4

5 9

8

D9

DIODE

D0
  3

Q0
 2

D1
  4

Q1
 5

D2
  7

Q2
 6

D3
  8
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NOTE:

For CPU A only

conn 7

For CPU A, Crane Register 0 lower does not exist.

conn 8 for cpu A does not exist.
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Appendix B

Component Listing

This chapter lists the essential materials needed to build the testbed. For the expansion

boards, quantities are given only for board B. The same components would be required for

board A. The electronic components are listed in Table B.1, the model train components

in Table B.2, and the PLC components in Table B.3.

Quantity Description Quantity Description

12 74HC245A 9 74HC574
21 9-pin 4.7kΩ resistor pack 38 1N4001 diodes
5 DB25 connector, female 1 MC68681
1 18 pin terminal block 1 3.6864MHz crystal
14 DB9 connector, female 9 ADM233
1 8 pin terminal block 1 10pF capacitor
10 2 pin terminal block 1 3pF capacitor
1 2A fuse 3 4.7kΩ resistor
45 0.1µF capacitor 4 34 pin male conn. (3431-5002 by 3M)
1 10µF capacitor 8 MCM6226-30 RAM
2 74HC241A 3 74HC240A
38 TF2E-5V Aromat relays 2 22V10BCN (TTL) PAL
1 74HC374 4 34 pin female conn. (3431-5202 by 3M)
14 DB9 female cable connector 5 DB25 female cable connector
1 486 based PC 1 3 way switch box
1 5V-6A power supply 2 MC68332 evaluation kit (M68332EVK)

Table B.1: Electronic Components
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Quantity Description Quantity Description

1 Str track 7-3/32” power feed (2290) 4 L and R remote switches (2261)
12 Str track 7-3/32” (2200) 2 3-way remote switch (2270)
12 Str track 3-9/16” (2201) 2 Digital locomotive (3665)
12 Str track 1-3/16” (2203) 2 Gondola car (4465)
10 Str track 8-9/16” (2209) 3 Electric crane (7051)
3 Str track 1-5/8” (2293) 1 Digital transformer (6001)
2 Str track 6-5/8” (2206) 2 Analog transformer (6667A)
3 Str track 7/8” (2204) 1 Central unit (6021)
12 Curved track 30 degree (2221) 1 Computer interface (6050)
12 Curved track 15 degree (2223) 2 3/4 inch - 3.75 feet X 3.75 feet plywood
12 Curved track 22 degree 30’ (2232) 2 Set of metal banquet legs

Table B.2: Train Components

Quantity Description Quantity Description

1 Processor 1785 PLC-5/30 (1785L30B) 1 Communication Cable (1784-CP10)
1 16 slot chassis 8 16 pt DC input card (1771-IGD)
1 Power supply (1771-P7) 6 16 pt DC output card (1771-OGD)
1 Cable for power supply (1771-CP1) 1 Software for a PC (6203-PLC5)

Table B.3: PLC Components
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Appendix C

Cables and Connectors

To interconnect the various components of the testbed, 26 cables were used. The cables

and their attached connectors are detailed in the sections below. In the case of cables that

go to the PLC (excluding the cable connecting the PLC to its programming station), they

contain a connector only on the end opposite of the PLC. Figure C.1 shows all 26 discussed

cables, showing their various connections.

NOTE: The signal “NC” stands for no connection.

C.1 Remote Sensor Cables

Sensor boards 0 to 5 each are attached by a cable (cables 1-6) to the PLC. Sensor board

6 is connected by cable 7 to the RS-232, who is connected to the PLC by cable 8. The

pinouts of the sensor board (including the RS-232 board) connectors for each cable is given

in Table C.1.

C.2 Track Switch Cables

The remote switching board is connected to the PLC by cables 9 and 10. The pinouts of

the cables are given in Table C.2. Any pins not listed are unconnected.
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Figure C.1: Cable Connection for Testbed
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Cable 1 Cable 2 Cable 3 Cable 4 Cable 5

Pin Signal Pin Signal Pin Signal Pin Signal Pin Signal

1 RS4A B 1 RS8A B 1 RS27A B 1 RS12A B 1 RS17A B

2 RS4B B 2 RS8B B 2 RS27B B 2 RS12B B 2 RS17B B

3 RS2A B 3 RS5A B 3 RS9A B 3 RS10A B 3 RS14A B

4 RS2B B 4 RS5B B 4 RS9B B 4 RS10B B 4 RS14B B

5 NC 5 RS3A B 5 NC 5 NC 5 RS16A B

6 RS0A B 6 RS3B B 6 RS11A B 6 RS7A B 6 RS16B B

7 RS0B B 7 RS18A B 7 RS11B B 7 RS7B B 7 RS15A B

8 RS1A B 8 RS18B B 8 RS13A B 8 RS6A B 8 RS15B B

9 RS1B B 9 NC 9 RS13B B 9 RS6B B 9 NC

Cable 6 Cable 7 (SB6) Cable 7 (RS-232B) Cable 8

Pin Signal Pin Signal Pin Signal Pin Signal

1 RS25A B 1 RS19B B 1 RS19B B 1 RS19B

2 RS25B B 2 RS19A B 2 RS19A B 2 RS19A

3 RS26A B 3 RS20B B 3 RS20B B 3 RS20B

4 RS26B B 4 RS20A B 4 RS20A B 4 RS20A

5 NC 5 NC 5 NC 5 NC

6 RS24A B 6 RS21B B 6 RS21B B 6 RS21B

7 RS24B B 7 RS21A B 7 RS21A B 7 RS21A

8 RS23A B 8 RS22B B 8 RS22B B 8 RS22B

9 RS23B B 9 RS22A B 9 RS22A B 9 RS22A

Table C.1: Sensor Board Connectors’ Pinout

Cable 9 Cable 10

Pin Signal Pin Signal Pin Signal

1 PLCS0 9 PLCS8 1 PLCS16

2 PLCS1 10 PLCS9 2 PLCS17

3 PLCS2 11 PLCS10 3 PLCS18

4 PLCS3 12 PLCS11 4 PLCS19

5 PLCS4 13 PLCS12 5 PLCS20

6 PLCS5 14 PLCS13 6 PLCS21

7 PLCS6 15 PLCS14

8 PLCS7 16 PLCS15

Table C.2: Remote switching Board Connectors’ Pinout
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C.3 PLC Discrete Interface Cables

Each MC68332 processor has (via its respective expansion board) a 32-bit discrete output

bus, and a 32-bit discrete input bus to/from the PLC. For CPU A, cables 11 and 12

provide the output bus, and cables 13 and 14 provide the input bus. The pinout of the

cables’ connectors are given in Table C.3. For CPU B, cables 15 and 16 provide the output

bus, and cables 17 and 18 provide the input bus. The pinout of the cables’ connectors are

given in Table C.4. Any pins not listed are unconnected.

Cable 11 Cable 12

Pin Signal Pin Signal Pin Signal Pin Signal

1 PLCOUT0 0 18 PLCOUT0 8 1 PLCOUT1 0 18 PLCOUT1 8

2 PLCOUT0 1 19 PLCOUT0 9 2 PLCOUT1 1 19 PLCOUT1 9

3 PLCOUT0 2 20 PLCOUT0 10 3 PLCOUT1 2 20 PLCOUT1 10

4 PLCOUT0 3 21 PLCOUT0 11 4 PLCOUT1 3 21 PLCOUT1 11

5 PLCOUT0 4 22 PLCOUT0 12 5 PLCOUT1 4 22 PLCOUT1 12

6 PLCOUT0 5 23 PLCOUT0 13 6 PLCOUT1 5 23 PLCOUT1 13

7 PLCOUT0 6 24 PLCOUT0 14 7 PLCOUT1 6 24 PLCOUT1 14

8 PLCOUT0 7 25 PLCOUT0 15 8 PLCOUT1 7 25 PLCOUT1 15

Cable 13 Cable 14

Pin Signal Pin Signal Pin Signal Pin Signal

1 PLCin0 8 18 PLCin0 0 1 PLCin1 8 18 PLCin1 0

2 PLCin0 9 19 PLCin0 1 2 PLCin1 9 19 PLCin1 1

3 PLCin0 10 20 PLCin0 2 3 PLCin1 10 20 PLCin1 2

4 PLCin0 11 21 PLCin0 3 4 PLCin1 11 21 PLCin1 3

5 PLCin0 12 22 PLCin0 4 5 PLCin1 12 22 PLCin1 4

6 PLCin0 13 23 PLCin0 5 6 PLCin1 13 23 PLCin1 5

7 PLCin0 14 24 PLCin0 6 7 PLCin1 14 24 PLCin1 6

8 PLCin0 15 25 PLCin0 7 8 PLCin1 15 25 PLCin1 7

Table C.3: PLC Discrete Interface Cable Connectors’ Pinout, CPU A

C.4 Crane and Train Cables

Each crane is connected to one of the expansion boards by a cable (cable 22 for crane 1,

cable 23 for crane 2, and cable 24 for crane 3). The train interface is connected to expansion

board A by cable 26. The pinout of the cable’s connectors are given in Table C.5. Any pins

not listed are unconnected.

NOTE: The connector for the Märklin train interface unit is a custom 6 pin connector

that was supplied with the interface unit.
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Cable 15 Cable 16

Pin Signal Pin Signal Pin Signal Pin Signal

1 PLCOUT0 0 18 PLCOUT0 8 1 PLCOUT1 0 18 PLCOUT1 8

2 PLCOUT0 1 19 PLCOUT0 9 2 PLCOUT1 1 19 PLCOUT1 9

3 PLCOUT0 2 20 PLCOUT0 10 3 PLCOUT1 2 20 PLCOUT1 10

4 PLCOUT0 3 21 PLCOUT0 11 4 PLCOUT1 3 21 PLCOUT1 11

5 PLCOUT0 4 22 PLCOUT0 12 5 PLCOUT1 4 22 PLCOUT1 12

6 PLCOUT0 5 23 PLCOUT0 13 6 PLCOUT1 5 23 PLCOUT1 13

7 PLCOUT0 6 24 PLCOUT0 14 7 PLCOUT1 6 24 PLCOUT1 14

8 PLCOUT0 7 25 PLCOUT0 15 8 PLCOUT1 7 25 PLCOUT1 15

Cable 17 Cable 18

Pin Signal Pin Signal Pin Signal Pin Signal

1 PLCin0 8 18 PLCin0 0 1 PLCin1 8 18 PLCin1 0

2 PLCin0 9 19 PLCin0 1 2 PLCin1 9 19 PLCin1 1

3 PLCin0 10 20 PLCin0 2 3 PLCin1 10 20 PLCin1 2

4 PLCin0 11 21 PLCin0 3 4 PLCin1 11 21 PLCin1 3

5 PLCin0 12 22 PLCin0 4 5 PLCin1 12 22 PLCin1 4

6 PLCin0 13 23 PLCin0 5 6 PLCin1 13 23 PLCin1 5

7 PLCin0 14 24 PLCin0 6 7 PLCin1 14 24 PLCin1 6

8 PLCin0 15 25 PLCin0 7 8 PLCin1 15 25 PLCin1 7

Table C.4: PLC Discrete Interface Cable Connectors’ Pinout, CPU B

Cable 22 Cable 23 Cable 24

Pin Signal Pin Signal Pin Signal

1 Crane1 T R 1 Crane2 T R 1 Crane3 T R

2 Crane1 T L 2 Crane2 T L 2 Crane3 T L

3 Crane1 Lower 3 Crane2 Lower 3 Crane3 Lower

4 Crane1 Raise 4 Crane2 Raise 4 Crane3 Raise

5 Crane1 Mag 5 Crane2 Mag 5 Crane3 Mag

6 train GND 6 train GND 7 train GND

Cable 26 (Train) Cable 26 (CPU)

Pin Signal Pin Signal

1 RD 2 RXA (TD)

3 GND 3 TXA (RD)

4 TD 7 GND

5 CTS

Table C.5: Crane and Train Cable Connectors’ Pinout
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C.5 Programming Terminal Cables

The two MC68332 processors are both connected to the serial box by cables (CPU A by

cable 19, and CPU B by cable 20). The serial box is then connected to the Compaq PC by

cable 25. The PLC is connected to the Compaq PC by cable 21. The pinout of the cable’s

connectors are given in Table C.6. Any pins not listed are unconnected.

NOTE: Cable 21 is a custom cable (model 1784-CP10) supplied by Allen-Bradley. For

cable 21, several sets of pins on the connectors are tied together. On the PC side,

they are {4, 6} and {7, 88}. On the PLC side, they are {4, 5} and {6, 8, 20}.

Cable 19 (CPU A) Cable 20 (Serial box) Cable 20 (CPU B) Cable 20 (Serial box)

Pin Signal Pin Signal Pin Signal Pin Signal

2 RXD 2 TXD 2 RXD 2 TXD

3 TXD 3 RXD 3 TXD 3 RXD

5 GND 7 GND 5 GND 7 GND

Cable 25 (PC) Cable 25 (Serial box) Cable 21 (PLC) Cable 21 (PC)

Pin Signal Pin Signal Pin Signal Pin Signal

2 TXD 2 TXD 2 RXD 2 RXD

3 RXD 3 RXD 7 GND 5 GND

7 GND 7 GND 3 TXD 3 TXD

4 RTS 4 DTR

5 CTS 6 DSR

6 DSR 7 RTS

8 DCD 8 CTS

20 DTR

Table C.6: Programming Terminal Cable Connectors’ Pinout
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Appendix D

PLC Source Code

This Appendix contains the PLC source code that controls the testbed, and implements

the supervisors described in Chapter 7. First, the source code for the sequential function

chart (SFC) program that calls the other programs, is given. After the listing of the SFC

program, the source code for the relay ladder logic (RLL) programs that the SFC calls is

given. This includes the two intialization programs, init1 and init2, as well as the main

program, supvis, that implements the DES supervisors.

NOTE: Please excuse the fact that each set of pages is numbered “1” and “2”. This is

an uncorrectable quirk of the method used to generate the program listing in the two

page format.

D.1 SFC Program

This section contains the program listing for the sequential function chart file, main des, as

well as the listing for the three RLL files (true, false, and beg main) that the SFC program

uses as its transition files.

D.1.1 Main des

This is the program listing for the SFC program main des. This file is the main control

program for the PLC, thus it begins execution as soon as the PLC enters run mode. This

program, in turn, calls the RLL programs.
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D.1.2 Transition Files

The soure code for the transition files true, false, and begin main are given below. These

are the transition files for the SFC program main des.
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D.2 RLL Programs

This section contains the program listings for the relay ladder logic programs init1, init2,

and supvis. These programs are called by the SFC program main des in the order they are

listed above.

D.2.1 Init1

The listing for the RLL program init1 is given below. This is the first initialization file

called. It performs initialization for init2.
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D.2.2 Init2

The listing for the RLL program init2 is given below. This is the initialization file called

after init1. It initializes the switches to their starting position, and then initializes variables

required by the main program, supvis.
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Appendix E

PAL Programs and MC68332

Source Code

This appendix contains the listings of the PAL programs1 used on the expansion boards,

and the MC68332 programs2 that provide the PLC interface and configure the processors

chip selects.

E.1 PAL One

This section contains the ABEL program that defines PAL one (U8) on the expansion

boards. The listing is given below:

module PAL1_program

title ’Combinational logic for PAL 1’

"Combinational logic for expansion board for the DES test bed

"for Pal 1, chip U8

declarations

PAL1 device ’P22V10’; "ACN, TI

"inputs

R_L_W_B pin 1;

1The PAL programs are written in ABEL ([12]).
2The MC68332 programs are written in 68000 asembly language ([13]).
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L_CS3_B pin 2;

L_CS5_B pin 3;

L_CS7_B pin 4;

L_CS8_B pin 5;

L_CS9_B pin 6;

L_CS10_B pin 7;

L_DS_B pin 8;

Siz1_B pin 9;

Siz0_B pin 10;

A0_B pin 11;

A4_B pin 13;

"outputs

L_Duart_Sel pin 14;

L_CSB4_L pin 15;

L_CSB4_U pin 16;

L_CSB3_L pin 17;

L_CSB3_U pin 18;

L_CSB2_L pin 19;

L_CSB2_U pin 20;

L_CSB1_L pin 21;

L_CSB1_U pin 22;

Direction pin 23;

X = .x.; ".x. indicates don’t care condition

equations

@ALTERNATE "allow * and + etc in eqns

Direction = !R_L_W_B + (L_CS3_B*L_CS5_B*L_CS7_B*L_CS8_B*L_CS9_B*L_CS10_B);

L_CSB1_U = L_CS3_B + A0_B + L_DS_B;

L_CSB1_L = L_CS3_B + (!A0_B*!Siz1_B* Siz0_B) + L_DS_B;

L_CSB2_U = L_CS5_B + A0_B + L_DS_B;

L_CSB2_L = L_CS5_B + (!A0_B*!Siz1_B* Siz0_B) + L_DS_B;

L_CSB3_U = L_CS7_B + A0_B + L_DS_B;

L_CSB3_L = L_CS7_B + (!A0_B*!Siz1_B* Siz0_B) + L_DS_B;

L_CSB4_U = L_CS8_B + A0_B + L_DS_B;

L_CSB4_L = L_CS8_B + (!A0_B*!Siz1_B* Siz0_B) + L_DS_B;

L_Duart_Sel = L_CS9_B + L_DS_B + A4_B;

test_vectors

([R_L_W_B,L_CS3_B,L_CS5_B,L_CS7_B,L_CS8_B,L_CS9_B,L_CS10_B] -> [Direction])

[0,X,X,X,X,X,X] -> 1;

[X,1,1,1,1,1,1] -> 1;

[1,0,X,X,X,X,X] -> 0;
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[1,X,X,X,0,X,X] -> 0;

end
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E.2 PAL Two

This section contains the ABEL program that defines PAL two (U9) on the expansion

boards. The listing is given below:

module PAL2_program

title ’Combinational logic for PAL 2’

"Combinational logic for expansion board for the DES test bed

"for Pal 2, chip U9

declarations

PAL2 device ’P22V10’; "ACN, TI

"inputs

L_CS10_B pin 1;

R_L_W_B pin 2;

L_DS_B pin 3;

A1_B pin 4;

L_CS9_B pin 5;

A2_B pin 6;

A4_B pin 7;

A0_B pin 8;

"outputs

L_PLCi1_EN pin 14;

L_PLCi0_EN pin 15;

Crane0_CL pin 16;

PLCRo1_CL pin 17;

PLCRo0_CL pin 18;

L_R_L_W_B pin 19;

X = .x.; ".x. indicates don’t care condition

equations

@ALTERNATE "allow * and + etc in eqns

PLCRo0_CL = !L_CS10_B*!R_L_W_B*!A1_B*!L_DS_B;

PLCRo1_CL = !L_CS10_B*!R_L_W_B*A1_B*!L_DS_B;

Crane0_CL = !L_CS9_B*!R_L_W_B*!A1_B*A4_B*!L_DS_B;

L_PLCi0_EN = L_CS10_B +!R_L_W_B + A1_B + L_DS_B;

L_PLCi1_EN = L_CS10_B +!R_L_W_B + !A1_B + L_DS_B;

L_R_L_W_B = !R_L_W_B;
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test_vectors

([L_CS10_B,R_L_W_B,A1_B,L_DS_B] -> [PLCRo0_CL])

[0,0,0,0] -> 1;

[1,X,X,X] -> 0;

end
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E.3 Csinit.s

This section contains the listing of the MC68332 program, csinit.s. This program configures

the chip selects on a processor so that it can access its expansion board. The listing is given

below:

*******************************************************************

*

* Name: csinit.s

*

* This program reprograms chip select registers to access

* the CPU’s expansion boards

*

*******************************************************************

* Chip select registers

CSPAR0 equ $fffa44

CSPAR1 equ $fffa46

CSBAR3 equ $fffa58

CSBAR5 equ $fffa60

CSBAR6 equ $fffa64

CSBAR7 equ $fffa68

CSBAR8 equ $fffa6c

CSBAR9 equ $fffa70

CSBAR10 equ $fffa74

CSOR3 equ $fffa5a

CSOR5 equ $fffa62

CSOR6 equ $fffa66

CSOR7 equ $fffa6a

CSOR8 equ $fffa6e

CSOR9 equ $fffa72

CSOR10 equ $fffa76

* trap definition

RETURN equ $0063

* Crane register

CREG equ $500020

****************************************************

* Start program

****************************************************

org $5000

* configure pin assignment registers

ori.w #$3300,CSPAR0
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ori.w #$3fc,CSPAR1

* configure base address registers

move.w #$1005,CSBAR3

move.w #$1405,CSBAR5

move.w #$1805,CSBAR7

move.w #$1c05,CSBAR8

move.w #$5000,CSBAR9

move.w #$5008,CSBAR10

* configure chip select option registers

move.w #$f87e,CSOR3

move.w #$f87e,CSOR5

move.w #$f87e,CSOR7

move.w #$f87e,CSOR8

move.w #$f87e,CSOR9

move.w #$f87e,CSOR10

* initialize crane registers to zero

move.w #0,CREG

* exit prog

trap #15

dc.w RETURN
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E.4 Desinta.s

This section contains the listing of the MC68332 program, desinta.s. This program provides

an interrupt driven interface to the PLC, allowing the PLC remote access to crane 1 and

the trains. The listing is given below.

NOTE: Please excuse the fact that each set of pages is numbered “1” and “2”. This is

an uncorrectable quirk of the method used to generate the program listing in the two

page format.

247



Page 1�����������

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2  8 � � � � � 8� � / 9 � ; � � � � 8 � � � /� � � /� � � � �� � 	 �� � � 8� � � � �� � =2 � � � � 5� � �� � � � � 8� �� � � � 9 � �� :� � ; � � � � � � ! �� � � 8� � � �

2
2  �� � 0 �� � �� � � = �2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2  � � 5 �� 9 �� � � � /� �

� - � �. � �� � � � + *

� � ?  - �. � �� � � � ' 7

� � ?  � �. � �� � � � ' %

? . �. � �� � � � � '

A � � � � � �� � � � ' �

2 � � �� � � � � � � � � �

 � - � � � �� � 
 � � � ' �

2 5 / � �  � /� � � /� � � � � � � � � �

�  � ! � � �� � 9 9 9 � 	 9

� � � � �� � 9 9 9 � 	 �

� A �  � �� � 9 9 9 � 	 �

2 � � � ? � A � � � � � � � � �

� � ? .
� � �� � 
 � �% � �

� � ? .
	 � �� � 
 � �% � '

� � A � 
� � �� � 
 � �% � �

� � A � 
	 � �� � 
 � �% � '

2 �� � � � � � � � 9 / � 5 / � � ! / 9 � 8� �� � � � � 9 / � � 8� � � � �� �

3 � 	 ! � �� � 
 � � � � �

3 � ' ! � �� � 
 � � � � �

� � � ! � �� � 
 � � � � '

� � ! � �� � 
 � � � � 7

! � � � �� � 
 � � � �%

A � � � � �� � 
 � � � 	 !

� � ! � �� � 
 � � � � '

� 1 ! � �� � 
 � � � � +

 1 ! � �� � 
 � � � � +

? 3 � � �� � 
 � � � � !

? � � � � �� � 
 � � � �%

2 � � ; � � � � � 6 �� � �

. - � � � � �� � 	     �

2 � � / � � � � / � � � ��

� � A � A � � � �� � 	 � � 7 � �

2  � �� � �� 9 �� � � � /� �

 ? 3 � - � � �� �    � �� � � � � /� � � � /� � � � � / * 	 � �

� � -  � �� % 
 � � 9 � � � �� � � � � � � � � �� �  ? 3 � - � �

� � A �. � �� + % � /; � � � �� � � � � � � � � �� �  ? 3 � - � �

� � ? ��  � �� ( 
 � � � 8 � � � �� � � � � � � � � �� �  ? 3 � - � �

� � � � �� % � � 5 � � �� � � � � � � � � �� �  ? 3 � - � �

� � - � !4 � �� ' 
 ; � � � � � �� � � � � �

2 �� 9 �� � � 5� � � � / 9 � � � ��

A. � � � �
	 � �� %

A. � � � �
' � �� %

2 �� � � � � � � �� � � �� � � � � �� � �<

 � !. � � ! ?  � �� 
 � � � � � 6 � � �� � �< / 9 � 5 5 � / @ 	 � � �

2 �� � � � :< � � � � �� � � � � �� � �<

? � 1 4  - � � �� * � � �

2 �� � � � �� �� � �< 9 / � � � � ��

? . ?  � � - � � �� + � � � �

2 � � � � � � :� � / 9 �� � � � � � 5 � � � / � � � 5 9 � / � �� � � � �� � � � � �

? � � � ? � � �� 	 �

2 � � � :� � / 9 � � � � � � � /� � :� 9 / � � � /� � � /� � � � � � �� 9 / � �� � � � � � / � � �� � �

2 � / � 8� � � � �� � �

?  �. � 3 	 � �� +

?  �. � 3 ' � �� 


2 �� 9 �� � � � /� � 9 / � � � � �� � � � 9 � ��

-. � 
	 � �� �

� � � �
	 � �� 	

 � � �
	 � �� �

Page 2�����������

-. � 
' � �� '

� � � ! � � �� �

� � ? . � �� 	

� � 1 � � 4 � �� '

2 � � �� � � � / 9 � � ; � @ �� 5 � � /� � � :� �

? . ?   ! 1 � �� � 	 � � � � �

2 � � � � / � � � ? � � � � � � 5 � � � �� � � � � � � � � � �

� ?  � � �� �    ! ' 7

� ? � � � �� �    ! ' '

2 ? � 5� � � � 5 � � � � � � � � � � � � �

 3 � � � �� � 9 9 9� � �

 ? � � � �� � 9 9 9� �%

� ? - � � �� � 9 9 9� � �

� � �* � �� � 9 9 9� 	 '

� � � � 	 � �� � 9 9 9� 	 +

� � � � 	 � �� � 9 9 9� 	 �

� � � 	 � �� � 9 9 9� 	 �

� ? � � � �� � 9 9 9� ' �

 	 � ! �3 � � �� � 9 9 9 9 	 �

 	 � ! �3 	 � �� � 9 9 9 9 	 '

 	 � ! �3 ' � �� � 9 9 9 9 	 7

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 1� � �� � � �� 5 � / � � � �

2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

/ � � � � A � A � �

2 � � � � � � � � � / � � ; 6 �� � �

� / 6 � = � � ( �  � ! � �

� / 6 � = � $ . - � � � � � (

2 :� �� � � � ; � @ �� 5 � � /� � � :� �

� � � 1 � ? � � �

2 �� � � � �� �> � 5 � / � � � �

� � � ? . ?  

2 � � �� 5 � / �� � � �� � � / / 5� � � �� � � �

3 � A A � : � � � = : $ � � � ! � � � � !. - 	 � � � � � 9 � � �� � � � �� � � � � �

:� � 3 � A A � � 9 � / � � � / / 5

2 � � � � � � � �� � � / � / � � � � � ��

: �� � = : $ � � � ! � � � � !. - 	

� � � � � A ! �

: � � � = : $ � � ? . � � � !. - 	 � � � 9� � � � / � �< � � �� � 9 �� � � 8� �

: � � 3 � A A �

2 � � 9� � < � @ � �

� � � 5 $ 	 


� � = ; � - � �.

2 � � � � � �� 5 � / � � � �

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 � � : � / � � �� � 0 1 � ? � � �

2
2 1 � � � � � 5 /� � / �� �� 3 / � / � /� � � � � � �* ' 1 � � � �� � �� � 5 � '� �

2
2  8 � � � � : � / � � �� � :� �� � � � � � ; � @ �� 5 � � /� � � :� � �� � � � � � � ; / � � ; 8 �� �� � � �

2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

1 � ? � � � � / 6 � � = � � �� � 	 � � �� � 	 � � � � 5 �

� / 6 � � = � 6 : � � � �

� / 6 � = � $ ? . ?   ! 1� � 	 � / � � � � ; � @ �� 5 � � /� � � :� � � � �� � � �

� / 6 � = � �% � � � � � � �

� / 6 � = ; �*  �� � 	

� � A A � � / 6 � = � � � � � � 	 � � 	 � � / 5< �� 9 �� � � 8 �� �� � � � / �� � 5 / � � � � /� �

� � : � = ; $ 7 � � 	

: 5� = : � � A A �

2 � / 5< � � 5 / � � �� � 8 �� �� � � � 9 � / � /� � � � :� �

� / 6 � = � � 	 � � � � � � � 	 � � � 	 �

� / 6 � = � � ' 7 � � � � � � ' 7 � � 	 �

� / 6 � = � � : � � � � � � � : � � � 	 �

1

248



Page 1�����������

� /6 � = � � ( � � � � � � � ( � � � 	 �

� /6 � = � $ ? 3 � !. �� � 	 � � � � 	 � � � � 8 �� �� � � 9 / � � � �� � � $ + ( �

� /6 � = � $ ? � ! �  � � � 	 � 7 � � 	 � � � � 8 �� �� � � 9 / �  � � � $ + 
 �

� /6 � � = � � 	 � 6 : �

� /6 � � = � � � � � "� � �� � 	 � ! �� ! 	

� � �

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 � � : � / � � �� � 0 ? . ?  

2
2  8 � � � � : � / � � �� � �� � � � �� �> � � � < � � � �

2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

? . ?  � /6 � � = ; � ' � � 7 � � � � 5 �

2 � � � � :� � �� � � � � � 5 � �

/ � = ; $ � �  � � � � �

2 � � � �� � � � �� 9� � �

� /6 � = : $ ? � � � ? � � ? . ?  �2 � /� 9 � � � � � 5� � � / � � � � � �� �

� /6 � = ; $ � � 
 7* � � ? � � �� � � � � � 5 � � � 6 � � 
 � 6 � � � / � � � � :� � + (

2 �� � � �� �> � � � �� � 9� � � �

�� � = : � � !. - 	

�� � = : � � !. - � � 1

2 �� � � � �� �> � � � � �� 9� � � �

�� � = :  � ! ? . 	

�� � = :  � ! ? . '

2 �� � � � �� �> � � � � / � � 5� � � � � � � � � � �

� /6 � = ; $ �     � � � A � 
�

� /6 � = ; $ �     � � � A � 
	

2 � � � � � � � �� � � � � � � � � � �

� /6 � = ; $ � � � � � - �

� /6 � = ; � � � - ��  � - � �

2 � /� 9 � � � � � / � � 5� � � /� � � /� 9 / � � � �� � � � �

2 � � � : � � 	 / 9 5 / � �  � / ? � A : � �

� /6 � = : $ � 9 �� �  � ! �

2 � � � � � � � � � � � � � � /�

� /6 � = : $ � � ' � � � �

2 � � � : � � /� � / 9 5 / � �  � / � � � � :� � / � � 5� � / 9 � � �� � � � � � � � � � �

2 � � � �� � � � �� �

� /6 � = : $ � ' � � A � 

2 � /� 9 � � � � � �� � � � 9 / � � � � ; � � 8 � � � ��

� /6 � = : $ � 	 �� � � !

� /6 � = : $ �* � � � � !

� /6 � = : $ � ' � � � � !

� /6 � = : $ � 	* � 3 � 	 !

� /6 � = : $ � � 9� 3 � ' !

� /6 � = : $ �% % � � � � !

� /6 � = : $ � + � � ! � �

� /6 � = : $ � � 
 � � � !

2 � � � � :� � �� � �� � � � � � 5 � � �� �� � � � �

� /6 � = : $ � � � � ? 3 �

2 ? � � � � �� �> � � � � �� � � / � � / 5

� /6 � = : $ 	 � � ' � / � � � � � �� ? � 9 / � � � � �� 	

� /6 � = : $ � � � 7 � / � � � 5� � �

� � �  � !. � � �� � � � �� � � � � � � /� 5 � / � � � �

2 �� � � 5 �� � � � �� � �� � / 9 	 ' � � � / � �� � � � 9 � �� � / / � � � � � � �

� /6 � = � $ ? . ?  � � - ��
� '

� ! ?  � ? � � : � = � $ 	 � � '

� � � = � � '

: � � � ! ?  � ?

� /6 � = : $ ' � � ' � � / 5 � � � �� '

� /6 � = : $ � � � 7

� � �  � !. �

Page 2�����������

2 9� � � � � 8 � � � �< 8 /; � �� < � � �� � � � � / 9 � 8� � � �� � 5� � � � �� ��

2 � � � � � � �� � � � � � � /� = � / 5 � / � � � � �� /; � ; 8� � � / � � �� 9 / � �� � / � � �� �

�� � = ;  � ! ? . � ?  
	

�� � = ;  � ! ? . � ?  
'

2 � /� 9 � � � � �  � � � 8 �� � � � 	 9 / � � � 5� � � � � �� 5� � � � 5 � � � �

2 ? � ; �� � � � � � � � � � �� �� � � � � � 5 � /� � � � 8 � � � �� � � �� � / 9 � � � � �
� / � �

2 ? � � � � � � 5 � � � 6 � � � � @ =

� / 6 � = ; $ � � � 7 � �  3 � �

� / 6 � = ; $ � � + 7 � �  ? � �

� / 6 � = ; $ � � � � ' � � ? - �

� / 6 � = ; $ � � � � � � � � �*

� / 6 � = ; $ � � � � 7 � � � � � 	

� / 6 � = ; $ � � � � ( �  	 � ! �3 �

� / 6 � = ; $ � � � � -�  	 � ! �3 	

2 � � @ � / � � �
� / 6 � = ; $ � � � � � �  	 � ! �3 '

� / 6 � = ; $ � � � � 7 � � � � � 	

� / 6 � = ; $ � � � � �� � � � 	

2 � � � / 6 � �� < 5� � � �� � �� � � � � � 5 � � 9 � / � � � �

2 9 � � � � � � � � � � � � � � � � � � 8� � ; � � � � � > � � / � / � 8� � 5 5 � / 5 � � � � � : � �

2 ; � � � � � > � � / � / � 8� � � � � � � : � � �� � ? � �

� / 6 � = ; � ? � �� � '

� / 6 � = ; $ � � � � � � � ? � �

2 � � � :� � � 5 � / � � 6 � � 
 �� � � � � � 5 � �

�� � = ; $ �  7   � � �

/ � = ; $ � � 7 � � � � �

2 ; � � � 9 / � � 5� � / � � � 6 � �� � 5� � � � � � � � � �

; � � � � 0

� / 6 � = ; � � � � 	 � � '

�� � � = : $ � � �� � '

:� � ; � � � �

� / 6 � � = ; � � 5 � "� � ' � � 7

� � �

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 ? � � � � � � 5 � 8 �� �� � 0  ? 3 � !. �

2
2  8 � � � / � � �� � � � � �� � � � � 6 � � < � � �� � 8� 5� � � / � � � � � �� � � � � � � � � � �

2 �� �� � � � � � 5 � =2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

 ? 3 � !. �

2 �� � � � �� � � � / � � �

� � � � = ; $ � 	 � � A �.  

� � �

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 ? � � � � � � 5 � 8 �� �� � 0 ? � ! �  �

2
2  8 � � � / � � �� � � � � � � �� � � � � 6 � � < � � �� � 8�  � � � � � � � � � � � �� �� � � � � � 5 �

2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

? � ! �  �

2 � 8 � � � � : � / � � �� � 8 �� �� � � � 8� � � � �� � � � 9 � ��

� / 6 � � = ; � �� � 	 � � ' � � 7 � � � � 5 �

2 �� � � � �� � � � � � 5 �

2 9 � � � � � � � � � � � � � � � � � � 8� � ; � � � � � > � � / � / � 8� � 5 5 � / 5 � � � � � : � �

2 ; � � � � � > � � / � / � 8� � � � � � � : � � �� � ? � �

� / 6 � = ; � ? � �� � �

� / 6 � = ; $ � � � � � � � ? � �

2 � � � � 9 / � �� � � � �� 5 � � � = � �� � � / � � � / � � 9 � � � � ? � � � ? �

2 �� � � � � � 5 � � � / 5 � � 6 � � � 9 �� � � � � � � � � � �� � � � � � � � � � 5

� � � = : ? . ?  �:� �  !� � � . ! �

1

249



Page 1�����������

� � : � = : $ 	 � ? . ?  �: � � - � ?  ? �

 !� � � . ! �

2 � � �� � � � 5 � 8 / � / 9 � � � �� 5� � � � � � � � � � �

� /6 � = ; � � ? .
� � � � � � ? .
�

� /6 � = ; � � ? .
	 � � � � � ? .
	

2 �� � � � �� �> � � / 5< / 9 / � � 5� � � � � � � � � � � � / � � �

� /6 � = ; $ �     � � � � � A � 
�

� /6 � = ; $ �     � � � � � A � 
	

2 � � � � � 9 � � �� � � � 9 / � � � �� �

: � � � = : $ � � � �
	 � � � � � ? .
� " 	

:� � � � � � 1 � 4: � � � = : $ � � 1 � � 4 � � � !. - 	

:� � � � ? . � � -

2 �� : / � � �� � � � � �� � /� � < � � � � � � � �� � � 9 � � � � � ; � �� �� � � /;

� � � = : � � !. - � � 1:� � � � � �� /6 � = : $ 	 � � � !. - � � 1: � �  � ! ? . � � � �

� � � � : �� � = : $ � � ? . � � � !. - 	

: � � � = : $ � � � ! � � � � !. - 	

: � � � = : $ � � 1 � � 4 � � � !. - 	

�� � = : � � !. - � � 1: � �  � ! ? . � � � �

2 � � � � � 9 � � �� � �� � � �

� � � � 1 � 4 �� � = : � � !. - � � 1: � � � = : $ � � 1 � � 4 � � � !. - 	

:� �  � ! ? . � � � �

� � ? . � � - : � � � = : $ � � ? . � � � !. - 	

:� �  � ! ? . � � � �

: �� � = : $ � � 1 � � 4 � � � !. - 	

: �� � = : $ � � ? . � � � !. - 	

: �� � = : $ � � �
	 � � � � � A � 
� " 	

2 � � � � � 9 � � � �� � 8 �� � � � � � � � �

 � ! ? . � � � �

2 � 5 � � � � /� � 5� � � � / � � �

� /6 � = ; � � � � A � 
� � � � A � 
�

� /6 � = ; � � � � A � 
	 � � � A � 
	

2  / � � < � / � � �� �� � / � � / 9 � � � � � / � � � �� �� � � � 9 � �� � :� � � � �� �

2 8 �6 � � / / � � 8 � / � 5� � � /� � < /� � �� � � � � � � � � � � � 5� � 5 � � ��2 �� � � � ; � �� � � � � � � � 6 � � 5 � � / � � � <

2 �� � � � �� � � � 6 � �� � � �� � � � 9� � � � � / 9 �� � �

�� � = : � � - � � 
	

�� � = : � � - � � 
'

2 �� � � � �� 9� � � � 9 / � �� � � � �� � � � 6 � �� � / :� 9 �� � �

�� � = : ? � - � � 
	

�� � = : ? � - � � 
'

2 � 8� � � � � � �� 	

: � � � = : $ -. � 
	 � � � � � ? .
� " 	

:� �  � ! ? . � A 
	

� � � � = ; $ 	 �  � ! ? . � ?  
	

� � � = :  � ! ? . 	

:� � � � � �. 	

� /6 � = ;  � ! ? . � ?  
	 � � 	

� � 5 = ; $ ?  �. � 3 	 � � 	

:� � � � � � 
'

�� � = ;  � ! ? . � ?  
	

2 � � �� � � � � � � 6 � ��

� /6 � = : $ 	 � � � - � � 
	

� /6 � = : $ A. � � � �
	 � � � - - � � 
	

: � � � � � � 
'

� � � �. 	

2 � 5� � � 9< � � � �� 	 � 8 / � � � :� � / 6 �� �

� /6 � = : $ 	 �  � ! ? . 	

2 � � �� � � � � � � 6 � �� �� � � 5� � � 9< � 8 � � � 8 � � � � �� �� � � � �� � � �� � � �

� /6 � = : $ 	 � � � - � � 
	

� /6 � = : $ 	 � ? � - � � 
	

Page 2�����������

� / 6 � = : $ A. � � � �
	 � � � - - � � 
	

�� � = ;  � ! ? . � ?  
	

: � � � � � � 
'

 � ! ? . � A 
	
� � � � = ; $ 	 �  � ! ? . � ?  
	

� � � = :  � ! ? . 	

:� � � � � �. 	

� / 6 � = ;  � ! ? . � ?  
	 � � 	

� � 5 = ; $ ?  �. � 3 	 � � 	

:� � � � � � 
'

�� � = ;  � ! ? . � ?  
	

2 � � �� � � � � � � 6 � ��

� / 6 � = : $ 	 � � � - � � 
	

�� � = : � � - - � � 
	

: � � � � � � 
'

� � � �. 	

2 � 5� � � 9< � 8 � � � � � �� � 8 / � � � :� � � / 5 5� �

�� � = :  � ! ? . 	

2 � � �� � � � � � � 6 � �� 9 / � �� �� � � � �� � � �� � � �

� / 6 � = : $ 	 � � � - � � 
	

� / 6 � = : $ 	 � ? � - � � 
	

�� � = : � � - - � � 
	

�� � = ;  � ! ? . � ?  
	

� � � � 
'

2 � 8� � � � � � �� '

: � � � = : $ -. � 
' � � � � � ? .
� " 	

:� �  �. � A 
'

� � � � = ; $ 	 �  � ! ? . � ?  
'

� � � = :  � ! ? . '

:� � � � � �. '

� / 6 � = ;  � ! ? . � ?  
' � � 	

� � 5 = ; $ ?  �. � 3 ' � � 	

:� � � � A � � �. �

�� � = ;  � ! ? . � ?  
'

2 � � �� � � � � � � 6 � ��

� / 6 � = : $ 	 � � � - � � 
'

� / 6 � = : $ A. � � � �
' � � � - - � � 
'

: � � � � A � � �. �

� � � �. '

2 � 5� � � 9< � 8 � � � � � �� � 8 / � � � :� � � � � � � �

� / 6 � = : $ 	 �  � ! ? . '

2 � � �� � � � �� � � � �� � � � 6 � ��

� / 6 � = : $ 	 � � � - � � 
'

� / 6 � = : $ 	 � ? � - � � 
'

� / 6 � = : $ A. � � � �
' � � � - - � � 
'

�� � = ;  � ! ? . � ?  
'

: � � � � A � � �. �

 �. � A 
'
� � � � = ; $ 	 �  � ! ? . � ?  
'

� � � = :  � ! ? . '

:� � � � � �. '

� / 6 � = ;  � ! ? . � ?  
' � � 	

� � 5 = ; $ ?  �. � 3 ' � � 	

:� � � � A � � �. �

�� � = ;  � ! ? . � ?  
'

2 � � �� � � � � � � 6 � ��

� / 6 � = : $ 	 � � � - � � 
'

�� � = : � � - - � � 
'

: � � � � A � � �. �

� � � �. '

2 � 5� � � 9< � � � �� � / :� � � / 5 5� �

�� � = :  � ! ? . '

2 � 5� � � 9< �� � � � �� � � � 6 � �� � � �� � � �

� / 6 � = : $ 	 � � � - � � 
'

� / 6 � = : $ 	 � ? � - � � 
'

�� � = : � � - - � � 
'

�� � = ;  � ! ? . � ?  
'

� � A � � �. �
�� � = :  ? .  � 1 � 4

1

250



Page 1�����������

2 � 8� � � � 9  � ! ? . 	 � � �� � � � � �� � � � �� � � � 6 � ��

� � � = : ? � - � � 
	

:� �  � !. � 
	

2 � 9 � � � �� ' � � �� � � � � � � � 6 � �� � � 9 � / � � � 5 � � � �� 	

� � � = : � � - � � 
'

:� �  � !. � 
'

2 � 8� � � � 9 � � � �� 	 � � �� � � � � � � � 6 � ��

� � � = : � � - � � 
	

:� � - � ?  ? �

 � !. � 
	
� /6 � = : $ 	 �  ? .  � 1 � 4� /6 � = : $ 	 � � '

� /6 � = : � � - - � � 
	 � � 7

� � �  � !. �

2 � � � � � 9  � ! ? . ' � � �� � � � � �� � � � �� � � � 6 � ��

� � � = : ? � - � � 
'

:� � - � ?  ? �

 � !. � 
'

2 � � � � � 9 � � � � � � �� � � � � � � � � / � � � �� 	 = ? 9 � /� �� � �<

� � � = :  ? .  � 1 � 4:� � 1 � � 
'

� /6 � = ; $ � !. � � ! ?  � � �

� ! ?  � 
'
� � : � = ; $ 	 � � �

� � � = ; � �

: � � � ! ?  � 
'

1 � � 
'

� /6 � = : $ ' � � '

� /6 � = : � � - - � � 
' � � 7

� � �  � !. �

- � ?  ? �

� /6 � � = ; � � 5 � "� � �� � 	 � � ' � � 7

� � �

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 � � : � / � � �� � 0 � � A ! �

2
2  8 � � � /� � �� � � � �� � � 8� � � �� � � 8 � / � � 8 � 8� 5 � �� � / 9 � / � � �� � =2  8� � /� � � /� � � � � � / 5� � � / / 5 � � � �� � �� � 6 � � � �� � � /� � � � � � � � � �� � <

2 � � < � / � / � � �� < � 8 �� � =2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

� � A ! � � /6 � � = � � �� � 	 � � � � 5 �

2 � / � � � � �� � � � � � � � � � � 8 / � � �� � / � �

� /6 � = ; � � � - �� � � � 8 / � � � � � � � � � �� �� � � �� � � � � � � � /� � <

�� � = ; � �

� /6 � = ; � � �  � - � �

2 �� � � � : � � 	 / 9 5 / � �  � / � � � :� � / � � 5� � / 9 � � �� � � � � � � � � � �

� /6 � = : $ � � � A � 

2 � � � � 5 �� � � � � � � � � �� �

�� � = ; � A �.  

� /6 � = ; $ � � -  � � 	 � / � � 8 / � �> /� � �� � � ��

� /6 � = ; $ ? 3 � - �� � ?  �

2 � � � � � � � �� � � / 6 �� � � / � � 9 �

/ � = ; $ � � ' � � � � �

�� � = ; $ � 9 ' 9 9� � �

� /6 � = ; � � �  � - � �

� -  � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � -  

2 � � / 5 � � �� �

Page 2�����������

�� � = ; $ � 9 � 9 9� � �

� / 6 � = ; � � �  � - � �

2 � � � � :� � � � �� �

� / 6 � = ; $ � � � ?  �

�� � = ; � A �.  

� / 6 � = ; $ � � - � !4 � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� / 6 � = ; $ ? 3 � - �� � ?  �

� - � !4 	 � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � - � !4 	

2 � � � � :� � � � �� �

� / 6 � = ; $ � � � ?  �

�� � = ; � A �.  

� / 6 � = ; $ � � A �. � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� / 6 � = ; $ ? 3 � - �� � ?  �

2 � /; � � � � � � � �

/ � = ; $ � � 7 � � � � �

�� � = ; $ � 9 7 9 9� � �

� / 6 � = ; � � �  � - � �

� A �. 	 � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � A �. 	

2 � � / 5 � � �� �
�� � = ; $ � 9 � 9 9� � �

� / 6 � = ; � � �  � - � �

2 � � � � � � � � � � /�

/ � = ; $ � 	 � � � � � �

� / 6 � = ; � � �  � - � �

2 � � � � :� � � � �� �

� / 6 � = ; $ � � � ?  �

�� � = ; � A �.  

� / 6 � = ; $ � � - � !4 � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� / 6 � = ; $ ? 3 � - �� � ?  �

� - � !4 ' � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � - � !4 '

2 � � � � :� � � � �� �

� / 6 � = ; $ � � � ?  �

�� � = ; � A �.  

� / 6 � = ; $ � � � � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� / 6 � = ; $ ? 3 � - �� � ?  �

2 � � � � � � � � � � �

/ � = ; $ � �% � � � � �

�� � = ; $ � 9% 9 9� � �

� / 6 � = ; � � �  � - � �

� � 	 � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � � 	

2 � � / 5 � � �� �
�� � = ; $ � 9 � 9 9� � �

� / 6 � = ; � � �  � - � �

2 � � � � :� � � � �� �

� / 6 � = ; $ � � � ?  �

�� � = ; � A �.  

� / 6 � = ; $ � � - � !4 � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� / 6 � = ; $ ? 3 � - �� � ?  �

� - � !4 * � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � - � !4 *

2 � � / 5 � � �� �
� / 6 � = ; $ � � � ?  �

1

251



Page 1�����������

�� � = ; � A �.  

� /6 � = ; $ � � ? ��  � � 	 � / � � 8 / � �> /� � �� � � ��

2 � � � � � � � � � �� �

� /6 � = ; $ ? 3 � - �� � ?  �

2 � � � � � � � �� � � / 6 �� � � / � � � 8 �

/ � = ; $ � � 	 � � � � �

�� � = ; $ � 9 	 9 9� � �

� /6 � = ; � � �  � - � �

� ? ��  � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � ? ��  

2 � � / 5 � � �� �
�� � = ; $ � 9 � 9 9� � �

� /6 � = ; � � �  � - � �

2 � � � � :� � � � �� �

� /6 � = ; $ � � � ?  �

�� � = ; � A �.  

� /6 � = ; $ � � - � !4 � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� /6 � = ; $ ? 3 � - �� � ?  �

� - � !4 7 � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � - � !4 7

2 � � � � :� � � � �� �

� /6 � = ; $ � � � ?  �

�� � = ; � A �.  

� /6 � = ; $ � � A �. � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� /6 � = ; $ ? 3 � - �� � ?  �

2 � /; � � � �� � � �

/ � = ; $ � � 7 � � � � �

�� � = ; $ � 9 7 9 9� � �

� /6 � = ; � � �  � - � �

� A �. ' � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � A �. '

2 � � / 5 � � �� �
�� � = ; $ � 9 � 9 9� � �

� /6 � = ; � � �  � - � �

2 � � � � � � � � � � / 9 9

�� � = ; $ � � 9 9 9� � �

� /6 � = ; � � �  � - � �

2 � � � � :� � � � �� �

� /6 � = ; $ � � � ?  �

�� � = ; � A �.  

� /6 � = ; $ � � - � !4 � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� /6 � = ; $ ? 3 � - �� � ?  �

� - � !4 
 � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � - � !4 


2 � � � � :� � � � �� �

� /6 � = ; $ � � � ?  �

�� � = ; � A �.  

� /6 � = ; $ � � � � � 	 � / � � 6 � � � � � �� � � ��

2 � � � � � � � � � �� �

� /6 � = ; $ ? 3 � - �� � ?  �

2 � � � � � � �� � � �

/ � = ; $ � �% � � � � �

�� � = ; $ � 9% 9 9� � �

� /6 � = ; � � �  � - � �

� � ' � � 5 = ; � A �.  � � 	 � / / 5 � � � �� � / � � � � � � � 8� �

: � � � � '

2 � � / 5 � � �� �
�� � = ; $ � 9 � 9 9� � �

Page 2�����������

� / 6 � = ; � � �  � - � �

2 � � / 5 � � �� �
� / 6 � = ; $ � � � ?  �

2 � � � � / � � � 8 / � � � � � � � � � � � / �� � / � <

� / 6 � = ; � � � � � � - �

2 � � � : � � 	 / 9 5 / � �  � / � � � � :� � / � � 5� � / 9 � � �� � � � � � � � � � �

� / 6 � = : $ � ' � � A � 

� / 6 � � = � � � 5 � "� � �� � 	

� � �

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2
2 � � : � / � � �� � 0  � !. �

2
2  8 � � � / � � �� � � � �� � � � � � � / � � �� � � � / � 8� � � � �� �� � � � 9 � ��

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

 � !. � 0 � / 6 � � = � � � � � � � 5 �

2 � � �� � � � � � / � � � ��

 �  � 	 : � � � = : $ ' � � � !

:� �  �  � 	

� / 6 � = : � 7 �  1 ! � � �� � � � � � 5� � �

� / 6 � = ; $ ? � 1 4  - �� � �

� ! ?   � !.
� � : � = ; $ 	 � � �

� � � = ; � �

: � � � ! ?   � !.

 �  � ' : � � � = : $ ' � � � !

:� �  �  � '

� / 6 � = : � ' �  1 ! � � �� � � � � � � � �� ? �

- �

� / 6 � � = � � � 5 � "� � �

� � �

� � A 3 �  � � = : 	 7 � � -� � � � � / � � �� � 0 �

� � A 3 �  	 � � = : 	% � � � � � �� � � / 5 5� � 0 �

� � A 3 �  ' � � = : 	% � � � � � �� � � � � � � � 0 �

� � A 3 �  * � � = : 	% � � � � �� � � � � � � � � 0 �

 � ! ? . 	 � � = : 	

1 �  - � � � = : ' 
 +

� � !. - 	 � � = : 	

! � ? �. � 6 � �

� A �.  � � = ; 	

� � � - � � � = ; 	

� � � � A � 
� � � = ; 	

� � � � A � 
	 � � = ; 	

� � � � ? .
� � � = ; 	

� � � � ? .
	 � � = ; 	

 � ! � � � � = � 	

 � ! ? . � ?  
	 � � = ; 	

 � ! ? . � ?  
' � � = ; 	

 3 � � � = ; 	

 3 � ' � � = ; 	

 � ! ? . ' � � = : 	

 ? .  � 1 � 4

� � = : 	

�.  � � �.

� � = : 	

? . ?  �

� � = : 	

� � !. - � � 1

� � = : 	

� � - � � 
	 � � = : 	

� � - � � 
' � � = : 	

? � - � � 
	 � � = : 	

? � - � � 
' � � = : 	

� � - - � � 
	 � � = : 	

� � - - � � 
' � � = : 	

1

252



E.5 Desintb.s

This section contains the listing of the MC68332 program, desintb.s. This program provides

an interrupt driven interface to the PLC, allowing the PLC remote access to cranes 2 and

3. The listing is given below.

NOTE: Please excuse the fact that each set of pages is numbered “1” and “2”. This is

an uncorrectable quirk of the method used to generate the program listing in the two

page format.
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