C CHOLAR
OMMONS University of South Florida

ST s Scholar Commons
Graduate Theses and Dissertations Graduate School
3-3-2008

Automatic Generation of PLC Code Based on Net
Condition Event Systems

Natalia Sandberg
University of South Florida

Follow this and additional works at: http://scholarcommons.usf.edu/etd

b Part of the American Studies Commons, and the Industrial Engineering Commons

Scholar Commons Citation

Sandberg, Natalia, "Automatic Generation of PLC Code Based on Net Condition Event Systems” (2008). Graduate Theses and
Dissertations.
http://scholarcommons.usf.edu/etd /3771

This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in Graduate

Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact scholarcommons@usf.edu.


http://scholarcommons.usf.edu/?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.usf.edu/?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.usf.edu?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.usf.edu/etd?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.usf.edu/grad?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarcommons.usf.edu/etd?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/439?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/307?utm_source=scholarcommons.usf.edu%2Fetd%2F3771&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarcommons@usf.edu

Automatic Generation of PLC Code Based on Net Condition Event Systems

by

Natalia Sandberg

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Industrial Engineering
Department of Industrial and Management Systems Engineering
College of Engineering
University of South Florida

Major Professor: Ali Yalcin, Ph.D.
Marilyn Barger, Ph.D.
Richard Gilbert, Ph.D.
William Miller, Ph.D.

Date of Approval:
March 3, 2008

Keywords: Automated Manufacturing Systems, Supervisory Control Theory, Petri
Nets, Discrete Events Systems, Ladder Logic Diagram

© Copyright 2008, Natalia Sandberg



Table of Contents

LiSt Of TADIES ... iv
LiSt Of FIQUIES ..o e e e e e e e Vi
AB S T R A T Xi
Chapter 1: INtrodUCHION .......c.eueiiie e 1
1.1 Research Goal and ODbJjeCtiveS ........cccoooeiiiiiiiiiiiie e, 2
1.2 Organization of the Thesis ... 3
.3 Petri NEtS ...ee e 3
1.3.1 Petri Nets Marking .......cooooeuiiiiiii i 5
1.3.2 Petri Nets Enabling and Firing Rule............cccooiiiiiiii e 6
1.3.3 Petri Net Properties ........oooeeeeeeiiiie e 8
1.3.3.1 Petri Net Reachability ... 8
1.3.3.2 Petri Net Reversibility........cccooooiiiiiiiiic e, 9
1.3.3.3 Petri Net Boundedness ........ccoooeeiiiiiieiieeieee 9
1.3.3.4 Petri Net Safeness ... 10
1.3.3.5 Petri Net Conservativeness ..............cooiiiiieiiiiiiiiiicieee e 11
1.3.3.6 Petri Net LIVENESS .......oveeiiiiee e 11

1.3.4 Petri Net Analysis Methods ..........coooiiiiiiiiiiiii e 12
1.3.4.1 Reachability Tree or Graph.............ouviiiiiiiiiiiicceee e, 13
1.3.4.2 Petri Nets Incidence Matrix and State Equation........................... 15

1.4 An Introduction to Net Condition Event System ...........cccccc. 17
1.4.1 Condition and Event Signals ............ccoovviiiiiiiiiiiiiece e 17
1.4.2 Net Condition Event Systems............ooovviiiiiiiiiiiiiccc e, 19
1.4.3 Net Condition Event System Enabling and Firing Rule....................... 20
1.4.4 Net Condition Event System Example...............uuvuuiiiiiiiiiiiiiiiiiiiiiiiiens 24

1.5 SUMMIAIY e e e e e e e e e e e e e e e e eaaaa s 29



Chapter 2: Literature REVIEW............uuiiiiii e 30

2.1 Evolution of Net Condition Event System ... 30
2.2 Automatic Generation of Programmable Logic Controller Language........ 37
Chapter 3: DEDS Supervisory Control Synthesis Using NCES.......................... 39
3.1 DEDS Supervisory Control ThEOIY ......ccoeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 39
3.2 Uncontrolled System and Specification Model .............ccccoeviiiiiiiiieeiinnennns 41
3.3 Controller SYNthESIS .......ovveiiiei e 44
Chapter 4: Verification of the Control Model: Reachability Analysis ................... 49
4. SES A e 49
4.2 SESA Tank Control Model ..........ooeiieiiiiiieeeeeee e 50
Chapter 5: Controller Implementation as Ladder Logic Diagram........................ 61
5.1 Transformation AlgOrithm ..o, 61
5.1.1 Tank Transformation Algorithm ... 62

5.2 Algorithm Implementation ..o 70
Chapter 6: Supervisory Control Synthesis for the HAS-200 ..............coovvveennnnn.... 71
6.1 HAS-200 SyStem OVEIrVIEW......ccooeeieeeeeeeeeeeeeeeeeee e 71
6.2 HAS-200 Control Problem Description..........ccooeeuuiiiiie e 76
6.3 HAS-200 Uncontrolled Model..............uuiiiiiiiiieecieeee e 81
6.3.1 Station 1 Uncontrolled Model ... 85
6.3.2 Station 2 Uncontrolled Model ............coooviiiiiiiiiiiiiieeeee 86
6.3.3 Station 5-10 Uncontrolled Model ..o 88

6.4 HAS-200 Controller SYNthesis ........cooooeeiiiiiiiee e, 89
6.5 HAS-200 Supervisory Controller Verification ...........ccccoooeiiiiiiiiiiiieeeeee, 98
6.6 HAS-200 Tank Transformation Algorithm ............cccooeiiiiiie 107
6.7 HAS-200 Algorithm Implementation...............cccccooiiiiiiiiiiiiiiis 122
Chapter 7: Conclusion, Contributions, and Future Research .......................... 123
48 B 7 o Lex [V ] o T SR 123
7.2 CoNtriDULIONS ..o 125
7.3 FULUre RESEAICN ... 125



LiSt Of REIEIENCES. ... e e e 127

Y o] o 1= g T [To = S EPPPPSP 133
Appendix A: SESA Reachable States for the Tank Control Model ............... 134
Appendix B: Tank Algorithm Implementation...........cccccooooiiiiiii 140
Appendix C: Station 5-10 Layout ............eiiiiiiiie e 149
Appendix D: SESA Reachable States for the HAS-200............ccccoeeeeiiiennes 152

AbOUL the AULNOT. ... End Page



List of Tables

Table 1.1:

Table 1.2:

Table 1.3:

Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Table 4.1:

Table 4.2:

Table 4.3:

Table 6.1:

Table 6.2:

Places and Transition for the Valve Module..........ccoeieiiiiiiniin... 25
Places, Transitions, and Conditions for Interconnected Modules.... 27

Places, Transitions, and Conditions for the Tank Uncontrolled

Reproduction: Places, Transitions, and Conditions for the Tank

Uncontrolled Model..........oooiiiii 43
Places and Transitions for the Tank Specification Model...............44
Places and Transitions for the Tank LC and Specification Model....46

Places, Transitions, Conditions, and Events for the Tank Control

Places, Transitions, Conditions, and Events for the SESA Tank
CONIOl MOAECL... e 56

Guide for the Places and Transitions for the New SESA Tank

Control MOdel. ... 60
Places and Transitions for Station 1 Uncontrolled Model.............. 84
Conditions and Events for Station 1 Uncontrolled Model............... 84



Table 6.3:

Table 6.4:

Table 6.5:

Table 6.6:

Table 6.7:

Table 6.8:

Table 6.9:

Places, Transitions, Conditions, and Events for Station 1
Uncontrolled Model....... ... 86
Places, Transitions, Conditions and Events for Station 2

Uncontrolled Model..........ooouiiiii 87
Places, Transitions, Conditions, and Events for Stations 5-10
Uncontrolled Model..........ooouiiiii 89

Places and Transitions for the HAS-200 LC and Specification

1Y, 070 =Y [ 94
Places and Transitions for the HAS-200 Control Model................. 96
Conditions and Events for the HAS-200 Control Model................... 97

Table 6.10: Places and Transitions for the SESA HAS-200 Control Model.... 101

Table 6.11: Conditions and Events for the SESA HAS-200 Control Model..... 102

Table 6.12: Guide for the Places and Transitions for the SESA HAS-200

CoNtrol MOAEL... e e 106



List of Figures

Figure 1.1: Petri Net ... 4
Figure 1.2: Petri Net I/O MatriX.........cooooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee 4
Figure 1.3: ArC Weight......oooiiiiiiiiiiiiiiiieeeeeeeeeeeeee e 6
Figure 1.4: New Marking EQUAatiONS...........cccoiviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 7
Figure 1.5: Transition Fire ... 7
Figure 1.6: Reachable Marking...........ccoouuiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee 9
Figure 1.7: (a) 2-Bounded Petri Net (b) Unbounded Petri Net............cccceeeeeeee. 10
Figure 1.8: Safe Petri Net ... 10
Figure 1.9: Petri Net Conservativeness............ccoouvvviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee 11
Figure 1.10: Petri Net LIVENESS .......coovviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 12
Figure 1.11: Petri Net Reachability ... 14
Figure 1.12: Reachability Tree..........coooviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee 14
Figure 1.13: Petri Net Incidence MatriX ... 15
Figure 1.14: Incidence MatriX .........coooiiiiiiiiiiiiiiiieeeeeeeeeee 16
Figure 1.15: Petri Net State EqQuation ... 16
Figure 1.16: Condition and Event Signals ...........ccccccvviiiiiiiiiieeeee 19
Figure 1.17: Spontaneous TranSitioNS ... 22
Figure 1.18: Forced TransSitioNS...........coooviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 23
Figure 1.19: Event Signal Firing ... 24

Vi



Figure 1.20: Tank Filling and Draining ProCess..........ccccccvveiiiiiiiiiiiiiiiiiiiiiiieeeee, 24

Figure 1.21: NCES Model of the Valve Module ...........cccccvviiiiiiiiiiiiiiiiiiiiiininnn. 25
Figure 1.22: Interconnection of Modules .............ccccooiiiiiiieeeee 26
Figure 1.23: NCES Uncontrolled System Model.............cccoveiiiiiiiiiiiis 28
Figure 3.1: Supervisory Control System ... 40
Figure 3.2: Reproduction: Tank NCES Uncontrolled System Model................... 42
Figure 3.3: Tank Specification Model ... 43
Figure 3.4: Locking Controller............couuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeieeeeeeeeeeeeeeeeeeeeeeeee 45
Figure 3.5: Locking Controller Sequential Specification for Tank Model............. 46
Figure 3.6: Tank Control Model ... 47
Figure 4.1: SESA Analysis RepOrt.........ccooiiviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee 50
Figure 4.2: SESA Reachable States............e 50
Figure 4.3: Portion of SESA Tank Reachable States .............cccoooiciiiiinis 52
Figure 4.4: Portion of SESA Tank Control Model Pertaining t7 .......................... 54
Figure 4.5: SESA Tank Control Model.............cooooiiiiiiiiiiiiiieeeeeeeeee 55
Figure 4.6: SESA Analysis Report for the Tank Control Model...............cccc....... 58
Figure 4.7: SESA Reachable State for the Tank Control Model ........................ 58
Figure 4.8: Reachability Graph for the Tank Control Model............ccccccevvnnnnnnn. 59
Figure 5.1: Transformation Algorithm Flowchart...........ccccccviiiiiiiii. 62
Figure 5.2: Portion of Tank Control Model Pertaining to Transition t1................ 63
Figure 5.3: Tank Control Model Insert Input Place for t1 in LLD ......................... 64
Figure 5.4: Tank Control Model Insert Condition Input for t1 in LLD................... 64
Figure 5.5: Tank Control Model Insert Output Place for t1 in LLD ..................... 65

Vii



Figure 5.6: Tank Control Model Event Output for t1 in LLD..........ccccooieiiiinniis 65

Figure 5.7: Portion of Tank Control Model Pertaining to Condition Cj................ 65
Figure 5.8: Tank Control Model Insert Input Place for Cqin LLD ........................ 66
Figure 5.9: Tank Control Model Insert Output C1in LLD.........coovviiiiiiiiiiiinn. 66
Figure 5.10: Tank Control Model Insert Input Place for C4in LLD ...................... 67
Figure 5.11: Tank Control Model Insert Output C4in LLD ..........cevieiiiiiiniiiinnnn. 67
Figure 5.12: Ladder Logic Diagram Tank Control Model .............ccccccoeiiiinn. 68
Figure 5.13: RSLogix Monitor Tags Interface for the Tank Control Model.......... 70
Figure 6.1: HAS-200 Products...........ccooiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 72
Figure 6.2: Automation Pyramid ...........ccccceiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee 73
Figure 6.3: HAS-200 SYStemM ......cccoiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeee e 75
Figure 6.4: HAS-200 Physical Layout............ccooviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee 76
Figure 6.5: HAS-200 Filling SEQUENCE .......ccovviiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeee 77
Figure 6.6: HAS-200 Station 1 Layout ... 79
Figure 6.7: HAS-200 Stations 2, 3, and 4 Layout .............coooeiiiiiiiiieeeeeeeeeeennn 81
Figure 6.8: Station 1 Uncontrolled Model ... 83
Figure 6.9: Station 1 YRB Uncontrolled Model ..., 85
Figure 6.10: Station 2 YRB Uncontrolled Model ... 87
Figure 6.11: Stations 5-10 YRB Uncontrolled Model ...............cccoociiiiiiiinnnns 88
Figure 6.12: YRB Filling Sequence.............cooiiiiiiiiiiiiiieeeeeeeeeeee 90
Figure 6.13: YRB Specification and LC Modules..............ccccccn 92
Figure 6.14: HAS-200 YRB Control Model ..o 95

Figure 6.15: Portion of SESA Tank Control Model Pertaining t11, t12, and t16 . 99

viii



Figure 6.16: SESA HAS-200 Control Model ............ccccouiiiiiiiiiiiiiiiieeeeceeee 100

Figure 6.17: SESA Analysis Report for HAS-200 ..........ccccoeeiiiiiiiiiiieeeeeee 104
Figure 6.18: HAS-200 Reachability Graph .............cccooiiiiiiiiiieee 105
Figure 6.19: SESA Analysis Report HAS-200 2 Tokens...........ccccoviveeeeieinnnnnes 107
Figure 6.20: SESA Analysis Report HAS-200 3 Tokens............ccccvvveeeeeeinnnnnns 107

Figure 6.21: Portion of HAS-200 Control Model Pertaining to Transition t1...... 109

Figure 6.22: HAS-200 Control Model Insert Input Place for t1 in LLD .............. 109

Figure 6.23: HAS-200 Control Model Insert Condition Inputs for t1 in LLD ...... 109

Figure 6.24: HAS-200 Control Model Insert Output Place for t1 in LLD............ 110

Figure 6.25: HAS-200 Control Model Insert Event Output for t1 in LLD ........... 110

Figure 6.26: Portion of HAS-200 Control Model Pertaining to Condition C;...... 111

Figure 6.27: HAS-200 Control Model Insert Input Place for C4in LLD.............. 111
Figure 6.28: HAS-200 Control Model Insert Output Coin LLD ..........ccceeeeee. 111
Figure 6.29: Ladder Logic Diagram for the HAS-200 Control Model ................ 112
Figure 6.30: RSLogix Monitor Tags Interface for the HAS-200 ........................ 122
Figure A.1: SESA Tank Reachable States for the Tank Control Model............. 134
Figure B.1: Portion of Tank Control Model Pertaining to Transition t2.............. 140
Figure B.2: Tank Control Model Inserted Input Place for t2 in LLD................... 141
Figure B.3: Tank Control Model Inserted Condition Inputs for t2 in LLD........... 141
Figure B.4: Tank Control Model Inserted Output Place for t2 in LLD................ 142
Figure B.5: Tank Control Model Inserted Event Output for t1 in LLD................ 142
Figure B.6: t§ Portion of Tank Control Model...........c.ccooviiiiiiiiiiiiiiiieeceeea. 143
Figure B.7: Tank Control Model Inserted Input Place fortf inLLD ... 143

iX



Figure B.8: Tank Control Model Inserted Event Inputs for tf inLLD .....ccoeeeee. 144

Figure B.9: Tank Control Model Inserted Output Place fortf in LLD................ 144
Figure B.10: Tank Control Model Inserted Event Output for tf inLLD ............ 145
Figure B.11: tl' Portion of Tank Control Model..............cccco 145
Figure B.12: Tank Control Model Inserted Event Inputs for tlI inLLD .............. 146
Figure B.13: Tank Control Model Inserted Output Place forti inLLD .............. 146

Figure B.14: Portion of Tank Control Model Pertaining Conditions C, and Cs.. 147

Figure B.15: Tank Control Model Insert Input Place for Coin LLD .................... 147
Figure B.16: Tank Control Model Insert Output Coin LLD ........coeiiiiiiiiiininnn. 148
Figure B.17: Tank Control Model Insert Input Place for Czin LLD .................... 148
Figure B.18: Tank Control Model Insert Output C3in LLD .........cccoeeeeeviiiinnnnnnnn. 148
Figure C.1: Stations 5 and 6 Layout ............ccooveiiiiiiiiii e, 149
Figure C.2: Station 7 Layout..........ooomiieiiiii e 150
Figure C.3: Station 8 Layout..........oooviiiiiiiii e 150
Figure C.4: Station O Layout..........oooimiiiiiii e 151
Figure C.5: Station 10 Layout..........oovmeeiiiiiiii e 151
Figure D.1: SESA HAS-200 Reachable States............cccoovevviiiiciiiiiieiieee, 152



Automatic Generation of PLC Code Based on Net Condition Event Systems

Natalia Sandberg

ABSTRACT

An important consideration in discrete event dynamic systems control
theory is the selection of a suitable modeling formalism that can capture the
complex characteristics of the system and the capability to automatically
synthesize a controller based on the system model. Net condition event systems
are well suited for modeling complex discrete event dynamic systems owing to
their input and output structure, which effectively captures the behavior of the
physical devices to be monitored and/or controlled. To date, net condition event
systems control models have not been extensively applied to highly automated
manufacturing systems and there are few guidelines on how to automatically
generate Programmable Logic Controller programming languages from net
condition event systems models. This research automatically converted net
condition event systems control models into Programmable Logic Controller
programming language and evaluated the applicability of the proposed
methodology in highly automated manufacturing systems using HAS-200 as a

test bed.

Xi



Chapter 1: Introduction

Discrete event dynamic systems (DEDS) are asynchronous and non-
deterministic systems in which state changes take place by the occurrence of
events rather than time. Such systems include manufacturing, robotics, and
communications systems.

As DEDS become more complex, the control and coordination of the
physical devices that compose them becomes more important. Therefore, in
DEDS control theory the selection of a suitable modeling formalism that can
capture the complex characteristics of the system is critical. Several modeling
formalisms have been introduced to model and control discrete event dynamic
systems. Net condition event systems (NCES) are well suited for modeling
complex DEDS because they possess the following characteristics:

— Good graphical interface which facilitates ease of understanding of the

system.

— Strong mathematical foundation for logical analysis.

— Ease of modification and maintenance compared with Ladder Logic

Diagrams.
— An input/output structure that allows the modeling of the physical

devices usually found in an automated manufacturing environment.



— Representation of the system behavior including concurrency,

asynchronous behavior, mutual exclusion, etc.

Furthermore NCES can be automatically transformed into a
Programmable Logic Controller (PLC) programming languages. In addition, the
desirable logical properties and correctness of these types of PLC programming
language can be verified. To date, net condition event systems control models
have not been extensively applied to highly automated manufacturing systems.
In addition, there are few guidelines on how to automatically generate
Programmable Logic Controller programming languages based on NCES control

models.

1.1 Research Goal and Obijectives
The goal of this research is to automatically generate a PLC programming
language for a complex manufacturing system control model. The objectives are
as follows:
— Develop an algorithm to generate Ladder Logic Diagram from NCES
models.
— Develop a NCES control model of the HAS-200 system [34] focusing
on the container filling sequence.
— Convert the NCES control model to Ladder Logic Diagram and
evaluate the applicability of the conversion methodology by verifying
the correctness of the PLC programming language obtained from the

algorithm.



1.2 Organization of the Thesis

The rest of this chapter introduces the fundamental concepts on petri nets
(PN) and NCES. A tank filling and draining example is used to illustrate the
NCES modeling process. The remainder of this thesis is organized into seven
chapters. Chapter 2 reviews the literature on NCES and DEDS modeling
formalism’s used for the automatic generation of PLC programming language. In
Chapter 3, the fundamentals of supervisory control theory are introduced along
with a NCES control model of the tank filling and draining example of Chapter 1.
Chapter 4 presents the analysis tools used to verify the correctness of the tank
filling and draining NCES control model from Chapter 3. Chapter 5 introduces a
preliminary algorithm to convert NCES model into a PLC programming
languages. Furthermore, the tank filling and draining NCES control model from
Chapter 1 is transformed into a PLC programming language using the algorithm.
Chapter 6 provides a brief introduction to the HAS-200 system along with a
NCES control model for the HAS-200. The NCES control model is analyzed for
correctness and transformed into a PLC programming language using the
algorithm developed in Chapter 5. Chapter 7 discusses the final conclusions and

contributions of this thesis, as well as future areas of research.

1.3 Petri Nets
A PN [3] is identified as a particular kind of bipartite graph populated by
three types of objects. These objects are places (circles), transitions (boxes),

and directed arcs (arrows) connecting places to transitions and transitions to



places. A place is an input place of a transition if there is a directed arc
connecting this place to a transition. A place is an output place of a transition if
there is a directed arc connecting the transition to the place. Figure 1.1 shows
an example of a PN with two places, two transitions and four directed arcs. In

this PN p1 is an input place and p2 is an output place for transition t1.

p1

p2

Figure 1.1: Petri Net

For Figure 1.1, the input and output places are defined in a matrix form as

follows:

1 2 1 2
_opll 10 _optfl 01
1= F 0=
p2| 0 1 | p2| 1 0 |

Figure 1.2: Petri Net I/O Matrix

Notice that the 1/0O matrix show a one to represent the existence of an arc
connecting a place (transition) to a transition (place) and zero otherwise.

The places and transitions are used to represent various aspects of the
modeled system. For instance, an input place may represent the availability of a
resource, the transitions the resource change from available to occupied, and the

output place the resource utilization. Another example is that the places and

4



transition represent the status of a device in a manufacturing process, such as a
conveyor belt. If Figure 1.1 represents a conveyor belt status, then p1 means
that the conveyor belt is off, t1 is the transition of the conveyor belt from off to on,
p2 means that the conveyor belt is on, and t2 is the transition of the conveyor belt
from on to off.
A PN is defined by a four tuple v = (® T, 1, 0) where:
- @ is a set of nplaces, where pe®
- T is a set of m transitions, where te T
- L PxXT>N is an input function that defines directed arcs from
places to transitions, where #'is a set of nonnegative
integers.
- O0:PxTHN is an output function that defines directed arcs from
transitions to places, where % is a set of nonnegative

integers.

1.3.1 Petri Nets Marking

A PN marking is the number of tokens in each of the net places at any
given time. Graphically, a token is represented by a small black dot as the one
shown in p1in Figure 1.1. The distribution of tokens in places defines the current
state of the modeled system. Each place may potentially hold either no tokens or
a positive number of tokens. The presence or absence of a token in a place can

indicate whether a condition associated with this place is true or false.



A marking of a PN with = places is represented by an (rx 1) vector u. The
elements of this vector are denoted as u(p) and are nonnegative integers
representing the number of tokens in the corresponding places. In a PN, o
represents the initial marking. For example, in the PN model shown in Figure
1.1, 1o = (1, 0).

If I(p;, ;) =K (O(p; t) = K ), then there exist K directed arcs connecting place
p; to transition ¢ (transition ¢to place p;). If I(p; ;) =0 (O(p; t) = 0), then there exists
no directed arcs connecting place p; to transition ¢ (transition ¢ to place p;). The
direct arcs that connect places (transition) to transitions (places) are labeled with
weight K as shown in Figure 1.3. The arc weight controls the number of tokens
that can travel along the arc. However, if the arc weight is one, then the weight
label is omitted. A PN is called ordinary [4] if all of its arc weights are one. The

PN shown in Figure 1.1 is an ordinary PN.

@M 2 t1 |
| XQN

Figure 1.3: Arc Weight

1.3.2 Petri Nets Enabling and Firing Rule
Tokens reside in places, travel along arcs and their movement is regulated
by transitions. The transition enabling rule states that a transition ¢ is said to be

enabled if each input place pjof  contains at least the number of tokens equal to

6



the weight of the directed arc. For example in Figure 1.1, for the token to move
from p1 to p2, t1 must be enabled. Transition t1 is enabled because the input
place p1 contains one token and the directed arc weight is one.

If enabled in a marking, transition & may or may not fire depending on
additional interpretation. When an enabled transition ¢ fires, the number of
tokens equal to the weight of the directed arc connecting p;to #; are removed from
input places pjand then deposited in output places p.. The number of tokens
deposited in the output places p. should equal the weight of the directed arc
connecting t to p.. Therefore, the firing of transition ¢ will generate a new

marking #". The new marking is given by:

w(P)—1(pj.t;) if peP:/(pjt)>0
#(p) =4u(p)+0O(p;.t;) if peP:O(p.t)>0
u(p) otherwise

Figure 1.4: New Marking Equations

For example in Figure 1.3, the firing of transition t1 removes two tokens
from input place p1 and deposits two tokens in p3 and one in p2. The marking
for the PN shown in Figure 1.3 is p= (2, 0, 0). After t1 fires, the new marking is

# =(0, 1, 2) as shown in Figure 1.5.

p2

p1 t1
O—
2

p3

Figure 1.5: Transition Fire
7



1.3.3 Petri Net Properties

The importance of modeling a system using PN is the analysis of its
properties. PN properties allow one to study the dynamics of the modeled
system, in terms of its states and state changes. There are two types of
properties that can be identified in a PN model; the properties that depend on the
initial marking and are called behavioral properties and the properties that do not
depend on the initial marking and are called structural properties. For the
purpose of this thesis, only six behavioral properties will be considered namely
reachability, reversibility, boundedness, safeness, conservativeness, and

liveness [4].

1.3.3.1 Petri Net Reachability

Reachability is used to determine if the modeled system can reach a
specific state. From the previous section, one knows that the firing of a transition
will change the marking of a PN. Therefore, in order to determine if a system will
reach a specific state, it is necessary to find the sequence of transition firings that
will lead to the desired marking. A marking y: is said to be reachable from
marking o, if there exist a sequence of transitions firings that transform p, to .
A firing sequence is denoted by o =t t,,....t. The set of all possible firing
sequences from g, is denoted by £(u). The set of all possible markings
reachable from y, is called the reachability set and is denoted by ®(xo). For

example, in the case of the PN shown in Figure 1.6, the firing sequence o= (%1, ¢2)



will transform u, = (1,0, 0) into u2 = (0, O, 1), hence 2 is said to be reachable from

Jo-

t3

Figure 1.6: Reachable Marking

1.3.3.2 Petri Net Reversibility

In some manufacturing applications it is necessary that a system returns
to its initial state, such cases could be a machine failure or an error. A PN is said
to be reversible if for each marking pin K(o), #o is reachable from u. An example
of a reversible PN is shown in Figure 1.7a, where the initial marking o = (2, 0, 0)

is reachable from all the markings (1 = (0, 1, 0); #.2 = (0, O, 1)).

1.3.3.3 Petri Net Boundedness

A PN is said to be K -bounded if the number of tokens in any place p;, is
always less or equal to K, where K is a nonnegative integer number. For
example, the PN shown in Figure 1.7(a) is a 2-bounded PN, which means that in
any reachable marking, p1, p2 and p3 holds two tokens or less. On the other
hand, the PN shown in Figure 1.7(b) is unbounded, because p3 can hold an

arbitrarily large number of tokens. Verifying that a PN is bounded will guarantee



that the modeled system will have no overflows regardless of what firing

sequence is executed.

Figure 1.(;]:)(a) 2-Bounded Petri Net (b) Unbounde(c?)Petri Net

1.3.3.4 Petri Net Safeness

A PN is safe if it is 1-bounded, which means that in any reachable marking
the number of tokens in each place is one or zero. Notice the difference between
safe and ordinary PNs. A safe PN is ordinary, but an Ordinary PN is not always
safe. For example, the unbounded PN shown in Figure 1.7b is ordinary; all of its
arc weights are equal to one. However, the PN in Figure 1.7b is not safe. On
the other hand, the PN shown in Figure 1.8 is ordinary and safe. In this net, no
place can contain more than one token at any reachable marking and all weights

are one.

t1 2 t2

o}

p3

Figure 1.8: Safe Petri Net
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1.3.3.5 Petri Net Conservativeness

A PN is said to be conservative if the number of tokens remains the same
for all markings reachable ®(xo) from the initial marking . However,
conservativeness can also depend on a weighted vector for cases in which
resources need to be combined together for a task and later separated after the
task is completed. A PN is said to be conservative if there exist a vector w = fw;,,
ws,...,wa), Where n is the number of places and w(p) > 0 for each p ¢ ®, such that
the weighted sum of tokens remains the same for each marking p: reachable
from the initial marking . The PN shown in Figure 1.19 is conservative with

respect to vector w={2,1,1,1,1,2}.

Figure 1.9: Petri Net Conservativeness

1.3.3.6 Petri Net Liveness

A PN model is said to be live if all markings p; reachable from the initial
marking o, are able to fire any transition by progressing through some firing
sequence. The existence of liveness in a PN model guarantees a deadlock free
system no matter what firing sequence is selected. There are four different
levels of liveness for a transition ¢:

— L0-hive(dead): if there is no firing sequence in L(uo) for which ¢ can fire.

— L1-Gve if t; can be fired at least once in some firing sequence in L(u,).

11



— L2-6ive. if t; can be fired at least £ times in some firing sequence in £(o),
given that £ is a positive integer.

—  L3-hve: if t;can be fired infinitely in some firing sequence in £ (yo).

—  L4-bve: if t;is L1-fivein every marking in R(o).

The transitions in the PN model shown in Figure 1.10 have different levels

of liveness. Transition t1, t2, t3, and t4 are £3, £1, £2, and £2 respectively.

Figure 1.10: Petri Net Liveness

1.3.4 Petri Net Analysis Methods

In the previous section, several properties of PNs were introduced. The
identification of those properties in a PN model is necessary, because it will
establish a relationship with the functional properties of the real system.
Nevertheless, the use of analysis methods such as reachability tree and the
incidence matrix can study the presence or absence of PN properties. An
overview of the two fundamental methods of analysis will be presented in this

section.

12



1.3.4.1 Reachability Tree or Graph

The reachability tree or graph (RG) illustrates all the possible markings of
a PN in a tree representation. The RG starts from the initial marking and obtains
all the possible new markings from all the enabled transitions. Then, from each
of the new marking it obtains the next reachable marking. The markings are
represented by nodes and the transitions firings by arcs.

A reachability tree can become unbounded for two reasons:

— The existence of duplicate markings

— Unbounded PNs

To eliminate duplicate markings one must determine if the current marking

# is identical to a previous marking . If true, " is a duplicate marking and

becomes a terminal node. A duplicate marking indicates that all possible
markings reachable from x”have already been added to the tree. For
unbounded PNs the tree will grow infinitely large. The symbol wis introduced to
keep the tree finite. It has the property that for each integer n, w>n, w t n=wand
w2 w. To construct the RG of a PN the following algorithm can be used:
Step 1: Label the initial marking o as the root and tag it “new”.
Step 2: While “new” markings exists, do the following:
Step 2.1: Select a new marking
Step 2.2: If ; is identical to a marking on the path from the root to
i, then tag u: “old” and go to another new marking.

Step 2.3: If no transitions are enabled at y;, tag  “dead end.”

13



Step 2.4: While there exists enabled transitions at y;, do the
following for each enabled transitions ¢ at p;:

Step 2.4.1: Obtain the marking " that results from firing ¢ at p;.

Step 2.4.2: On the path from the root to u; if there exists a
marking x” such that u "(p) = u "(p) for each place p;
and g" # p", then replace p “(p) by w for each p;such
that () > "(2).

Step 2.4.3: Introduce " as a node. Draw an arc with label ¢
from p;to 3, and tag p” “new.”

For example the reachability tree for Figure 1.11 is shown in Figure 1.12.

Figure 1.11: Petri Net Reachability

40 =(2,0,0,0
/ £
m=(0,2,1,0) 12 =(0,0,0,2)
dead end
t/ \tZ
#3=(2,0,0,0) =(0, 0,0, 2)
old old

Figure 1.12: Reachability Tree



1.3.4.2 Petri Nets Incidence Matrix and State Equation

The incidence matrix is a method to represent and analyze the dynamic
behavior of PN by using algebraic equations. The incidence matrix defines all the
possible connections between the places and transitions of a PN. The incidence
matrix 4 = [a;] is an nX m matrix, where = is the number of transitions and m is the
number of places. The entries are defined as follows:

a;= 8a; — &

Where a; is the weight of the arc from transition ito its output place jand a; is
the weight of the arc from its input place jto transition 7. In other words, when

transition ¢ fires, a; represents the number of tokens deposited on its output

place p;, a; represents the number of tokens removed from its output place p. In

order to make sure the incidence matrix properly reflects the structure of a PN,
the net must be pure. A PN is said to be pure if it has no self loops. A self loop
means that no transition is both an input and an output of the same place. For

example, the incidence matrix of Figure 1.13 is shown in Figure 1.14.

Figure 1.13: Petri Net Incidence Matrix
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p1  p2 p3
2 1 2
2 1 2

t1

7

Figure 1.14: Incidence Matrix

The state equation of a PN represents a change of the distribution of
tokens as result of a transitions firing (marking, section 1.3.1). This equation is
defined as follows:

U= M +A Mg wherek=1,2, ....
Uy is a mx 1 column vector representing a marking 4 immediately reachable
from marking w1 after firing a transition t;. The k-th firing vector Mk, an nx 1
column vector, has only one nonzero entry. This nonzero entry is a 1 in the i-th
position that indicates the firing of transition # in the k-th firing. This 1 entry
corresponds to the i-th row of the incidence matrix and indicates the change of
the marking. For example, Figure 1.15 illustrates the use of the state equation to
obtain the new marking (x'= (0, 1, 2)) after transition t1 in Figure 1.13 fires.

Notice that the state equation uses the transpose of the incidence matrix instead

of the incidence matrix.

N =~ O

Figure 1.15: Petri Net State Equation
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1.4 An Introduction to Net Condition Event System

Net condition event systems (NCES) were developed by Hanisch and
Rausch [1] based on the work in Condition Event System by Sreenivas and
Krogh [2]. NCES are based on an ordinary safe PN extended with an
input/output structure. This input/output structure provides modularity to the
uncontrolled system model, because the design includes a set of predefined
modules for physical devices in an automated manufacturing environment such

as actuators, pumps, valves, sensors, and stoppers.

1.4.1 Condition and Event Signals

Condition Event Systems provide a modular modeling formalism for
discrete event dynamic systems. The modules of each of the devices are
interconnected by means of their input/output behavior to form the uncontrolled
system model. The input/output behavior consists of two signals: condition
signals and event signals [5, 8].

Condition signals provide state (place) information to a transition.
Condition signals are a piecewise constant signal, because they keep
transmitting information whether the condition is true or false. A condition signal
is true, if there is a token in the place related to that condition. A condition signal
is false, when there is not a token in the place related to that condition. For
example, a manufacturing process with a valve that opens or closes depending
on the level of the liquid in the tank. A condition signal can be used to provide

information of the state of the level sensor. If p2 in Figure 1.16 represents that
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the level sensor is active; then the condition signal from place p2 to transition t3
will sent a true signal when the level sensor alarm is active and a false signal
when the level sensor is passive.

Condition arcs are the arcs that carry a condition signal. Condition arcs
connect a place p;in one module to a transition ¢ in another module. Condition
arcs are graphically represented by an arc with a black dot at its end instead of
an arrow head. Condition arcs can be classified as condition inputs and
condition outputs. Condition inputs and outputs are graphically represented by a
small box at the border of the module as illustrated in Figure 1.16. Condition
outputs are associated with places and will have an incoming condition arc to the
box; meanwhile condition inputs are associated with transitions and will have an
outgoing condition arc from the box as depicted in Figure 1.16.

Event signals provide information on state transition and are null except at
a discrete points in time. In other words, an event signal is only true in the
instance that the transition is fired. The rest of the time an event signal value is
null. Following the tank example previously explained, one can conclude that t2
in Figure 1.16 signifies that the transition of the level sensor from passive to
active. Therefore, the event signal from transition t2 to transition t3 is only true
when {2 is fired.

Event arcs are the arcs that carry an event signal and connect a transition
t; in one module to a transition ¢, in another module. An event arc is graphically
represented by an arc with a zigzag symbol in the middle. Event arcs can be

classified as event inputs and event outputs. Event outputs and inputs are
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graphically represented by a small diamond at the border of the module. Event
outputs have an incoming event arc towards the diamond as shown in Figure
1.16. The event inputs have an outgoing event arc from the diamond as

illustrated in Figure 1.16.

Level Sensor Module Valve Module

Condition

Figure 1.16: Condition and Event Signals

1.4.2 Net Condition Event Systems

Condition and event signals are useful because they are able to
characterize the interaction between the physical components of the system.
The model obtained by interconnecting the modules of the physical components
by means of condition and event signals is known as net condition event system
(NCES) [7]. The NCES consist of a four tuple structure as follows:

NCES = PN, ¥, CN, EN] where:

- ®N isaPN

— @ s the input/output structure

Cw is the condition signal matrix

Ex is the event signal matrix
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The input/output structure is defined as follows:
W = [Cin, Ein, Couty Eoury B> B, Cs, Df Where:

— Cam s a set of rcondition inputs

_  En is asetof sevents inputs

_  Co is a set of pcondition outputs

_  E. is a set of gevents outputs

_ Bcefo1yxm is the condition input matrix

_ Beefo,1kxm s the event input matrix

_ Csefo1prxr  is the condition output matrix

— ®M:ef0,1jmx1 is the event output matrix

1.4.3 Net Condition Event System Enabling and Firing Rule
In NCESs, unlike PNs, there are three enabling rules to consider before a
transition ¢ is enabled.
— Marking enabled: A transition € Tis marking enabled, if min (x - Fm (-,
7)) 2 0. Transition ¢is said to be marking enabled if each input place p;
of ¢ contains at least the number of tokens equal to the weight of the
directed arc.
The marking enabled and firing rule for NCES follows the same principles
as the marking enabled and firing rule for PNs (Section 1.3.1 and 1.3.2).
— Condition enabled: A transition ¢ € T'is condition enabled, if min (x - Cx

(, 7)) 2 0. Transition ¢ is said to be condition enabled when each of its
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condition inputs places (if any) are marked with a token. However the
firing of transition ¢ will not change the marking of the condition input
place.

Transitions with an incoming condition arc and no event input are known
as spontaneous transitions. Spontaneous transition can only be enabled or
disabled by condition signals, but they cannot be forced to fire. For example in
Figure 1.17, transition t3 in module 2 is a spontaneous transition. Therefore,
transition t3 can only fire if it is marking and condition enabled. Transition t3 is
not marking enabled because there is no token in p4. However, transition t3 is
condition enabled because there is a token in p2, which makes the condition
signal true. Notice that the condition signal from p2 is not forcing t3 to fire. Also,
notice that the condition signal will remain true (constant signal) as long as the
token remains in p2. Transition t1 can fire because it is marking enabled and the
condition signal in p2 doesn’t affect the firing of t1. If the initial marking of Figure
1.12is uo = (0, 1, 0, 1), then the reachable marking after firing t1 will be x" = (1, O,
0, 1). Notice, that p3 and p4 are not affected by the firing of t1. Now, if t3
becomes marking enabled (token in p4) and condition enabled (token in p2), then
the marking is = (0, 1, 1, 0). If t3 fires, a token is remove from p3 and deposit in
p4. The token in p2 remains there. So, the new marking is " = (0, 1, 0, 1).

Take into consideration that condition arcs can only carry condition signals and

no tokens.
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______ Module1 ______ Module 2

Figure 1.17: Spontaneous Transitions

— Event enabled: The set T, contains all transitions which are connected
with ¢ by an incoming event arc at . T(t) = {tn/ Ex(m, j) > 0}.
Transition ¢ is said to be event enabled if there are no event inputs, or if
all the transitions t,¢Z/(t) are marking, condition and event enabled.

An event signal can force a transition to fire if enabled. A transition with
an incoming event arc is known as a forced transition. Furthermore, all forced
transitions occur at the same time instant as the event signal which forces the
transition to fire. Hence, incoming event signals force transitions to fire if they
are marking and condition enabled and the transitions must fire immediately. For
example in Figure 1.18, transition t3 in module 2 is a forced transition, which
means that firing transition t2 will simultaneously fire transition t3 if enabled.
Transition t3 and t2 are marking enabled because there is a token in p4 and p1.
Transition t3 does not have an incoming condition signal, but t2 does have one.
Transition t2 is condition enabled since there is a token in p5, which makes the
condition signal true. The initial marking of Figure 1.18 is 4o = (1, 0,0, 1, 1, 0). If
t2 fires, a token is removed from p1 and deposited in p2. Since t3 fires

simultaneously, a token will be removed from p4 and deposited in p3. The new
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marking will be " = (0, 1, 1, 0, 1, 0). Take into consideration that events arcs
can only carry event signals and not tokens. Notice, that p5 and p6 are not
affected by the firing of t2 and t3. Furthermore, observe that both transition t2
and t3 fire simultaneously creating a new marking in only one step. If p5 did not
have a token, then t2 will no longer be condition enabled and will not be able to

fire.

Module 1 Module 2

______________________________________

Module 3

Figure 1.18: Forced Transitions

Another example is shown in Figure 1.19. Transition t3 must be marking,
condition and event enabled to fire. The initial marking for the NCES in Figure
1.191is 5o =(1,0,0, 1, 1, 0). In this case, transition t2 can fire but t3 cannot.
Transition t2 and t3 are marking enabled, but t3 is not condition enabled (no
token in p6). If transition t2 fires the new marking will be "= (0, 1, 0, 1, 1, 0) and
the marking of the places in module 2 will remain unchanged until a token comes

back to p1 again.
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Module 1 Module 2

Figure 1.19: Event Signal Firing

1.4.4 Net Condition Event System Example

To illustrate the basic concepts of a NCES, let us consider the process
depicted in Figure 1.20. The tank is filled with a mixture via a pump until the level
sense high (LSH) sensor goes into alarm. After which, the draining process
starts by opening the valve at the bottom of the tank. The mixture is then sent to
the next step of the process. The valve will remain open until the level sense low
(LSL) sensor goes into alarm. Subsequently, the valve is closed and the refilling

process starts again.

Fewat
W& !
Pump — I

5L Tarik

Walve

Figure 1.20: Tank Filling and Draining Process
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In order to develop a NCES model, it is necessary to separately model
each of the devices that are part of the process. In this case, there are 4
devices: a pump, a valve, a LSL, and a LSH. Each of the 4 models must capture
the dynamic behavior of the devices. For example, Figure 1.21 shows the NCES
model of the valve module. A description of the places and transitions are shown
in Table 1.1. Notice that each transition of the module includes a condition signal
that is part of the dynamic behavior of the valve. The modeling of the other

devices is similar to that of the valve.

Figure 1.21: NCES Model of the Valve Module

Table 1.1: Places and Transition for the Valve Module

Valve Module
Transition Meaning Place Meaning
t1 Valve opening p1 Valve close
t2 Valve closing p2 Valve open

After the device models are created, they are interconnected by means of
their signals to capture the uncontrolled behavior of the system. Let’s first
examine the interconnection of three modules: the valve module, the LSH
module, and the LSL module as shown in Figure 1.22. Table 1.2 gives a brief
description of the places, transitions, and conditions for the interconnected

modules. The problem description dictates that the status of the valve is
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dependent on the status of the LSL and LSH. The valve should remain open
(closed) until the tank is completely drained (filled). The signal selected to

represent this process is a condition signal. Notice that t4 (valve opening) will
not fire until condition Ci1n (LSH alarm active)is true. For identification purposes

the lines representing the condition signals are drawn differently.

Figure 1.22: Interconnection of Modules
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Table 1.2: Places, Transitions, and Conditions for Interconnected Modules

LSL Module
Transition Meaning Place Meaning
t1 LSL alarm goes passive p1 LSL alarm active
t2 LSL alarm goes active p2 LSL alarm passive
Valve Module
t3 Valve closing p3 Valve opened
t4 Valve opening p4 Valve closed
LSH Module
t5 LSH alarm goes passive p5 LSH alarm active
t6 LSH alarm goes active p6 LSH alarm passive

Module Conditions

Condition Meaning
Cq(Cln,Cou)
C,(Clp,C31t)

LSH alarm is active

LSL alarm is active

Figure 1.23 shows the NCES' model for the uncontrolled tank process
including the pump. Table 1.3 gives a brief description of the places, transitions,
and conditions for the uncontrolled model. From the tank filling and draining
process description it is known that the valve and pump do not interact. Just like
the valve, the pump is only dependent on the status of LSH and LSL. Condition

signals are use to interconnect the four modules.
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Figure 1.23: NCES Uncontrolled System Model
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Table 1.3: Places, Transitions, and Conditions for the Tank Uncontrolled Model

Pump Module Module Conditions
Transition Meaning Place Meaning Condition Meaning
t1 Pump turning off p1 Pump on C4(Cin,Cout) LSH alarm is active
t2 Pump turning on 2 Pump off i
B Vglve Modulep B C2(C%,C8") LSL alarm is passive
C Cin,Cout . .
Transition Meaning Place Meaning 3(C3.C3%) LSL alarm is passive
i t
t3 Valve closing p3 Valve opened C4(CF,C3") LSH alarm is active
t4 Valve opening p4 Valve closed
LSH Module
Transition Meaning Place Meaning
LSH alarm goes LSH alarm
t5 passive p5 active
LSH alarm goes LSH alarm
t6 active p6 passive
LSH Module
Transition Meaning Place Meaning
LSH alarm goes LSL alarm
t7 passive p7 active
LSL alarm goes LSL alarm
t8 active p8 passive

1.5 Summary

In this chapter NCES’s and PNs, which are the foundation of NCES’s, are
introduced. The NCES’s modeling process is illustrated using a basic tank filling
and draining process. NCES’s are suitable for modeling complex DEDS due to
their input and output structure, which captures the dynamic behavior of complex

DEDS more efficiently than other DEDS modeling formalisms.
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Chapter 2: Literature Review

Several formalisms are used to model and control discrete event dynamic
systems (DEDS). Among them are Finite Automata [9], PNs [12], Temporal
Logic [13], and NCES. This thesis focuses on NCES. The following section will
review the literature on NCES and their automatic transformation into PLC

programming language.

2.1 Evolution of Net Condition Event System

Based on the work of Ramadge and Wonham [9]; R.S. Sreenivas and
B.H. Krogh [2] propose a class of discrete event dynamic system (DEDS), which
they call Condition Event (C/E) Systems. Condition signals and event signals are
the two classes of input and output signals used in C/E systems. Condition
signals are piecewise constant signals. Event signals are null except for discrete
points of time. Furthermore, event signals are graphically represented by a
zigzag symbol ( =A~), meanwhile condition signals flow lines use a straight
arrow head (—®). The authors also define three qualitative properties that
characterize C/E systems: causality, time change invariance, and spontaneity.
The authors use a conveyor belt example to show the casual interconnection
between the physical components of a system. The example proves that

condition and event signals offer a more realistic modeling framework than finite
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automata or formal languages. Furthermore, they are able to verify that the
conveyor belt system model has the qualitative properties of a C/E system. C/E
systems are also used to model supervisory control applications. Their condition
and event signal structure is the same structure used to connect the uncontrolled
behavior of the system and its supervisor. The authors are able to develop a C/E
language for a C/E system. The C/E language provides a representation for all
possible orderings of the conditions and events in a C/E system. Finally, the
authors show how to interconnect C/E systems in cascade and feedback
configurations to obtain a discrete state model. In a cascade configuration two
C/E systems are connected sequentially. The events in the second system are
dependent on the events on the first system. In a feedback configuration the
condition and events signals form a closed loop with the C/E system.

In [10], Sreenivas and Krogh extend the definition of standard PNs to
include auxiliary predicates and an input and output structure to obtain a C/E
model (C/E PN’s). A PN with auxiliary predicates is a 6 tuple as follows:

PN =(®, T, Ay Ao p, o) Where:

- @ ={p1, p2,.--..,pn} is an ordered set of nplaces

— T ={ty, tp,.....tn} is an ordered set of m transitions

— AieNtxmis a n X m state input matrix

— A, eNrxmis a n X m state output matrix

- ®={1,2,....m} x A {0, 1} is a computable predicate function that

defines a predicate on * for each transition t;e T

—  Jo € Nis the initial marking
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The input and output structure @ = {Ci, Ein, Cout, Eous, Be, Be, Cs, D} IS the same
as the one define in Chapter 1. The authors graphically represent condition
inputs and outputs by squares and event inputs and outputs by diamonds. Each
transition ¢ ¢ T has two index sets. The first set is a collection of indices of
condition inputs denoted as (*c). The second set is a collection of indices of
event inputs denoted as (*e¢). Similarly, each condition output has a set of indices
of places and is denoted as (*p). Each event output has a set of indices of
transitions and is denoted as (*t). The authors also define five enabling rules:
state enabled, condition enabled, event enabled, predicate enabled and
maximally forced. Moreover, the authors define an encoding/decoding structure

as follows:
© = (0Oy, 0y, By, 0,) where:
- 0,:U—{0, 1} is a condition input encoding function

- 0,:V={0, 1}° is an event input encoding function

0,:{0, 1}’ =Y is a condition output decoding function

- 0,{0, 1}% =Z is a event output decoding function.

A C/E PN is defined as IT = (%, @, ®). The objective of the paper is the
construction of a C/E PN’s resulting from the interconnection of subsystem
models. Specifically, Screenivas and Krogh develop an algorithm to create a C/E
PN from two C/E PN subsystems connected in a cascade configuration. The
purpose of the algorithm is to construct an equivalent model for the resulting
cascade system such that S(IT) =$(S(I1;) = $(I1z)). They also develop an algorithm

to obtain an equivalent C/E PN for feedback configurations. As a result, the C/E
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PN’s obtained from the algorithms are more compact than the C/E models
presented in [2].

M. Rausch and H.-M. Hanisch [1], inspired by the work of Screenivas and
Krogh, use a modified C/E PN to model resource allocation problems. The
authors propose three modifications for C/E PN; remove the auxiliary predicates,
use bounded PN, and introduce two kinds of arcs for the graphical representation
of condition and event signals. The authors define @V =@ T, F o) Where & T
and po are defined in the same manner as in [10]. Fis the arcs including the
token weight (incidence matrix). The input and output structure @ = {Cin, Ein, Cous,
Eout, B;, Be, Cs, Df is the same as the one define in Chapter 1. The changes
transform C/E PN into NCES. The authors define NCES = (B T, & @, po, Cn; Ea-
They also define three enabling rules; marking enabled, condition enabled, and
event enabled. Furthermore, the authors define spontaneous and forced
transitions. They recognize that the model may contain conflicts and not all
forced transition will be able to fire. Therefore, they develop an algorithm to
determine the maximal step in which all forced transitions must fire. The
algorithm is based on another algorithm developed for time PNs that present the
same problem [14]. However, their algorithm is extended to analyze models
composed of several small modules. The authors use NCES to model a polymer
production plant. The plant consists of several reactors that need different
quantities of a cooling agent. A controller must ensure that the cooling agent
does not overload. The authors start by creating NCES modules for the reactor,

for resource allocation, for pressure, and the controller. After which, they
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connect the four modules using condition and event signals to obtain the
controlled model for the polymer plant. The desired behavior of the plant
(specifications) is included in terms of forbidden states, which the controlled
system avoids. They also developed a reachability graph to verify that the
controller works correctly. The resulted example proved that NCES are
applicable in the modeling of resource allocation problems.

In [7] Rausch and Hanisch used NCES to synthesis supervisory controller
for the forbidden state problems. They define NCES the same way that [1] does.
The authors model the uncontrolled behavior of a pusher/conveyor
manufacturing system as their example. The modules for the pusher/ conveyor
system are safe PN. Before creating the controller, the authors explain several
steps that are required in preparation for the algorithm. First, they assign a

Boolean function £7(%) (enabling term) to each transition. The enabling term is
determined as follows: ET()= ,:. p*, Son, B crce, "y <En, BT enle, e

Secondly, they assign a set of transitions to each place denoted as Zm(p;). Thirdly

they compute a function for the predecessors as follows: pred(p)=, . = E(t)

Finally, they calculate all place invariants Ip, where iv=,2,,p = 0. A place

invariant is a set of places where the sum of the tokens is constant. Then, the
authors present an algorithm that transforms the specification into a controller
function. In the algorithm they compute the enabling terms of the forbidden
states. After which, they replace each place in the enabling term for its
predecessor. From the resulting term, they derive a controller function by

replacing the places by the appropriate output signals. The authors realize that
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the state space can grow exponentially with the size of the model. This algorithm
avoids the computation of the whole state space.

L. E. Pinzon, H.-M. Hanisch, M. A. Jafari and T. Boucher in [8] illustrate
the advantages and disadvantages for some of the existing synthesis methods
for discrete event controllers. This paper discusses the synthesis methods for:
formal languages based on the work of Ramadge and Wonham (R&W) [9], [16];
PN [17]; Timed Transitions Models (TTM) [15]; and NCES [1], [7]. The authors
use a pusher example to compare the model formalisms implementation
methodology for the uncontrolled system model, specification model and
controller synthesis. Itis concluded that R& W and TTM have difficulty in
keeping track of the resources in the uncontrolled system models. On the other
hand, PN and NCES use of markings facilitates the tracking of the resources and
PN’s uncontrolled system model is more complex than NCES uncontrolled
system model. NCES are more compact and precise, when modeling the casual
behavior of a system. For the specification model, the authors analyze the
modeling formalisms ability to model safety and sequential specifications. R&W
methodology is able to model both types of specification, but the implementation
is not trivial. TTM methodology is also capable of modeling both types of
specifications; however, the specification models are not used to synthesize the
controller. PN’s are not able to model sequential specifications. NCES’s are
able to model both types of specifications by means of forbidden states.
Furthermore, the modeling specification structure for NCES is similar to R&W,

but NCES do not consider the whole state space. Finally, the authors analyze
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the controller synthesis methodologies for each of the modeling formalism. R&W
and PN methodology guarantees that the supervisor is maximally permissive. A
maximally permissive supervisor is one that only restricts those events which are
not legal with respect to the specification. However, R&W algorithms are difficult
to implement. NCES and TTM supervisor are not maximally permissive, and
provide more efficient solutions because they do not consider the whole state
space. Furthermore, NCES can automatically generate control code for PLC’s.
L. E. Pinzon, H.-M. Hanisch, and M. A. Jafari along with P. Zhao continue
their work [5] to develop a more efficient synthesis method that avoids state
space explosions and allows sequential specification. The authors present a
NCES uncontrolled system and specification model. The uncontrolled system
model is based on a safe PN. However, the example models do not portray any
specific manufacturing process. Assuming that all transitions in the uncontrolled
system are controllable, the authors obtain the admissible behavior by creating a
locking controller. The locking controller uses a condition signal to ensure that a
transition t is disabled whenever the controller is in a specific state. In any other
controller state, transition t will not be restricted. In other words, the uncontrolled
system model sends an event signal to the specification model. The
specification model reacts by sending another event signal to the locking
controller. Then, the locking controller will send a condition signal to the
uncontrolled system that locks the forbidden transition. The main contribution of
this paper is an algorithm that obtains the admissible behavior of a system in the

presence of uncontrollable events. The algorithm identifies and keeps track of

36



the set of states that enable the uncontrollable transitions. As a result, the
authors obtain a locking controller model that prevents the enabling of the
uncontrolled transition in a minimally restrictive way and that includes the

admissible behavior of the system.

2.2 Automatic Generation of Programmable Logic Controller Language

Programmable Logic Controllers (PLC’s) [18 - 19] have been used in
automated manufacturing systems since the 1970’s. The PLC programming
language was design using logic and symbols similar to electrical circuit
diagrams. Therefore, electricians and technicians were able to easily use,
program, and debug PLC’s. The invention of PLC’s brought many advantages to
the manufacturing floor such as speed, flexibility, and increased performance.
The original PLCs were simple devices. Through time, PLC’s have increased in
complexity, adding several features that improve their programming, debugging,
and operation. The standard PLC programming languages [20] include:
instruction list (IL), structure text (ST), function block diagram (FBD), sequential
function chart (SFC), and Ladder Logic Diagram (LLD). LLD is the most
commonly used for programming PLC’s.

PLC programming languages are difficult to understand, modify and
maintain. Furthermore, the larger the system to control, the more complex the
resulting program becomes. Researchers have proposed several methods to
address these problems by expressing the control logic using some type of

mathematical formalism and then automatically converting the resulting model to
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a PLC programming language. In addition, these formal models can be used to
verify the controller’s desirable logical properties and correctness.

Finite Automata (FA), PN, and NCES have been extensively used to
model and analyze controllers. The conversion of FA based models is
addressed by B. A. Brandin in [21], M. Fabian and A. Hellgreen in [22], and J. Liu
and H. Darabi in [23]. Conversion of PN based models is addressed in [24 -27].
There has been research on the transformation of other types of PN models such
as T-Timed PN [28, 29]; P-Timed PN [30, 31]; and Coloured PN [32, 33]. While
the work on transformation of PN and FA based model is extensive, the work on
transformation of NCES models to PLC programming languages is limited. In
[11] M. Rausch and B.H. Krogh introduce a methodology that describes the
transformation among NCES, Statecharts, and PLC programming languages.
The work proposes the transformation of NCES into Instruction List and vice
versa and provides a set of rules that transform conditions signals, places and
transitions into input and output variables. However, the transformation of events
signals is not included. Also, the example discussed does not possess complex

control requirements frequently encountered in manufacturing systems.
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Chapter 3: DEDS Supervisory Control Synthesis Using NCES

Discrete event dynamic systems (DEDS) require control and coordination
in order to satisfy a desired behavior. One important aspect in control theory is
the selection of a modeling formalism that can capture the physical
characteristics of DEDS and the ability to synthesize a controller. This research
utilizes NCES as the model formalism for generating DEDS controllers. Before
the controller synthesis is discussed, it is necessary to discuss some basic

concepts in Supervisory Control Theory.

3.1 DEDS Supervisory Control Theory

Supervisory controllers ensure the proper operation of a DEDS by
enforcing the behavioral requirements. A behavioral requirement is a
requirement that a system must follow during its operation. For example, in the
tank filling and draining process introduced in Chapter 1 the valve can not be
opened when the pump is on. In a supervisory control model, these requirements
are defined in terms of safety or sequential specifications. A safety specification
refers to forbidden state(s) that the system must avoid. A sequence specification
refers to a desired sequence of events the system must follow.

Figure 3.1 shows the interaction of a supervisor controller and an
uncontrolled system. The supervisory controller and the uncontrolled system

interact as a closed loop system. The supervisory controller observes the events
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executed by the uncontrolled system and decides which event(s) are allowed
next on the uncontrolled system. The event(s) allowed by the supervisor is
known as the control pattern. The control pattern ensures that the uncontrolled
system operates within the boundaries dictated by the specifications.
Furthermore, the supervisory controller has the capability to disable some, not
necessarily all, of the possible events on the uncontrolled system. Those events
that the supervisory controller can disable are known as controllable events. An
example of controllable events is the filling and draining status in the tank filling
and draining process. The controller is able to control the exact moment when
the filling and draining process starts and ends. The events that the supervisory
controller cannot disable are known as uncontrollable events. An example of an
uncontrollable event is the level sensors status in the tank filling and draining
process. The amount of liquid in the tank triggers the level sensors, but the
controller cannot control the exact moment when the level sensors are going to
trigger. As a result, the level sensors transitions {t5, t6, t7, and, t8} are

uncontrollable transitions.

Controller E\Lnts

Control Pattern

Uncontrolled

A\ 4

System

Figure 3.1: Supervisory Control System
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The development of a supervisory controller model is divided into three
main tasks: the modeling of the uncontrolled system and specifications, controller
synthesis, and controller implementation. In the rest of this chapter, these steps
will be followed to develop a supervisory control model for the tank filling and

draining process introduced in Chapter 1.

3.2 Uncontrolled System and Specification Model

The NCES uncontrolled system model is shown in Figure 1.23 Chapter 1.
For convenience, Figure 1.23 and Table 1.3 are reproduced in this chapter in
Figure 3.2 and Table 3.1. Notice that the initial conditions are that the tank is
empty, the pump is off, the valve is closed, LSH alarm is passive, and LSL alarm
is active. From this state (marking u = (0, 1, 0, 1, 0, 1, 1, 0)) only t2 (pump
turning on) can fire and the pump will turn on. Notice that t4 (valve opening) can

not fire because the condition signal (C', LSH alarm is active) is not true. During

the filling process t7 (LSL alarm goes passive) and t6 (LSH alarm goes active)
fire, this means that the tank is full ( = (1, 0,0, 1, 1,0, 0, 1)). After the tank is
completely filled, observe that t1 (pump turning off) and t4 (valve opening) are
enabled. If t4 fires, the pump will be on while the valve is opened. This is an
undesirable behavior for the tank filling and draining process. Therefore, a
specification for the tank filling and draining process is that when the tank is full
the pump should turn off first and afterwards the valve can open. This
specification will be modeled by means of a sequential specification. The tank
filling and draining process will start with the filling process and continue to the

41



draining process. Once the draining process is over the cycle will repeat. As a
result, during the filling process the valve will remain closed and the pump will
turn on. During the draining process the pump will remain off and the valve will
open. The controller must enforce the occurrence of these processes in that
given order. During the filling process the controller will disabled the valve and

during the draining process the controller will disabled the pump.

Figure 3.2: Reproduction: Tank NCES Uncontrolled System Model
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Table 3.1: Reproduction: Places, Transitions, and Conditions for the Tank
Uncontrolled Model

— I-:’ump Module . Module Conditions
Transition Meaning Place Meaning Condition Meaning
t1 Pump turning off p1 Pump on i
- C1(CP,C™) LSH alarm is active
t2 Pump turning on p2 Pump off —
Valve Module C2(C7.C3") LSL alarm is active
Transition Meaning Place Meaning Ca(Clp,Cgut) LSL alarm is active
t3 Valve closing p3 Valve opened C4(Ci£1,cgut) LSH alarm is active
t4 Valve opening p4 Valve closed
LSH Module
Transition Meaning Place Meaning
LSH alarm goes LSH alarm
t5 passive p5 active
LSH alarm goes LSH alarm
t6 active p6 passive
LSH Module
Transition Meaning Place Meaning
LSL alarm goes LSL alarm
t7 passive p7 active
LSL alarm goes LSL alarm
t8 active p8 passive

Figure 3.3 illustrates the specification model. Table 3.2 shows the
description of the transitions and places for the specification model. Notice the
input and output events shown in Figure 3.3. The input events are the events

from the uncontrolled system. The output events are the events sent to the

>

controller from the specification model.
1
t4 p4
Q

s
|

‘#1 1 p2 13 p3 i :‘L
0 0

Figure 3.3: Tank Specification Model

t2
Q
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Table 3.2: Places and Transitions for the Tank Specification Model

Specification Model
Transition Meaning Place Meaning
t1 Starting Filling process p1 Filling process
t2 Stopping Filling process p2 Filling process stops
t3 Starting draining process p3 Draining process
t4 Stopping draining process p4 Draining process stops

3.3 Controller Synthesis
The locking controller (LC) methodology proposed in [5] is used to
synthesize the controller. The sequential specification model must include

copies of the uncontrolled system place (p¢) and its input/output transitions
(tcandtf, ). The LC will not restrict the transitions that are not part of the

sequential specification. If transition ¢ in the uncontrolled system model is

controllable and forbidden at some place pcin the sequential specification, then
transition ¢ will be disabled as soon as ¢ fires and enabled as soon as ¢, fires.
The ability to enable t;again, will guarantee that the controller is minimally
restrictive. The LC consist of a co-place (pg° ) for the specification place ¢, and
copies of the input/output transitions of pe(t! andt/,; ) as shown in Figure 3.4.

The sequential specifications transitions will be connected to the locking
controller transitions via event signals. The LC is connected to the uncontrolled
system via a condition signal sent by the co-place. The condition signal will

disable transition ¢;whenever the specification is in state p¢. At any other state,

transition ¢ will not be restricted by the controller. Figure 3.4 shows the net
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control structure obtained by adding a locking controller to a generic uncontrolled

system and sequential specification model.

Sequential Specification

Locking Controller

Ct

w
[
s
[
-
| .
x.

Plant Model

1 1
e tiT €ttt

Figure 3.4: Locking Controller

To use the locking controller methodology it is necessary to modify the
specification model shown in Figure 3.3. The places and transitions defined in
the specifications model are modified to comply with the locking controller. Place
p1 (filling process) changes topg, since it is a copy of place p1 (pump on). In
other words, the filling process is defined by turning the pump on. Transition

(start filling process) is a copy of transition t2 (pump turning on). Transition ¢
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(stop filling process) is a copy of transition t1 (pump turning off). The rest of the
places and transitions are replaced in the same manner and the resulting
specification model is shown in Figure 3.5. Table 3.3 describes the transitions

and places for the Tank locking controller and specification model.

“i
|

i
N oS 4l ] ?‘5 %ﬁ'ﬁ
Y ¥

{ Y
Figure 3.5: Locking Controller Sequential Specification for Tank Model
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Table 3.3: Places and Transitions for the Tank LC and Specification Model

Specification Model
Transition Meaning Place Meaning
3 Starting Filling process PP Filling process
LS Stopping Filling process P3 Filling process stops
g Starting draining process P§ Draining process
13 Stopping draining process 2 Draining process stops

Figure 3.6 shows the complete controller model for the tank process.
Table 3.4 describes the transitions, places, conditions and events of the
controller model. The model consists of two locking controller modules. One
module controls the valve and the other module controls the pump. The LC

module on the left has a co-place pf for p1 (pump on). The LC module ensures
that the valve is not open during the filling process. The LC disables t4, when the

sequential specification is inpf . The LC module on the right has a co-place pg
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for p3 (valve open). The LC module ensures that the pump will not turn on
during the draining process. The locking controller will disable t2, when the

sequential specification is inpS. The LC ensures the uncontrolled system meets

the behavioral specification that when the tank is full the pump should turn off

and afterwards the valve can open.

9,
no?
Ll

Figure 3.6: Tank Control Model
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Table 3.4: Places, Transitions, Conditions, and Events for the Tank Control

Model
Uncontrolled System Model Model Conditions
Transition Meaning Place Meaning Condition Meaning
t1 Pump turning off p1 Pump on Cy(Cin,cou) LSH alarm is active
t2 Pump turning on 2 Pump off i t
3 Val P osi 9 p3 Val P p C2(C7.C3") LSL alarm is active
ve closing p alve opene -
C Cln,Cout . .
t4 Valve opening p4 Valve closed 3 3 ) LSL alarm is active
LSH alarm goes LSH alarm C4(Cip,C3Y) LSH alarm is active
t5 passive pS active c (Ci” couty — _
LSH alarm goes LSH alarm 5{&5,5 Filling process active
t6 active p6 passive Cs(Cin, Cout o
LSL alarm goes LSL alarm 0:%") Draining Process on
t7 passive p7 active Model Events
LSL alarm goes LSL alarm Events Meaning
t8 active p8 passive in ~out
. eq(elh,eQut) . .
Specification Model AN Pump is turning on
i t . .
Transition Meaning Place Meaning ez(e7.e3") Pump is turning off
Starting Filling es(ein, egut) . )
5 process Pr Filling process 3 > Valve is opening
e Stopping Filling . Filling process eq(e],e3") Valve is closing
1 process P2 stops i out Filling process is
e Starting draining c Draining es(ef,e2") starting
4 process Ps process N ~out Filling process is
o Stopping draining . Draining es(eg.eg") stopping
3 process P4 process stops i ~out Draining process is
Locking Controller Modules er(e7.eq") starting
” - - ) Draining process is
Transition Meaning Place Meaning es(eg\’egut) stopping
th Copy of t§ pfe Co-place of pf
tl Copy of tf ps° Co-place of p§
t) Copy of t§
t) Copy of t§
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Chapter 4: Verification of the Control Model: Reachability Analysis

One of the tools for analysis of a NCES is the reachability graph [4]. For
some complex systems the size of the reachability tree can become very large,
making it difficult to produce manually and analyze visually. In this chapter, a
software tool to analyze the properties of NCES is introduced and utilized to

verify the correctness of the control model obtained in Chapter 3.

4.1 SESA

A research group from the Humboldt University in Berlin developed a
program to support the formal analysis of NCES, which they called SESA [34, 35,
and 36]. This software tool allows the user to insert the model information
(places, conditions, events, transitions, etc) and the software performs an
analysis of the model. The analysis report displays the reachable states and
NCES properties pertinent to the model. Figure 4.1 shows an example of a
SESA analysis report for the properties of a NCES model. Figure 4.2 shows an
example of how SESA displays the reachable states for a NCES model with 6
places. The reachable states are organized by state numbers in chronologically
order, where state nr.1 is the initial state. Below each state number there are at
least three additional lines. The first line represents the number of places in the
model. The second line represents the number of tokens in each place

(marking). The final line(s) represent the set of transitions that are enabled
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followed by the state number the system will move to after the transitions are
fired. There could be more than one set of transitions. To properly identify each
set there are two equal signs before each set. A more detailed example will be

explained in Section 4.2.

net i
net i
net
net
net
net is same state.
net is marked.
net iz not marked with exactly one token.
net has no spontaneous transitions without pre-place and pre—condition.
net has no spontaneous transitions without post-place and signal arc.
net has no places without pre—tr ion but with post-transition.
net has no places without post—transition but with pre—transition.
Maximal insout—degree: 2
SCU SCF Ft@ tF@ Fp@ pFB CPI CTI B SB REV DSt BSt DI» DCF L LU L&B
? ? 7 7 ? 7 ? ?

Figure 4.1: SESA Analysis Report

state nr.

E.nr: 1 2 3
toks: 0O 1 0O
=={tZl=x =3
state nr. 3
E.nr: 1 2 3
toks: 0 0O 1
=={t3}=> =4
state nr. 4
E.nr: 1 2 3
toks: 1 0O 0O
=={tl}=> =sZ

Figure 4.2: SESA Reachable States

Lo T ot
=

L T o
=

4.2 SESA Tank Control Model
SESA is used to obtain the reachable states for the tank control model in

Figure 3.6 Chapter 3. SESA only allows the use of numbers to label places and
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transitions. Table 4.1 is provided as a guide to identify the corresponding places
and transitions for the SESA results.

Table 4.1: Guide for Places and Transitions of the SESA Tank Control Model

Place SESA Place Transition SESA Transition
p1 p1 t1 t1
p2 p2 t2 t2
p3 p3 t3 t3
p4 p4 t4 t4
p5 p5 t5 t5
p6 p6 t6 16
p7 p7 t7 t7
p8 p8 t8 18
ps p9 t t9
P P10 t t10
ps P11 t t11
pg P12 ts t12
py° P13 4 13
ps’ P14 t 14

|

t3 t15
I

ty t16

The portion of the SESA reachable state for the tank filling and draining
control model are displayed in Figure 4.3. The complete results for the SESA

reachable states are in Appendix A.
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nr. 1
3 4 5 6 7

State
P.nr:- 1 2
11 12 13 14
toks: 0 1
0 1 1 1
=={12,19,tl4}=> s2
=={t2,16,t9,tl4}=> s8
=={t2,17,t9,tl4}=> s47
=={t2,16,t7,t9,t1l4}=> s3
=={t6,t7}=> sll1

=={t7}=> s35

=={t6}=> s7

State nr. 2

P.nr: 1 2 3 4 5 6 7
11 12 13 14

toks: 1 0 0 1 0 1 1
0O 0 0 1

=={t6,t7}=> s3

=={t7}=> s47

=={t6}=> s8

State nr. 3

P.nr: 1 2 3 4 5 6 7
11 12 13 14

toks: 1 0 0 1 1 O O
0O 0 0 1
=={t1,t10,t13}=> s4
=={t1,t5,t10,t13}=> s39
=={t1,18,t10,t13}=> s9
=={t1,t5,t8,t10,tl13}=> s40
=={t5,t8}=> s2

=={t8}=> s8

=={t5}=> s47

State nr. 4

P.nr: 1 2 3 4 5 6 7
11 12 13 14

toks: 0 1 0 1 1 0 O
0O 0 1 1
=={t4,t11,tl16}=> s5
=={t4,t5,tll,tl6}=> s37
=={t4,18,tl1l1,t16}=> sl10
=={t4,t5,t8,tll,tl6}=> s6
=={t5,t8}=> s40

=={t8}=> s9

=={t5}=> s39

State nr. 5

P.nr: 1 2 3 4 5 6 7
11 12 13 14

toks: 0 1 1 0 1 O O
1 0 1 O

=={t5,t8}=> s6

=={t8}=> s10

=={t5}=> s37

State nr. 6

P.nr- 1 2 3 4 5 6 7
11 12 13 14

toks: 0 1 1 0 O 1 1
1 0 1 O

0 1 0 1 1

8 910

0O 0 O

8 910

8 910

1 0 1

8 910

0O 0 O

::{t3 ,
::{t3 ,
::{t3 ,
::{t3 ,
::{t6 ,

t12,t15}=> si
16,t12,t15}=> s7
t7,t12,t15}=> s35
t6,t7,1t12,t15}=> sl1
t7}=> s5

=={t7}=> s37
=={t6}=> s10

State
P.nr:
11 12
toks:
0 1

::{t2 ,
::{t2 ,
::{t2 ,
::{t2 ,
::{t2 ,
::{t2 ,
::{t2 ,
::{t2 ,
=={t4,
=={t5,
=={ta,

nr. 7

1 2 3 4 5 6 7
13 14
0 1
1 1

8 910

01 1 0 1 0 0O

t9,tl4}=> s8
t4,t9,t14}=> s25
t5,19,t14}=> s2
t4,t5,19,t14}=> s13
t7,1t9,t14}=> s3
t4,t7,19,t14}=> si4
t5,t7,19,t14}=> s47
t4,15,17,19,t14}=> s48
t5,t7}=> s31

t7}=> s35

t7}=> s32

=={t7}=> sl1

=={t4,

t5}=> s12

=={t5}=> sl
=={t4}=> s24

State
P.nr:
11 12
toks:
0 O

::{tl ,
::{tl ,
=={t1,
=={t1,
=={t5,

nr. 8

1 2 3 4 5 6 7 8 910
13 14

10 01 1 01 0 1 O
0 1
t10,tl13}=> s9
t5,110,t13}=> s40
t7,1t10,t13}=> s4
t5,17,1t10,tl13}=> s39
t7}=> s47

=={t7}=> s3
=={t5}=> s2

State
P.nr:
11 12
toks:
0 O

—={t4,
::{t2 ,
=={t4,
::{t2 ,
=={t4.
::{t2 ,
=={t4,
::{t2 ,
-={t2,
=={t5,
-={t2,

nr. 9

1 2 3 4 5 6 7
13 14

01 01 1 0 1 0 0 1
1 1
t11,t16}=> sl10
t4,1t11,t16}=> s29
t5,t11,t16}=> s6
t4,1t5,1t11,t16}=> s19
t7,t11,t16}=> s5
t4,t7,1t11,t16}=> s18
t5,17,t11,t16}=> s37
t4,t5,1t7,t11,t16}=> s38
t5,t7}=> s27
t7}=> s39
t7}=> s17

8 910

={t7}=> s4
Figure 4.3: Portion of SESA Tank Reachable States
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The reachability graph shows that at the initial marking there are 7 sets of
transitions enabled for firing. As discussed in Section 3.1, transitions t6 and t7
are uncontrollable (sensors). Within the theory of reachability graph it is possible
to think that transitions t6 and t7 are enabled, but in the physical system it is not
possible for them to fire. This means that meanwhile the pump is off the LSL will
remain active (p7) and the LSH will remain passive (p6). Only the set containing
t2, t9, t14 is representative of the physical system. In order to analyze the
behavior of the Tank NCES model it is necessary to disregard the states of the
reachability graph that are not executable in the physical system. Although the
sensors are uncontrollable, their behavior represents the changes in the physical
system. To control these transitions, events will be added to the control model.
These events will force the uncontrollable transitions to fire in the sequence they
logically should. For example, after the pump turns on and the tank starts filling

LSL goes passive (t7). A place and transition (5 and:$ ) are added to the

sequence specification to represent this state s shown in Figure 4.4.

Furthermore, an event () is added as output to «¢ and as input to t7 as shown

in Figure 4.4. This way the specification can ensure that the LSL (t7) will fire only

after the pump has turn on.
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The new tank model is shown in Figure 4.5 and Table 4.2 describes the
transitions, places, conditions, and events of the new control model. Note that
these modifications are done only for verification purposes, but if the controller is

implemented in a physical system the modifications would not be necessary.
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Figure 4.5: SESA Tank Control Model
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Table 4.2: Places, Transitions, Conditions, and Events for the SESA Tank

Control Model

New Tank Model Model Conditions
Transition Meaning Place Meaning Condition Meaning
T Pump turning off p1 | Pumpon C(Cln,Couty LSH alarm is active
T2 Pump turning on p2 Pump off CZ(CQ’Cgut) LSL alarm is active
T3 Valve closin 3 Valve opened i
9 P P Cs(CY,C8™) LSL alarm is active
T4 Valve opening p4 Valve closed C4(CL{‘,C§{‘“) LSH alarm is active
LSH alarm goes LSH alarm n ~out
T5 passive p5 active Cs(Cg,C5™) Filling process active
LSH alarm goes LSH alarm Ce(Cin cout o
T6 active p6 passive (C.Ce™) Draining Process on
LSL alarm goes LSL alarm Model Events
T7 passive p7 active Events Meaning
LSL alarm goes LSL alarm n ~out
T8 active p8 | passive eq(er.e) Pump is turning on
Starting Filling e,(elh,egut) . )
t5 process Py Filling process 2 2 " Pump is turning off
es(elf,eg) Valve i .
t7 LSL going passive P8 LSL passive - alve Is opening
i . . pg _ eq(ef eg") Valve is closing
6 LSH going _a_ctlve 5 LSH active o Filling process is
e Stopping Filling pS Filling process es(el,egut) starting
= process 2| stops . Filling process is
c Starting draining c Draining eg(ell,eg") stopping
4 process Ps process o (el 0H) Draining process is
ts LSL going active Pé LSL active ANt A _ starting
. . eg(eln,e2t) Draining process is
tg LSH going passive p7 LSH passive 81C5,Cs stopping
Stopping draining Draining in sout ) . .
t§ process p§ process stops eg(e? €9) LSL is going passive
t Copy of t§ pge Co-place of pf ero(efh.e9%") LSH is going active
t Copy of tf pse Co-place of p§ eqq(efy,efi) LSH is going passive
t) Copy of t§ epp(efy,e93') LSL is going active
t} Copy of t§

The analysis results from SESA for Figure 4.5 are displayed in Figure 4.6.

The SESA reachable states for Figure 4.5 are shown in Figure 4.7. A

reachability graph was constructed based on the SESA reachable state and is

shown in Figure 4.8. Table 4.3 is provided as a guide to identify the

corresponding places and transitions for the SESA results. The reachability

states show that at each state there is only one set of transitions enabled for

firing. These reachability states results are smaller than Figure 4.3 results and all

the reachable states provided are in accordance with the physical system
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behavior. One can conclude from the analysis report and the reachable states

that the NCES possess three behavioral properties:

Reversible: The initial state; the tank is empty, the pump is off, the
valve is closed, LSH alarm is passive, and LSL alarm is active. If a
model is reversible, then one can conclude that for each marking there
is a transition(s) that will take the system to its initial state. Chapter 1
describes the tank filling and draining process as a continuous cycle.
Therefore, the fact that it is reversible proves that the Tank control
model follows a cycle and it accurately describes the process behavior.
Bounded and Safe: The model is 1-bounded, which means that
regardless of the firing sequence there will only be one or zero tokens
in each place. Since the control model represents the state of the
devices (pump: off/on; valve: closed/open; sensors active/passive), it
does not make sense in the physical system for a state to have two
tokens. The safeness of the model guarantees that the system is
modeled correctly, because each of the devices will only be at one of
their two possible states in a given period of time.

Live: The model is live because there are no dead states and all
transitions will fire infinitely. This means that regardless of the firing
sequence, the model will never be in stuck in a specific state. As a

result, the model will never incur a deadlock situation.

The presence of these properties shows that the NCES tank control model

developed correctly models the system behavior.
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States generated: 8
net has no dead transitions at the initial marking.

net has no dead reachable states.

net iz hounded.

net is safe.

SCF Ft@ tF@ Fp@ pFA CPI CTI B SBE REU DSt BSt DI» DCF L LU L&B

¥ N H H N ? ? by ? ? H ? N Y ? ? ?
Figure 4.6: SESA Analysis Report for the Tank Control Model

State nr. 1

P.nr: 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 0 1. 0 1 0 1. 1 0 O O OOO OO 1 1 1
=={t2,1t9,tl18}=> s2

State nr. 2

P.nr- 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 1 0 0 1. 0 1. 1 01 0 O OOO O O O 1
=={t7,t1l0}=> s3

State nr. 3

P.nr- 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 1 0 0 1 0 1 01 01 0O O O O O O o0 1
=={t6,tll1}=> s4

State nr. 4

P.nr- 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 1 0 0 1 1 0 O 1 0 O 1 O O O O O 0 1
=={tl1,t12,t17}=> s5

State nr. 5

Pnr0- 1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18
toks: 0 1. 0 1. 1 0 O 1 0O O OO1 O O O O 1 1
=={t4,t13,1t20}=> s6

State nr. 6

P.nr: 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 0 1. 1 0 1. 0 O 1 0O OOO 1 O O O 1 o0
=={t5,tld4}=> s7

State nr. 7

P.nr:- 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 0 1. 1 0 01 01 0O OOO O 1 0 0 1 o0
=={t8,tl5}=> s8

State nr. 8

P.nr:- 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18
toks: 0 1. 1 0 0 1 1. 0 O OO OO O 1 010

=={t3,1t16,t19}=> sl
Figure 4.7: SESA Reachable State for the Tank Control Model
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Mo=(0,1,0,1,0,1,1,0,0,0,0,0,0,0,0,1,1,1)

t2, 19, t18

A

=(1,00,1,0,11,010,0,0,0,0,0,0,0, 1)

i
I

t7, t10

v

p, =(1,0,0,1,0,1,0,1,0,1,0,0,0,0,0,0,0, 1)
16, t11

v
ns =(1,0,0,1,1,0,0,1,0,0,1,0,0,0,0,0,0,1)

t1, 112, t17

:1,0,1,1,0,0,1,0,0,0,1,0,0,0,0,1,1)

—
O ¢

Ha =

t4, 113, t20

v

s =(0,1,1,0,1,0,0,1,0,0,0,0,1,0,0,0,1,0)

t5, t14

v

Heé= (0,1,1,0,0,1,0,1,0,0,0,0,0,1,0,0, 1,0)

t8, 115

v

#7=(0,1,1,0,0,1,1,0,0,0,0,0,0,0,1,0,1,0)

t3, 116, t19

# =(0,1,0,1,0,1,1,0,0,0,0,0,0,0,0,1,1,1)
old

Figure 4.8: Reachability Graph for the Tank Control Model
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Table 4.3: Guide for the Places and Transitions for the New SESA Tank Control

Model
Place SESA Place Transition SESA Transition
p1 p1 t1 t1
p2 p2 t2 2
p3 p3 t3 3
p4 p4 t4 t4
p5 p5 5 5
p6 p6 t6 t6
p7 p7 t7 t7
p8 p8 t8 t8
p p9 t t9
Pg P10 t7 10
Ps P11 5 t11
ps P12 tf t12
p3 P13 t t13
Ps P14 t§ 14
p7 P15 t§ t15
P4 P16 t5 t16
ps° P17 ty 17
co |
p3 P18 tp t18
|
t3 t19
ty 120
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Chapter 5: Controller Implementation as Ladder Logic Diagram

To implement the control model in a PLC, it is necessary to transform the
NCES model into some type of PLC programming language. This thesis
introduces an algorithm that can automatically transform NCES models into

Ladder Logic Diagram.

5.1 Transformation Algorithm

Figure 5.1 shows a flow chart that summarizes the steps of the
transformation algorithm. The tank control model is used as an example to
illustrate the steps of the transformation algorithm. Note: Terms inside of
parenthesis in this algorithm description are specific naming conventions for

RSLogix 5000 Version 11.
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Input:
Controllable t

Conditions
Insert p as an
For each i
Y "
controllablet | p~ thas ;v;;nput Y, input Vafla?lf T]nd
insert a rung P as an unlatcl
output
thas an input Y Insert ¢ as an
condition input variable
i Y
thas an input !nsert easan
event input variable

Y
thas an output Insertpasa
place latched output

Y
thas an output Insert e as an
event output

For each condition Insert input place Insert c as an > — End
Closerung | ——» outputinserta |——» ofcasaninput ’ Close rung "
rung variable output

Figure 5.1: Transformation Algorithm Flowchart

5.1.1 Tank Transformation Algorithm
Initialisation :

Given t ¢ Tand (C ¢ Cy-where:

- T.NT,=T

- TNT,=0

= CiuNCou = Cy

- CuNCou™= o

7. is the set of controllable transitions and , is the set of uncontrollable

transitions. Let *t define the set of input places for transition ¢ and ¢ » define the
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set of output places for transition t. C. is the set of condition inputs and G is the
set of condition outputs. Let c define the set of input places for condition ¢ and ¢
« define the set of output transitions for condition (.

In the tank filling and draining model:

T={t1,12, 13, 14, 15, 16, 7, 18, t¢, t5, t§,t5, t], t}

T ={t1,12, 13, 14, t&, 5, 5,5, t], th, t!
T, = {15, 16, 17, 18}
Cn={C4, Cy, C3, C4 Cs, Cg, C7, Cg, Co, C1o}

ca={of, . ©§, o4, of, cf, of., of, ¢, o)

Cout = {C?ut , C(2)ut , Cgut , C2Ut , C<5)ut , Cgut , C<7)ut , Cgut , CSUt , C?(LJIt}

Steps 1.1 through 1.5 transform the places, conditions, and events that
interact with transition t1. The tank control model is shown in Figure 3.6 Chapter
3. For convenience purposes, the portion of the tank control model that concerns

t1 is shown in Figure 5.2.

(g]
&5
—N——>

To,

__e;;._;_____

Figure 5.2: Portion of Tank Control Model Pertaining to Transition t1
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Step 1: V te* e . insert a rung into the Ladder Logic Diagram and:

Step 1.1: Vpeetinsert pinto the rung as an input variable (examine
on) and also as an unlatched output (output unlatch). As
illustrated in Figure 5.2, p1 is an input place for t1. p1is
inserted into the rung as an input variable and as an

unlatched output as shown in Figure 5.3.

Punp on Punp on
P1 P1
<Local:1:1.Data.3> <Local:1:1.Data 3>
3 F )

| |
Figure 5.3: Tank Control Model Insert Input Place for t1 in LLD

Step 1.2: V ce Cwinsert cinto the rung as an input variable. As

illustrated in Figure 5.2, C4 is a condition input for t1. C4

is inserted into the rung as an input variable as shown in

Figure 5.4.
Punpon Condition 4 (LSH Punpon
P1 alamon) P1
<Local:1:I.Data 3> [¢7) <Local:1:l.Data 3>

1 E J E
‘ 1 C JC 0 ‘

Figure 5.4: Tank Control Model Insert Condition Input for t1 in LLD

Step 1.3: V eeEn insert e into the rung as an input variable. As

illustrated in Figure 5.2, t1 has no event inputs.

Therefore, no instructions are added to the rung.

Step 1.4: Vpe teinsert pinto the rung as a latched output (output

latch). As illustrated in Figure 5.2, p2 is an output place
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fort1. p2 is inserted into the rung as a latched output as

shown in Figure 5.5.

Punp on Condition 4 (LSH Punp on
alamon) P1
<Local:1:1.Data.3> [¢Z] <Local:1:1.Data.3>
0 JC ] E WD
Punp off
P2
<Local:1:1.Data.4>
L

Figure 5.5: Tank Control Model Insert Output Place for t1 in LLD

Step 1.5: V e e B insert einto the rung as an output (output
energize) and end the rung. As illustrated in Figure 5.2,

eSutis an event output for t1. eS" is inserted into the

rung as an output as shown in Figure 5.6.

Pumpon Condition 4 (LSH Purrp on

P1 alamon) P1
<Local:1:.Data.3> o] <Local:1:| Data.3>
0 1 E 1 F W

Punp off

P2
<local:1:| Data.4>
L

event 2 (punpis
tuming off)
e2

Figure 5.6: Tank Control Model Event Output for t1 in LLD

Steps 2.1 and 2.2 transform the places that interact with condition C4. For
convenience purposes, the portion of the tank control model that concerns Cy is

shown in Figure 5.7.

p6

Figure 5.7: Portion of Tank Control Model Pertaining to Condition C4
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Step 2: V ceCa, insert a rung into the Ladder Logic Diagram and:
Step 2.1: Vpe ceinsert pin the rung as an input variable. As
illustrated in Figure 5.7, p5 is an input place for C4. p5is

inserted into the rung as an input variable as shown in

Figure 5.8.

LSH alaimon

P5
<Local:1:.Data.7>

1C
1 ‘ 1 C

Figure 5.8: Tank Control Model Insert Input Place for C4in LLD

Step 2.2: Insert cin the rung as an output variable and end the
rung. Ciis inserted as an output variable into the same

rung of step 2.1 as shown in Figure 5.9.

LSH alaimon Condi ion 1(LSH
P5 alamon)
<Local:1:.Data.7> C1

1C
1 ‘ 1 C

Figure 5.9: Tank Control Model Insert Output C4in LLD

Figure 5.7 shows two conditions coming out of p5. Step 2 is repeated to

add C4 in the Ladder Logic Diagram.

Step 2: V ceCa, insert a rung into the Ladder Logic Diagram and:
Step 2.1: V pec e insert pin the rung as an input variable. As

illustrated in Figure 5.7, p5 is an input place for C4. p5is
inserted into the rung as an input variable as shown in

Figure 5.10.
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LSH alamon

P5
<Local:1:|.Data.7>
1 ‘ ] F

Figure 5.10: Tank Control Model Insert Input Place for C4in LLD

Step 2.2: Insert ¢ in the rung as an output variable and end the

rung. Csis inserted as an output variable into the same

rung of step 2.1 as shown in Figure 5.11.

L5H alarm on Condition 4 [LSH
=3 alarm on)
<Local1:1.Data 7 C4

15 | JE

Figure 5.11: Tank Control Model Insert Output C4 in LLD

Appendix B includes more examples for the transformation algorithm. The

resulting Ladder Logic Diagram is shown in Figure 5.12.
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Pump on

Condition 4 [LSH

Pump on

Draining process

event 1 (pump is

F1 alarm on) 1
<Local1:.Data 3> C4 <Locatl:l.Data 3
1 E 3 E A
Pump off
P2
<Local1:.Data. 4>
L
event 2 [pump is
turming off]
ez
— . N—
Candition B
Pump off Condition 3 [L5L (Draining process Pump off
P2 alam on) on] P2
<Looal1:.Data 4> C3 CE <Locak1:l.Data. 4
J1E JE JE AT
1 E 1 C 1 C
Pump on
F1
<Locat1:l.Data 3
L
event 1 [pump iz
turning on)
el
I o W—
Walve on Condition 2 [L5L “alve on
F3 alam on) Pa
<Local1:.Data 5> Ca <Local1:.Data. 5
1 E 7 E L
alve off
P4
<Locak1:l Data. G
L
event 4 [valve cloge)
ed
I o W—
Walve off Condition 1[LSH Condition 5 [filing “alve off
P4 alam on) process an| P4
<Local1:.Data B> 1 0] <Local1:.Data. G
J1E JE JE Ar-
1 E 1 C 1 C
alve on

F3
<Locak1:l Data. 5
(I

event 3 [ valve
apens]
el
I ) GE—

Draining process

event 2 [pump iz

shops turring on) stops
Pdc el Pdc
1 E 1 E A
Filling Process
Ple
L

event & [filing
contraller to locker]
&5

[ o W

event 3 [ valve

Filing Process turning off] Filling Process
Ple e Flc
3 E 7 E <10
Filling Process Stops
Pzc
L

event B (stop filing
contraller to locker)
6

I GH—

Filing Process Stops opens) Filling Process Stops
P2c a3 P2c
3 E JE <10
Draining process
Pac
L

event 7 [draining
controller to locker)
e?

I g SH—

Figure 5.12: Ladder Logic Diagram Tank Control Model

68




[End]

Draining process

event 4 [valve close]

Draining process

P3c ed P3c
3 E 3 E Q0
Draining process
shops
Pdc
L
event 3 [sop
draining controller to
locker)
ef
I g S
event B [stop filing Filing process
cottraller to locker) cohtraller
eh P1el
1 E L
Filling process event 5 [filing Filing pracess
controller controller to locker) controller
P1cl =) P1ed
1 E 1 E Q0
event 8 [stop
draining controller to Draining process
locker) controller
ed P3c0
1 E L3

Draining process

event 7 [draining

Draining process

controller controller to locker) controller
P3cl el P3c0
F: k: ap
LSH alam on Condition 1(LSH
Pg alarm on)
<Local 1:1.Data. 7> 1
1r
1 C
L5L alam on Condition 2 [LSL
P7 alarm on)
<Local 1:1.Data. 8> [
1r
1 C
L5L alam on Condition 3 [LSL
P7 alarm on)
<Local 1:1.Data. 8> C3
1r
1 C
LSH alam on Condition 4 (LSH
Pg alarm on)
<Lacal1:1.Data.7> C4
Jr
10
Filling process Condition 5 (filling
contraller process oh)
P10 C5
Jr
10
Condition &
Dirairing process [Draining pracess
controller on)
Paco C&
JE
10

Figure 5.12: (Continued)




5.2 Algorithm Implementation

The Ladder Logic Diagram shown in Figure 3.23a and 3.23b was created
using RSLogix 5000 version 11 and downloaded into an Allen Bradley
CompactLogix system model 1769 L30 [37]. The Ladder Logic Diagram was
verified and no errors were found. The initial conditions of the Tank filling and
draining process were simulated by toggling the bits of the input variables. For
example, one of the initial conditions is that the pump is off. Therefore, the bit for
p2 is toggled to 1. After the bits were toggled the Ladder Logic Diagram was
sent online and the tag values were monitor through an RSLogix interface named
‘monitor tags” as shown in Figure 5.13. The input variables for the level sensors
were toggled in the sequence they should logically change states to simulate
their response to the physical system. The Ladder Logic Diagram responses to

the toggled bits were correct.

Scope: | i Tank - Show Show Al

Name & [ Value €| Foce Mask  # | Siyle | Data Type Descriplion |
o 0 Decimal BOOL Condition 1[LSH a
__ rin 0 Decimal BOOL Condition 10 [LSL
e 1 Decimal eooy] Condition 2 [L5L a
1 1 Decimal BOOL Candition 3 [LSL a
| rc4 1) Decimal BODL Condition 4 [LSH
1 €5 1 Decimal BODL Condition 5 [filing
1 €8 1 Decimal BODL Condition B [Drain.
e 0 Decimal BOOL ewent 1 [pump s t
e 0 Decimal BOOL ewent 2 [pump s t
e 0 Decimal BOOL ewent 3 [ valve op
= 1) Decimal BODL gvent 4 [valve clo
e 0 Decimal BOOL ewent & [filing can
| 6 1] Decimal BoOL event B [stop filln..
T 1] Decimal BoOL event 7 [draining ..
. =8 1] Decimal BoOL event 8 [stop drai..
__ * Locall:l fooch ) ABT7E3_DINELD
| *local2C fooch ) ABT7ES_DOTECD
| * LocalZl fooch ) AB17ES_DOIELD
| *localz0 fooch ) ABT7ES_DD1EC:0
1 A 0 Decimal BOOL Purnp on
__ Ple 0 Decimal BOOL Filling Process
_| Pled 1 Decimal BOOL Filling process con...
. P2 1 Decimal BOOL Purnp oft
| P 0 Decimal BOOL Filling Process Stops
1 PR3 0 Decimal BOOL Walve on
| P 0 Decimal BOOL Draining process
| P3cd 1 Decimal BOOL Draining process ..
| P4 1 Decimal BOOL Walve off
| Pic 1 Decimal BOOL Draining process s.
_| F5 0 Decimal BOOL LSH alarm on
_| P8 0 Decimal BOOL LSH alarm on
. P 1 Decimal BOOL L5L alam on

P8 0 Decimal BOOL LSL alarm on

T \Monitar Tags £EdiTags / L
Figure 5.13: RSLogix Monitor Tags Interface for the Tank Control Model
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Chapter 6: Supervisory Control Synthesis for the HAS-200

The HAS-200(Highly Automated System) is an automated manufacturing
system designed for education and training by SMC Corporation, with support
from Intel Corporation and in Partnership with the Maricopa Advanced
Technology Education Center (MATEC) [38]. The HAS-200 simulates an
automated manufacturing process by modeling key work-in-progress stages at
10 hands-on stations. The purpose of the system is to provide a realistic, hands-

on experience in automated manufacturing for high school and college students.

6.1 HAS-200 System Overview

The HAS-200 manufactures a range of different products, which are
composed of plastic boxes filled with various amounts of colored plastic beads.
The final products consist of boxes filled with one color bead or any combination
of blue, yellow, and/or red in total amounts of 15, 30 or 45 grams as shown in
Figure 6.1. Through various combinations of color and weight, the HAS-200 can
manufacture up to 19 different products. Each box also includes a bar code
label, which makes it traceable throughout the system and identifies the product

color or color combination.
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Figure 6.1: HAS-200 Products

In simulating a modern highly automated factory the HAS 200 utilizes the
first 4 levels of the Automation Pyramid as shown in Figure 6.2. This means that
each station knows its requirements (i.e. color, weight and quantity) and
communicates effectively with all other stations, making the entire system
constantly aware of its work in progress. The levels of the automation pyramid
are explained below.

— Levels | & ll: These levels represent the equipment used in production

(PLC, PC, sensors, etc.) The work on this thesis will be focused on
these two levels.

— Levels lll & IV: These levels represent the system process operation.
Supervisory Control and Data Acquisition (SCADA) provides the
infrastructure to control a process and to collect real-time data for
automated manufacturing that are running in different physical
locations. The primary purpose of a SCADA system is to gather data
from controllers, and field devices then display this data on the

computer screen. Manufacturing Execution System (MES) is software
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that automatically links together the functions of the systems such as
resource management, scheduling, maintenance management,
statistical quality control, and data collection. The use of MES
software provides many benefits. Examples of these benefits include
reduced lead time for orders, efficient planning of resources and
equipment, improved product quality, reduced manufacturing cycle
time, and lower manufacturing costs. All of these benefits contribute to
an increased in the manufacturing productivity.

— Level V: This level represents the business part of the system.
Enterprise Resource Planning (ERP) automatically ties together all
basic functions of a business including those not related to
manufacturing. Some of the basic functions are human resources,

finance, sales, marketing, accounting, and logistics.

Figure 6.2: Automation Pyramid

The HAS-200 consists of 10 stations. The stations are connected through
a conveyor belt that serves as a material handling device for the boxes as shown

in Figure 6.3. In addition, each station has a signal tree, a control panel, bar
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code reader, actuators, sensors and Allen-Bradley CompactLogix PLCs. The
stations may be operated locally from a pushbutton control panel at the station,
or the entire system can be run in fully automated mode using EAMES
(Manufacturing Execution System) software. The EAMES software allows the
user to place one or more orders, each order containing different product types
and quantities. The EAMES software then coordinates the manufacturing
process and directs the stations to manufacture the products. The description of
each of the stations operation is as follows:

- Station1 (Multicolor Filling Station): This station supplies empty
multicolor-labeled boxes that get filled at production stations 2, 3, and
4,

- Station 2, 3 and 4 (Single-Color Filling Station): These production
stations supply single-color boxes to the system, fill boxes with the
plastic beads, weigh filled boxes, and place them onto the conveyor
belt. They can also fill boxes supplied by the Multicolor Box Feeder
station.

- Station 5 and 6 (Metrology Station): These stations measure the height
of the material contained in the boxes and compare it with the weight
of the order. If the height does not match the specified weight, the box
is rejected. The only difference between these two stations is that
Station 5 uses a digital encoder to determine the height of the content,

while Station 6 takes measurements with an analog linear
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potentiometer. Each station has a buffer belt running parallel to the
main conveyor belt to decrease the probability of long waiting queues.
Station 7 (Cap and Label Station): This station inserts plastic caps on
the boxes. It also attaches a label on top of the cap.

Station 8 (Vertical Storage Station) and 9 (Horizontal Storage Station):
These stations store both completed boxes ready to be dispatched and
“‘work in progress” boxes waiting to be put back into circulation (such
as empty or partially filled boxes). Both stations have a human
machine interface (HMI) that can be used to control container
movement within in the station. The Vertical Storage can store up to 81
boxes. The Horizontal Storage can store up to 56 boxes.

Station 10 (Dispatcher Station): This station removes boxes from the
conveyor belt and loads them onto a two-part platform. When the
platform reaches a maximum of four boxes, the boxes are released

onto a ramp and out of the factory.

Figure 6.3: HAS-200 System
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6.2 HAS-200 Control Problem Description
The physical layout of the HAS-200 stations is shown in Figure 6.4. From
Figure 6.4, one can observe that the typical process for a multicolor product

consists of the following:

A box is provided to the system (Station 1).

- The box is filled (Stations 2, 3, & 4) with the specific product color and
quantity required by the “customer” order.

- The box contents are checked and compared to the “customer” order
(Station 5 or 6).

- A cap and label are placed on top of the box (Station 7).

- The box is either stored (Station 8 or 9) or dispatched (Station 10).

Blue Yellow Red Metrology
Fll!lng Fll!lng Fll!lng (Station 5 )
(Station2 ) (Station 3 ) (Station 4 )

‘od

Multicolor
Filling {SP':e:'rDIDg};
| ation &
(Station 1) Conveyor Belt

; Horizontal Vertical Cap &
D tel
{SEEE;‘;S; Storage Storage Label
(Station 9) (Station g) (Station 7 )

Figure 6.4: HAS-200 Physical Layout

Notice that the conveyor belt moves only in one direction. Therefore, the

current multicolor product follows a single filling sequence of blue-yellow-red.

The control problem considered in this chapter allows the manufacture the
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addition of five new set of multicolor products that follow other filling sequences
such as blue-red-yellow, yellow-blue-red, yellow-red-blue, red-blue-yellow, and
red-yellow-blue. The addition of these filling sequences requires that a box will

need to go around the system more than once to be completed as shown in

Figure 6.5.
Blue-Yellow-Red Filling Sequence Red-Blue-Yellow Filling Sequence
|
| Box bypass blue filling station |
l i
| Box bypass yellow filling station |
[ Boxfilwithredbeads |
!
|Box weight is checked, cap & label are placed, and dispatch | |Box bypass metrology, cap & label, dispatcher station |

I Box bypass multicolor filling station I

!

| Boxfill with blue beads |

l

| Boxfill with yellow beads |

l

I Box bypass red filling station I

!

I Box weight is checked, cap & label are placed, and dispatch |

Figure 6.5: HAS-200 Filling Sequence

Development of a supervisory controller model is divided into three main
tasks as discussed in Chapter 3: modeling of the uncontrolled system and
specifications, controller synthesis and controller implementation. In the rest of
this chapter, these tasks will be addressed to develop the new supervisory
control model for the HAS-200.

The first task is to develop an uncontrolled model of the system. The

uncontrolled model will only include those devices and operations that are

77



relevant to the filling sequences. For example, a box entering a station, a box is
processed by a station, a box bypasses a station, or a box leaves a station. The
detail steps on how a box gets processed in a station are not pertinent to the
filling sequence process. Therefore, these operations are not part of the
uncontrolled model. A description of the devices and operations that will be part
of the uncontrolled model is given as follows:

— Station 1: Once an order is placed in the system, station 1 will start
processing the order. Stopper 1 which is normally retracted will extend
to ensure that no box enters into the station. When the process is
done, the box is placed on the conveyor belt and the stopper returns to
its original position. The conveyor belt will take the box to the next
station. If a box arrives to station 1 and there are no other boxes being
processed by station 1, the box will continue moving on the conveyor
belt until it reaches the next station. If a box arrives to Station 1 and
there is a box being processed by Station 1, the box will be stopped by
stopper 1 until the process ends. Figure 6.6 shows the physical layout
of Station 1. Notice that there are other devices that are part of
station1, but are not taken into consideration because these devices

are not part of the filling sequence.
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<o
Conveyor Belt il

Stopper 1 N
Figure 6.6: HAS-200 Station 1 Layout

Stations 2 - 4: These three stations perform the same process and
have the same devices except that the bead colors are different.
Station 2 will be used as the example. Stopper 1 is a dual pin stopper
located at the beginning of the station. Stopper 1 consists of 2 pins:
Pin 1 is normally retracted and pin 2 is normally extended. If a box is
being processed in Station 2, pin 1 is extended and pin 2 is retracted.
If a box enters Station 2 and reaches pin 1, this means that a box is
being processed in Station 2. The box will have to wait until the
process is done and pin 1 retracts. If a box enters Station 2 and
reaches pin 2, sensor 1 activates detecting the presence of the box.
Then, pin 2 will retract to allow the box inside the station and pin 1 will
extend to allow only one box to be processed at a time. The pins will
remain in those positions until the box leaves the station. The
conveyor belt will move the box until it reaches stopper 2. Stopper 2 is

normally down and it holds the box in place so that the bar code reader
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is able to read the label on the box. If the bar code matches the bar
codes in the processing list, the box will be removed from the conveyor
belt and processed in Station 2. When the processing is done, the box
is placed back on the conveyor belt. Stopper 2 will move up to allow
the box to leave Station 2. Stopper 2 and the pins of stopper 1 will
return to its original position. The conveyor belt will take the box to the
next station. If the bar code does not match the bar codes in the
processing list, stopper 2 will move up to allow the box to leave Station
2. Stopper 2 and the pins of stopper 1 will return to its original position.
The conveyor belt will take the box to the next station. Sensor 2 will
activate if there is a long queue coming from Station 3. If sensor 2 is
active, pin 1 will remain extended and no other boxes can be
processed or enter Station 2. Figure 6.7 shows the physical layout of
stations 2, 3, and 4. For the uncontrolled model, stopper 1 will refer to
the actions performed by pin 2. Pin 1 will be omitted from the model,

since its actions are opposite of pin 2.
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Conveyor Belt

Stopper 1

Stopper 2
Bar Code
Reader Sensor 2

Figure 6.7: HAS-200 Stations 2, 3, and 4 Layout

— Stations 5-10: Although these stations do not perform the same
operations, their process will be modeled together. If a box has been
filled by stations 2, 3, and 4; then the box will be checked by Stations 5
or 6, processed by Station 7, bypassed Station 8 and 9, and
dispatched by Station 10. All these operations will be referred to as
processed by Station 5 through 10. If a box has not been filled by
station 2, 3, or 4; then it will bypass stations 5 through 10. The

physical layout of stations 5 through 10 is shown in Appendix C.

6.3 HAS-200 Uncontrolled Model
Station 1 uncontrolled model is shown in Figure 6.8. Table 6.1 gives a

brief description of the places and transitions for Station 1 uncontrolled model.
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Table 6.2 gives a brief description of the events and conditions for the model.
Notice that if multiple orders of multicolor products are placed at the same time,
p7 will have more than one token at a time. This is an undesirable behavior for
Station 1. Therefore, a specification for Station 1 is that only one box can be
processed at a time in Station 1. For the sake of simplicity and to be able to
follow the control model synthesis, only the yellow-red-blue (YRB) sequence
uncontrolled, specification and control model will be developed. The rest of this
section describes the development of the YRB sequence uncontrolled model for

each of the stations of the HAS-200.
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Figure 6.8: Station 1 Uncontrolled Model
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Table 6.1: Places and Transitions for Station 1 Uncontrolled Model

Place Meaning Transition Meaning
p1 YRB order 1 Station 1 start processing order YRB
p2 YBR order t2 Station 1 start processing order YBR
p3 RBY order t3 Station 1 start processing order RBY
p4 RYB order t4 Station 1 start processing order RYB
p5 BRY order t5 Station 1 start processing order BRY
p6 BYR order t6 Station 1 start processing order BYR
p7 Box process in station 1 t7 Station 1 done processing box
p8 Box exit station 1 t8 Station 1 done processing box
p9 Station 1 stopper extended t9 Station 1 done processing box
p10 Station 1 stopper retracted t10 Station 1 done processing box
p11 Box bypass station 1 t11 Station 1 done processing box
t12 Station 1 done processing box
t13 station 1 Stopper extending
t14 station 1 Stopper extending
t15 station 1 Stopper extending
t16 station 1 Stopper extending
t17 station 1 Stopper extending
t18 station 1 Stopper extending
t19 station 1 Stopper retracting
t20 station 1 Stopper retracting
t21 station 1 Stopper retracting
t22 station 1 Stopper retracting
t23 station 1 Stopper retracting
t24 station 1 Stopper retracting
t25 Box moving from station 10 to station 1
126 Box moving from station 10 to station 1
t27 Box moving from station 10 to station 1
t28 Box moving from station 10 to station 1
t29 Box moving from station 10 to station 1
t30 Box moving from station 10 to station 1

Table 6.2: Condition and Events for Station 1 Uncontrolled Model

Condition

Meaning

Events

Meaning

ci(c . c

out
1

Station 1 stopper retracted

e1(e;”,e

out

1

Station 1 start processing

2(Cc o Station 1 stopper retracted 2 (e ip gt Station 1 start processing
cs(ch, c ¢ ) |Station 1 stopper retracted 3 (el e Station 1 start processing
C 4 (C M c ¢ ) |Station 1 stopper retracted 4 (e 7 o Station 1 start processing
C s (CP,c M ) |Station 1 stopper retracted (e il gut Station 1 start processing
C e (C M c M ) |Station 1 stopper retracted e s (e ¢ ,e " ) |Station 1 start processing
e7 (ef 24 ) |Station 1 done processing

es (ey 8" ) |Station 1 done processing

e o (ey ,eg" ) [Station 1 done processing

ey . e " ) [Station 1 done processing

el e Station 1 done processing

ey e Station 1 done processing
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6.3.1 Station 1 Uncontrolled Model

The Station 1 uncontrolled model for the YRB sequence is shown in
Figure 6.9. Table 6.3 gives a brief description of the places, events, transitions,
and conditions for the uncontrolled model. Notice that if multiple orders of
multicolor products are placed at the same time, p2 will have more than one
token at a time. This is an undesirable behavior for station 1. Therefore, the
specification must force Station 1 to process (provide) only one container at a
time. Also, observe that during the processing in Station 1, the stopper will
remain extended. As a result, the stopper will not permit any container to bypass

while Station 1 is processing.

t1 p2 2 p3
O —() >
p1
p5
< eini O\ in
3 | . ! D/‘t4 €2
Tcin \Oflts
1 3
p6

Figure 6.9: Station 1 YRB Uncontrolled Model
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Table 6.3: Places, Transitions, Conditions, and Events for Station 1 Uncontrolled

Model
Place Meaning Transition Meaning
p1 YRB order t1 Station 1 start processing order YRB
p2 Box process in station 1 t2 Station 1 done processing box
p3 Box exit station 1 t3 Box moving from station 10 to station 1
p4 Box bypass station 1 t4 station 1 Stopper extending
p5 Station 1 stopper extended t5 station 1 Stopper retracting
p6 Station 1 stopper retracted
Condition Meaning Events Meaning
C1(Ci1”,C$Ut) Station 1 stopper retracted e1(ei1”,e$“t) Station 1 start processing
e2(ei2”,e8“t) Station 1 done processing

6.3.2 Station 2 Uncontrolled Model

The Station 2 uncontrolled model for the YRB sequence is shown in
Figure 6.10. Table 6.4 gives a brief description of the places, events, transitions,
and conditions for the uncontrolled model. The uncontrolled model for stations 3
and 4 are similar to the uncontrolled model of Station 2. Notice that if a box is in
front of the bar code reader (p17, Figure 6.10), the box can either be bypassed or
processed by station 2. The decision to bypass or process a box will be
determined by the sequence specification. Also, observe that once a box enters
station 2, stopper1 will extend. Stopper1 will remain extended until the box

leaves the station. The Stopper will not allow any box to enter while station 2 is
processing or bypassing. The set of events (el andelly ); (el and &) will fire
when the corresponding transition (box moving from station 2 to station 3) fires.

This concept will be shown more clearly in the control model Figure 6.14.
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p16

Figure 6.10: Station 2 YRB Uncontrolled Model

Table 6.4: Places, Transitions, Conditions, and Events for Station 2 Uncontrolled

Model
Place Meaning Transition Meaning
p7 Station 2 stopper 1 retracted 6 station 2 Stopper 1 retracting
p8 Station 2 stopper 1 extended t7 station 2 Stopper 1 retracting
p9 Station 2 sensor 1 passive t8 station 2 Stopper 1 extending
p10 Station 2 sensor 1 active t9 Station 2 Stopper 1 extending
p11 Station 2 BCR passive t10 Station 2 sensor 1 turns passive
p12 Station 2 BCR active t11 Station 2 sensor 1 turns active
p13 Station 2 Stopper 2 down t12 Station 2 BCR goes active
p14 Station 2 Stopper 2 up t13 Station 2 BCR goes passive
p15 Station 2 sensor 2 passive t14 Station 2 Stopper 2 goes down
p16 Station 2 sensor 2 active 115 Station 2 Stopper 2 goes down
p17 Box in front of station 2 BCR t16 Station 2 Stopper 2 goes up
p18 Box process in station 2 t17 Station 2 Stopper 2 goes up
p19 Box exit station 2 118 Station 2 sensor 2 turns passive
p20 Box bypass station 2 t19 Station 2 sensor 2 turns active
p21 Box exit station 2 20 Box moving from station 1 to station 2
21 Box moving from station 1 to station 2
t22 Station 2 start processing
123 Station 2 done processing box
t24 Station 2 start bypassing
t25 Station 2 done bypassing
Condition Meaning Events Meaning
C2(Ccy ,c$ ) |Station 2 stopper 1 retracted e s (e ! , e 2 ) |Boxexit Station 2
Cs(C¥ ., c ¢ ) [Station 2 sensor2 passive e7 (el ,e 9" ) |Boxexit Station 2
C4(C % ,c ¥ ) |Station 2 stopper 1 retracted es (el e g ) |Boxenters station 2
Cs(c™,c ™ ) |Station 2 sensor2 passive e 9 (el e 3" ) |Boxenters station 2
Ce(CPH.c ™ ) |Station2sensor1 active e10 (ely ,e 28 ) |Boxexit Station 2
C7(C ¥ .c$ ) |Station2sensor1 active e 11 (e in , e out ) |Box exit Station 2
cs(Cc®,c ™ ) |Station2 BCR active e (el ,e ' ) |[Station 2 done processing
Ce(cy§ .c g ) |Station2 BCR active ez (el .e® ) |[Station 2 done bypassing
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6.3.3 Station 5-10 Uncontrolled Model

The Stations 5-10 uncontrolled model for the YRB sequence is shown in
Figure 6.11. Table 6.5 gives a brief description of the places, events, transitions,
and conditions for the uncontrolled model. Notice that if a box is in front of the
bar code reader (p52, Figure 6.11), the box can either be bypassed or processed
by station 5-10. The decision to bypass or process a box will be determined by

the sequence specification. Also, observe that once a box is processed the
token will remain in p54. The set of events (e, andelly ); (efyandell, ) will fire the
corresponding transitions for Stopper1 to retract and Stopper 2 to go down in

Station 4. This concept will be shown more clearly in the control model Figure

6.14.

ﬁ
[o)]
©

ke

3y
2

168 p53
out

t70 P55 {71 p56
O

out

Figure 6.11: Stations 5-10 YRB Uncontrolled Model

88



Table 6.5: Places, Transitions, Conditions, and Events for Stations 5-10

Uncontrolled Model

Place Meaning Transition Meaning
p52 Box in front of station 2 BCR t66 Box moving from station 1 to station 2
p53 Box process in station 2 te7 Box moving from station 1 to station 2

p54 Box exit station 2 168 Station 2 start processing

p55 Box bypass station 2 t69 Station 2 done processing box

p56 Box exit station 2 t70 Station 2 start bypassing

71 Station 2 done bypassing

Events Meaning

in

cq (e e ff )

Box moving from station 4 to station 5

in out
et (e3 e

)

Box moving from station 4 to station 5

in out
e36 (&35 .35

)

Box moving from station 4 to station 5

in out
ed (ey ,e3

)

Box moving from station 4 to station 5

6.4 HAS-200 Controller Synthesis

Figure 6.12 shows the filling sequence logic to complete an YRB order.

Figure 6.13 shows the specification and locking controller. The specification

developed is based on the filling sequence logic. The first step in Figure 6.12

(box provided) is represented with places p; (order placed), p5 (box process)

and p§ (box leaves) in Figure 6.13. The second step in Figure 6.12 (box bypass

blue filling station) is represented with places p3, (box bypass) p$, (box leaves)

in Figure 6.13. Table 6.6 shows the places and transitions for the specification

and the locking controller models. Table 6.7 shows the conditions and events for

the specification and locking controller model.
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Yellow-Red-Blue Filling Sequence

Box provided

I Box bypass blue filling station |

!

I Box fill with yellow beads |

| Boxfill with red beads |

!

|Box bypass metrology, cap & label, dispatcher station |

| Box bypass multicolor filling station |

!

| Boxfill with blue beads |

!

|Box bypass yellow filling station |

I Box bypass red filling station |

!

I Box weight is checked, cap & label are placed, and dispatch |

Figure 6.12: YRB Filling Sequence

All stations except for station 1 have two locking controller modules. One
module controls the processing and the other module controls the bypassing.
For example, If a box needs to be processed in station 2 the specification will

remove the token in the bypass locking controller place ps3. No token in place

pso Makes the bypassing transition of station 2 disabled. Station 1 has only one

locking controller. The locking controller for station 1 ensures that only one box
is processed at a time. If a box is being processed in Station 1, the specification

will remove the token from the locking controller place pg . No token in place pg°

makes the processing transition of station 2 disabled. Station 1 does not have a
bypassing locking controller because; a box does not need to interact with any of
the station 1 devices to bypass it. The other stations require that the bar code is

read before deciding the action to take (process or bypass). Station 1 will only
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stop a bypassing box if it is processing another box. As mentioned in section
6.3.1, the uncontrolled model of station 1 does not allow a box to bypass if the
station is processing a box. Therefore, this behavior does not need to be

modeled by the specification.
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Figure 6.13: YRB Specification and LC Modules
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Table 6.6: Places and Transitions for the HAS-200 LC and Specification

Model
Place Meaning Transition Meaning
P Order placed t58 Station 4 sensor 2 turns active
p 5 Box processed Station 1 t59 Station 4 sensor 2 turns passive
p 3 Box Leaves Station 1 t60 Box moving from station 3 to station 4
P 2o Box bypassed Station 2 61 Box moving from station 3 to station 4
P 5 Box Leaves Station 2 162 Station 4 start processing
P 3 Box processed Station 3 163 Station 4 done processing box
P 34 Box Leaves Station 3 t64 Station 4 start bypassing
P s Box processed Station 4 t65 Station 4 done bypassing
p ig Box Leaves Station 4 t66 Box moving from station 4 to station 5
P g5 Box bypassed Station 5-10 t67 Box moving from station 4 to station 5
P 56 Box Leaves Station 10 168 Station 5-10 start processing
p i Box bypassed Station 1 169 Station 5-10 done processing box
P 1g Box processed Station 2 t70 Station 5-10 start bypassing
P io Box Leaves Station 2 t71 Station 5-10 done bypassing
P 35 Box bypassed Station 3 t7 Station 1 start processing order
P 5  |Box Leaves Station 3 t3 Station 1 done processing box
P % Box bypassed Station 4 t 2 Station 2 start bypassing
P 5 Box Leaves Station 4 t3s Station 2 done bypassing box
P % Box processed Station 5-10 t G Station 3 start processing
P2 Co-placeof P t32s Station 3 done processing box
P 1g Co-place of P s t So Station 4 start processing
P o Co-place of P 3o t&s Station 4 done processing box
P 33 Co-place of P 33 t s Station 5-10 start bypassing
P 36 Co-place of P 36 t 74 Station 5-10 done bypassing
P s Co-place of P a8 t3 Station 1 bypassing order
P 5o Co-place of P 5o t 5o Station 2 start processing
P 53 Co-place of P z3 t 33 Station 2 done processing box
P 55 Co-place of P :s t %o Station 3 start bypassing
t s Station 3 done bypassing
t & Station 4 start bypassing
t gs Station 4 done bypassing
t & Station 5-10 start processing
t o Station 5-10 done processing box
t 3 Copyof t ¢
th Copyof tg
t 5y Copy of t$,
the Copy of t3s
t 4q Copy of t 34
tYs [Copyof tis
t ko Copy of tgo
tes  |Copyof t&s
tsr Copyof tg,
t Copyof tg,
ts Copy of 't
ths Copyof t§
tho Copyof t$
ths Copyof tg;
tho  |Copyof tSo
ths Copyof t$s
te:s |Copyof tg,
tes [Copyof té&s
tse |Copyof t&e
tho Copy of t&e
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Table 6.7: Conditions and Events for the HAS-200 LC and Specification Model

Condition Meaning Events Meaning

C ;(c i ,c g ) |Station 1 process e (el e ) Station 1 start processing

C o (C % ,c % ) |Station 2 process es(ed et ) Station 1 done processing

Cq, (Ch ,c a ) [Station 2 bypass e (efh e ) Station 2 start bypassing

C » (C % .c % ) [Station 3 process ez (e} e ) Station 2 done bypassing

C » (C % ,c g ) [Station 3 bypass ez (e o5 ) Station 3 start processing

C a0 (C % .c g ) |Station4 process ey (el e ) Station 3 done processing

C ., (C I ¢ o ) |Station 4 bypass ez (e e ) Station 4 start processing

IC 3 (C B . c g ) |Station 5-10 process egp (e e ) Station 4 done processing

Cc ., (Cc n ., c 2 ) |Station 5-10 bypass ey (el e ) Station 5-10 start bypassing
e (el eqd ) Station 5-10 done bypassing
es(ef e ) Station 1 start bypassing
eg(ey ed" ) Station 2 start processing
es (e ;e ) Station 2 done processing box
e (e o3 ) Station 2 done bypassing box
e, (el e ) Station 3 start bypassing
eq (e e84 ) Station 3 done bypassing

Station 4 start bypassing

in out
€41 (21 .33

in out
e (e ,e 3

Station 4 done bypassing

Station 5-10 start processing

in out
€43 (e 43

e 4 (el 28 Station 1 start processing

out

o Station 1 done processing

ey (edy

in out
e 48 (e 28 48

Station 2 start bypassing

3¢ Station 2 done bypassing

e 4 (el

es (e &' Station 3 start processing

out
51

es (el Station 3 done processing
out

& e Station 5-10 start bypassing

e (€5
Station 5-10 done bypassing

in out
€55 (€55 55

es (el % Station 2 start processing

es (eln out Station 2 done processing box

ou Station 2 done bypassing box

e (en

, €
, ©
, €
, €
, ©
, €
, ©
e (e e Station 4 start processing

;€
, €
, e
, €
, €
; ©
, €

t
in out

e (el 2 Station 3 start bypassing

in out
€6 (€60 €60

Station 3 done bypassing

in out
€e1 (€61 .51

Station 4 start bypassing

in out
e (€62 €62

Station 4 done bypassing

in out
€63 (€63 €63

)
)
)
)
)
)
)
)
)
)
es3 (e ED) Station 4 done processing
)
)
)
)
)
)
)
)
)
)

Station 5-10 start processing

Figure 6.14 shows the complete controller model for the HAS-200 YRB
sequence. Table 6.8 describes the transitions and places for the HAS-200
control model. Table 6.9 describes the events and conditions for the HAS-200
control model. For identification purposes the lines representing the condition
signals and event signal between the uncontrolled model, specification, and

locking controller are drawn differently.
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Figure 6.14: HAS-200 YRB Control Model
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Table 6.8: Places and Transitions for the HAS-200 Control Model

Place| Meaning Transition Meaning Place | Meaning Transition Meaning
p1 |YRB order placed t Station 1 start processing order P |Order placed t57 tation 4 Stopper 2 goes up
2 _|Box process in station 1 t: Station 1 done processing box 2] Box processed Station 1 58 tation 4 sensor 2 turns active
3 _|Box exit station 1 t: |Box moving from station 10 to station 1 P Box Leaves Station 1 t59 tation 4 sensor 2 turns passive
p4 |Box bypass station 1 4 station 1 Stopper_extending P 5 |Box bypassed Station 2 t60 Box moving from station 3 to station 4
p5_|Station 1 stopper_extended t5 station 1 Stopper retracting P Box Leaves Station 2 [ Box moving from station 3 to station 4
p6 _[Station 1 stopper retracted 6 station topper 1 retracting P 33 |Box processed Station 3 1 tation 4 start processing
p7 |Station 2 stopper 1 retracted t7 station topper 1 retracting P Box Leaves Station 3 t tation 4 done processing box
p8 |Station 2 stopper 1 extended t8 station topper 1 extending P s |Box processed Station 4 64 tation 4 start bypassing
p9 _[Station 2 sensor 1 passive t9 tation 2 Stopper 1 extending P "5 |Box Leaves Station 4 t65 tation 4 done bypassing
p10 [Station 2 sensor 1 active t10 tation 2 sensor 1 turns passive P ss |Box bypassed Station 5-10 66 Box moving from station 4 to station 5
p11 [Station CR passive 11 tation 2 sensor 1 turns active P Box Leaves Station 10 167 Box moving from station 4 to station 5
p12 |Station CR active t12 tation 2 BCR goes active P bypassed Station 1 t68 tation 5-10 start processing
p tation 2 Stopper 2 down t13 tation 2 BCR goes passive P processed Station 2 69 tation 5-10 done processing box
p14 [Station 2 Stopper 2 up t14 tation 2 Stopper 2 goes down P Leaves Station 2 t70 tation 5-10 start bypassing
| p15 [Station 2 sensor 2 passive t15 Station 2 Stopper 2 goes down P bypassed Station 3 t71 tation 5-10 done bypassing
p16 [Station 2 sensor 2 active t16 tation 2 Stopper 2 goes up P Leaves Station 3 tT tation 1 start processing order
p17 [Box in front of station 2 BCR 17 tation 2 Stopper 2 goes up P s, [Box bypassed Station 4 t tation 1 done processing box
p18 [Box process in station 2 18 tation 2 sensor 2 turns passive P 51 |Box Leaves Station 4 t3q tation 2 start bypassing
p19 [Box exit station 2 t19 tation 2 sensor 2 turns active P 5, |Box processed Station 5-10 t3s tation 2 done bypassing box
p20 |Box bypass station 2 t20 ox moving from station 1 to station 2 P2 Co-place of p t g1 tation 3 start processing
p21 |Box exit station 2 t21 ox moving from station 1 to station 2 Pis Co-place of p tSa tation 3 done processing box
p22 [Station 3 stopper 1 extended t22 tation 2 start processing P Co-place of p 59 t 8o tation 4 start processing
p: tation 3 stopper 1 retracted t23 tation 2 done processing box P Co-place of P 33 t8s tation 4 done processing box
p24 [Station 3 sensor 1 active t24 tation 2 start bypassing P Co-place of p 3¢ t&7 tation 5-10 start bypassing
p: tation 3 sensor 1 passive 25 tation 2 done bypassing P Co-place of P 8 t % tation 5-10 done bypassing
p: tation 3 BCR active t26 tation 3 Stopper 1 retracting P Co-place of P 50 t tation 1 bypassing order
p27 |Station 3 BCR passive t27 tation topper 1 retracting P Co-place of P s3 t30 tation 2 start processing
p28 |Station 3 Stopper 2 up t28 tation topper 1 extending P 55 |Co-place of p &g t3s tation 2 done processing box
p29 |Station 3 Stopper 2 down t29 tation topper 1 extending t3o0 tation 3 start bypassing
p30 [Station 3 sensor 2 active 30 tation 3 sensor 1 turns passive tas tation 3 done bypassing
p31 |Station 3 sensor 2 passive 31 tation 3 sensor 1 turns active t 84 tation 4 start bypassing
p32_[Box in front of station 3 BCR 32 tation 3 BCR goes passive t8s tation 4 done bypassing
p: Box process in station 3 t tation 3 BCR goes active t8e tation 5-10 start processing
p34 |Box exit station 3 134 tation 3 Stopper 2 goes down t8o tation 5-10 done processing box
p: Box bypass station 3 35 tation topper 2 goes down t Copyof t=<
p: ox exit station 3 36 tation topper 2 goes up th Copyof tg
p37_|Station 4 stopper 1 extended 137 tation topper 2 goes up th Copyof t%
p38 |Station 4 stopper 1 retracted 38 tation 3 sensor 2 turns active the Copy of _tss
p39 |Station 4 sensor 1 active 39 tation 3 sensor 2 turns passive th Copyof t5
p40 |Station 4 sensor 1 passive 40 Box moving from station 2 to station 3 thy Copy of _tSs
p4 tation 4 BCR active 41 Box moving from station 2 to station 3 tho Copyof t&
p42 [Station 4 BCR passive t42 tation 3 start processing tos Copyof té&
p4 tation 4 Stopper 2 up 43 tation 3 done processing box tor Copyof tg
p44 |Station 4 Stopper 2 down t44 tation 3 start bypassing th Copyof ts
p4 tation 4 sensor 2 active 45 tation 3 done bypassing th Copy of [
p4 tation 4 sensor 2 passive t46 tation 4 Stopper 1 retracting the Copy of te
p47 |Box in front of station 4 BCR t47 tation 4 Stopper 1 retracting tho Copy of t5o
p48 |Box process in station 4 t48 tation 4 Stopper 1 extending ths Copyof tss
p49 |Box exit station 4 t49 tation 4 Stopper 1 extending tho Copyof  t5
p50 |Box bypass station 4 t50 Station 4 sensor 1 turns passive ths Copyof  t5s
p51 |Box exit station 4 t51 Station 4 sensor 1 turns active th Copy of te
p52 |Box in front of station 5 BCR t52 Station 4 BCR goes passive ths Copy of tgs
p53 |Box process in station 5-10 53 tation 4 BCR goes active t e Copy of t8s
p54 |Box exit the system t54 tation 4 Stopper 2 goes down tho Copyof t&
p55 |Box bypass station 5-10 t55 tation 4 Stopper 2 goes down
p56 |Box exit station 10 t56 tation 4 Stopper 2 goes up
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Table 6.9: Conditions and Events for the HAS-200 Control Model

Condition Meaning Events Meaning
c 1(c i, c o ) |Station 1 process eq (el e ) Station 1 start processing
c 2 (c ¥ .c g ) |Station 1 stopper retracted e2(e] e ) Station 1 start processing
¢ s(cy .c g ) [Station 2 stopper 1retracted [es(e§ . e 5" ) Station 1 done processing
C « (C 4 .c ¢ ) |Station 2 sensor2 passive e4(eld et ) Station 1 done processing
c s (c b ,c ¢ ) [Station 2 stopper 1 retracted [es(ef eg" ) Station 1 bypass
c s (Cc i .c @ ) |Station 2 sensor2 passive es(eg et ) Box exit Station 2
C 7 (c . c ¢ ) [Station 2 sensor 1 active e7 (el e ) Box exit Station 2
C s (c i  c g ) |Station 2 sensor 1 active es(ey et ) Box enters station 2
C o (C i, c gt ) [Station 2 BCR active eo (e et ) Box enters station 2
cw (clhy .c@ ) [Station 2 process et (e e ) Box enters station 2
c i (cfi ¢ ) |Station 2 BCR active e (efl e ) Box enters station 2
c e (¢ § .cy ) |Station 2 bypass e (efh e ) Box exit Station 2
c s (c @ .ca ) |Station 3 stopper 1 retracted [ e (efy e ) Box exit Station 2
cu (c i .c# ) |Station 3 sensor 2 passive et (el e ) Station 2 done processing
C s (C fi .c % ) |Station 3 stopper 1 retracted | es (efy e ) Station 2 done processing
c s (C iy .c @ ) |Station 3 sensor 2 passive e16 (ely e fd ) Station 2 done bypassing
cw (¢ .cy ) [Station 3 sensor 1 active e (e e ) Station 2 done bypassing
c i (c iy .c g ) [Station 3 sensor 1 active ets (efy e ) Box exit Station 3
cw (clp .ca ) |Station 3 BCR active e19 (efy e ) Box exit Station 3
cCx (ch .c % ) [Station 3 process e (e .3 ) Box enters station 3
c z (c % .c 8 ) [Station 3 BCR active o2t (el ey ) Box enters station 3
c 2 (ch .c g ) [Station 3 bypass en (e e ) Box enters station 3
c =z (¢ .c g ) [Station 4 stopper 1retracted | ez (elp e gt ) Box enters station 3
C 2 (Cc .c g ) [Station 4 sensor 2 passive e (e e ) Box exit Station 3
C s (C B .c g ) |Station 4 stopper 1 retracted | ez (e e ) Box exit Station 3
C 2 (C i .c gt ) [Station 4 sensor 2 passive e (elfy e ) Station 3 done processing
c z (cly .c g ) [Station 4 sensor 1 active ey (e o3 ) Station 3 done processing
C s (C %3 .c g ) |Station 4 sensor 1 active e (6% o3 ) Station 3 done bypassing
C s (Cc % .c % ) [Station 4 BCR active e (e e% ) Station 3 done bypassing
Cw (C & .c % ) |Station 4 process e (e e ) Box exit Station 4
c s (c i ,c g ) |Station 4 BCR active est (e e ) Box exit Station 4
C : (c b .c @ ) |Station 4 bypass e (e e Box enters station 4
c 3 (clh .c % ) |Station 5-10 process e (e e 3 Box enters station 4
c u (¢ .c g ) [Station 5-10 bypass e (el o3 Box enters station 4
ea (e e Box enters station 4
e (e e Box exit Station 4
ear (el ey Box exit Station 4
eg (e e Station 4 done processing
ea (e e Station 4 done processing
e g (el e Station 4 done bypassing

ey (e e Station 4 done bypassing

ep (eh e Box enters station 5

eq (el ey Station 5-10 done processing
ew (el e Box enters station 5

e (el e Station 5-10 done bypassing

e (ehs €9 Station 1 start processing order
e (e e Station 1 done processing box
e (el e Station 2 start bypassing

e (eh ey Station 2 done bypassing box
e (e e Station 3 start processing

es (e e Station 3 done processing box

in out
es (em €5

Station 4 start processing

in out
€53 (€535 .53

Station 4 done processing box

@

Station 5-10 start bypassing

in out
€5 (€5 54
out

in
€55 (€55 €55

Station 5-10 done bypassing

in out
€56 (56 . €5

Station 1 bypassing order

@

Station 2 start processing

in out
esr (€57 57
. © 58

in out
e s (e
out

Station 2 done processing box

n
€5 (€5 .e5

Station 3 start bypassing

out

e (e e Station 3 done bypassing
e g (e el Station 4 start bypassing
e (e e Station 4 done bypassing

in out
€63 (€65 €83

Station 5-10 start processing

out
» € 64

in
€64 (€64

Station 5-10 done processing box
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6.5 HAS-200 Supervisory Controller Verification

SESA is used to obtain the reachable states for the HAS-200 Control
model. In order to analyze the behavior of the HAS-200 control model it is
necessary to modify the uncontrollable actions of the sensors and bar code
readers in Station 2, 3, and 4. To control the sensors and bar code readers,
events will be added to their transitions in the control model. These events will
force the uncontrollable transitions to fire in a sequence that is representative of
the physical system. For example, after the box leaves Station 1 the conveyor
belt will take the box to Station 2. Sensor 1 will go active (p10 in Figure 6.15),

since the box is in front of Station 2. A place and a transition (pS, andt,) are

added to the sequence specification to represent this state as shown in Figure

6.15. An event (ez, ) is added as output to t§, and as input to t12 as shown in

Figure 6.15. This way, the specification can ensure that Sensor 1 (p10 and t12 in
Figure 6.15) will fire only after the box has left Station1. Also, after the box has

entered Station 2 (p15 in Figure 6.15) Sensor 1 will go passive and the bar code
reader will go active. Places and transitions (pg, p3,, t{; and t{; in Figure 6.15)

are added to the sequence specification to represent these states. Two events
are added to ensure Sensor 1 (p9 and t12 in Figure 6.15) and the bar code

reader (p12 and t16 in Figure 6.15) will fire only after the box has entered Station

2. One event (eg; ) will be an output to t7, and input to t11 as shown in Figure

6.15. The second event ( ez, ) will be output to t; and input to t16 as shown in

Figure 6.15. The same procedure is applied for the rest of the sensors and bar
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code readers. For testing purposes it is assumed that no queues will form at
stations 2, 3, and 4. As a result, Sensor2 is removed from the model. The new
HAS-200 model is shown in Figure 6.16. Table 6.10 describes the transitions
and places of the new control model. Table 6.11 describes the conditions and

events of the new control model.

Figure 6.15: Portion of SESA Tank Control Model Pertaining t11, t12, and t16
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Figure 6.16: SESA HAS-200 Control Model
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Table 6.10: Places and Transitions for the SESA HAS-200 _(_30ntro| Mo_del

Place Meaning Transition| Meaning Place Meaning Tr
p1 [YRB order placed t1 Station 1 start processing order P Order placed t T Station 1 start processing order
p2_[Box process in station 1 t2 Station 1 done processing box P Box processed Station 1 t3 Station 1 done processing box
p3 |Box exit station 1 t3 Box moving from station 10 to station 1 p Box Leaves Station 1 t5 Station 2 sensor 1 goes active
p4 |Box bypass station 1 t4 station 1 Stopper extending P Station 2 sensor 1 goes active t5s Station 2 start bypassing
p5 |Station 1 stopper extended t5 station 1 Stopper retracting P 15 |Box bypassed Station 2 t 5 Station 2 sensor 1 goes passive
p6_[Station 1 stopper retracted 6 station 2 Stopper 1 retracting P Station 2 sensor 1 goes passive t s Station 2 BCR goes active
p7 |[Station 2 stopper 1 retracted t7 station 2 Stopper 1 retracting p% [Station 2 BCR goes active t57 Station 2 done bypassing box
p8 [Station 2 stopper 1 extended 8 station 2 Stopper 1 extending P 7 |Box Leaves Station 2 tSa Station 3 sensor 1 goes active
p9 [Station 2 sensor 1 passive t9 Station 2 Stopper 1 extending P 5, |Station 3 sensor 1 goes active tSs tation 3 start processing
p10 |Station 2 sensor 1 active t10 Station 2 sensor 1 turns passive P s |Box processed Station 3 tSs tation 3 sensor 1 goes passive
p11 [Station 2 BCR passive t11 Station 2 sensor 1 turns passive P 23 |Station 3 sensor 1 goes passive tSs tation 3 BCR goes active
p12 [Station 2 BCR active t12  |Station 2 sensor 1 turns active P 24 |Station 3 BCR goes active tSs Station 3 done processing box
p13 [Station 2 Stopper 2 down t13__ |Station 2 sensor 1 turns active P 5 [Box Leaves Station 3 tSe Station 4 sensor 1 goes active
| p14 |Station 2 Stopper 2 up t14 Station 2 BCR goes active p S |Station 4 sensor 1 goes active t 86 Station 4 start processing

p15 [Box in front of station 2 BCR t15 _ |Station 2 BCR goes active P 41 |Box processed Station 4 t8s Station 4 sensor 1 goes passive
p16 [Box process in station 2 t16  |Station 2 BCR goes passive P 35 |Station 4 sensor 1 goes passive t 8o Station 4 BCR goes active
p17 [Box exit station 2 t17 _ |Station 2 BCR goes passive P 3:_|Station 4 BCR goes active t 8o Station 4 done processing box
p18 |Box bypass station 2 t18 Station 2 Stopper 2 goes down P 43 |Box Leaves Station 4 t 73 Station 5-10 start bypassing
p19 [Box exit station 2 t19 Station 2 Stopper 2 goes down P 4 |Box bypassed Station 5-10 te Station 5-10 done bypassing
p20 [Station 3 stopper 1 extended t20  |Station 2 Stopper 2 goes up P 5o |Box Leaves Station 10 t§ Station 1 bypassing order
p21 |Station 3 stopper 1 retracted t21 Station 2 Stopper 2 goes up P i [Box bypassed Station 1 t s Station 2 sensor 1 goes active
p22 |Station 3 sensor 1 active t22 Box moving from station 1 to station 2 P fo_|Station 2 sensor 1 goes active t5, Station 2 start processing
p23 [Station 3 sensor 1 passive t23  |Box moving from station 1 to station 2 P 15 |Box processed Station 2 tio Station 2 sensor 1 goes passive
p24 |Station 3 BCR active t24  |Station 2 start processing p 5 [Station 2 sensor 1 goes passive t Station 2 BCR goes active
p25 |[Station 3 BCR passive t25 Station 2 done processing box p > |[Station 2 BCR goes active t5s Station 2 done processing box
p26 [Station 3 Stopper 2 up t26 _|Station 2 start bypassing p 57 |Box Leaves Station 2 tSs Station 3 sensor 1 goes active
p27 [Station 3 Stopper 2 down t27 _ |Station 2 done bypassing P37, [Station 3 sensor 1 goes active t° Station 3 start bypassing
p28 [Box in front of station 3 BCR t28 Station 3 Stopper 1 retracting P2 Box bypassed Station 3 tS Station 3 sensor 1 goes passive
p29 |Box process in station 3 t29 Station 3 Stopper 1 retracting P2 Station 3 sensor 1 goes passive t S Station 3 BCR goes active
p30 |Box exit station 3 t30 Station 3 Stopper 1 extending P Station 3 BCR goes active t° Station 3 done bypassing
p31 [Box bypass station 3 t31 Station 3 Stopper 1 extending P3 Box Leaves Station 3 t§ Station 4 sensor 1 goes active
p32 |Box exit station 3 t32 _ |Station 3 sensor 1 turns passive p3  |Station 4 sensor 1 goes active tsr Station 4 start bypassing
p33 |Station 4 stopper 1 extended t33 Station 3 sensor 1 turns passive Pay Box bypassed Station 4 ts Station 4 sensor 1 goes passive
p34 [Station 4 stopper 1 retracted t34  |Station 3 sensor 1 turns active p Station 4 sensor 1 goes passive t 6 Station 4 BCR goes active
p35 |[Station 4 sensor 1 active t35  |Station 3 sensor 1 turns active % Station 4 BCR goes active t Station 4 done bypassing
p36 |Station 4 sensor 1 passive t36__ |Station 3 BCR goes passive p°s  [Box Leaves Station 4 t% Station 5-10 start processing
p37 |Station 4 BCR active t37 Station 3 BCR goes passive P Box processed Station 5-10 t$%s Station 5-10 done processing box
p38 [Station 4 BCR passive t38  |Station 3 BCR goes active p3 [Co-placeof P, t ] Copyoft©
p39 [Station 4 Stopper 2 up t39  [Station 3 BCR goes active P i |Co-placeof Pfs th Copy of t 5
p40 [Station 4 Stopper 2 down t40  |Station 3 Stopper 2 goes down ) Co-place of Pls ths Copy of t$s
p41 [Box in front of station 4 BCR t41 Station 3 Stopper 2 goes down p Co-place of P thy Copy of t$,
p42 [Box process in station 4 t42 Station 3 Stopper 2 goes up P Co-place of P 3 ths Copy of t°s
p43 |Box exit station 4 t43  |Station 3 Stopper 2 goes up P Co-place of P 2 [ Copy of t5
p44 |Box bypass station 4 t44  |Box moving from station 2 to station 3 P Co-place of P° tes Copy of té&s
p45 |Box exit station 4. t45 Box moving from station 2 to station 3 P 5 Co-place of P& t bo Copy of t&s
p46 [Box in front of station 5 BCR t46  |Station 3 start processing P %% [Co-place of P’ ths Copyof t§
p47 |Box process in station 5-10 t47 Station 3 done processing box t! Copy of t°©
p48 |Box exit the system 148 Station 3 start bypassing thy Copy of t$2
p49 |Box bypass station 5-10 t49  |Station 3 done bypassing ths Copy of t5s
p50 [Box exit station 10 t50  |Station 4 Stopper 1 retracting ths Copy of t5s

t51 Station 4 Stopper 1 retracting t'y Copy of tSs

t52 Station 4 Stopper 1 extending thy Copy of [

t53 _ |Station 4 Stopper 1 extending thy Copy of t%:

t54  |Station 4 sensor 1 turns passive thy Copy of tS>

t55 Station 4 sensor 1 turns passive t's Copy of t°s

156 |Station 4 sensor 1 turns active

t57 _|Station 4 sensor 1 turns active

t58  |Station 4 BCR goes passive

t59 Station 4 BCR goes passive

t60 Station 4 BCR goes active

t61 Station 4 BCR goes active

t62  |Station 4 Stopper 2 goes down

t63 Station 4 Stopper 2 goes down

t64 Station 4 Stopper 2 goes up

t65  |Station 4 Stopper 2 goes up

t66 Box moving from station 3 to station 4

t67 Box moving from station 3 to station 4

t68 Station 4 start processing

t69  |Station 4 done processing box

70 |Station 4 start bypassing

t71 Station 4 done bypassing

t72 Box moving from station 4 to station 5

173 |Box moving from station 4 to station 5

t74 Station 5-10 start processing

t75 Station 5-10 done processing box

t76 _ |Station 5-10 start bypassing

t77 _ |Station 5-10 done bypassing
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Table 6.11: Conditions and Events for the SESA HAS-200 Control Model

e out

Station 4 done bypassing

Condition Meaning Events Meaning Events Meaning
c i(c i . c p ) |Station 1 process ei(ef e ) Station 1 start processing e s (e ey ) |Station 4 done bypassing
c 2(c § .c 3 ) |Station 1 stopper retracted e2(ef e ) Station 1 start processing e s (e e ) [Station 4 done processing
c s (c . c ¢ ) |Station 2 stopper 1retracted [es(e§ e ) Station 1 done processing e 7 (e .4 ) |Station 4 done processing
c (¢ "™ .c ™ ) |Station 2 stopper 1 retracted [ (e" e ) Station 1 done processing e s (e ey ) |Box enters station 5
Cs(cy . cg ) [Station?2sensor1 active es(ef e’ ) Station 1 bypass e o (e % ) [Box enters station 5
C s (c g . c @ ) |Station2sensor1 active eol(eq e ) Box exit Station 2 eso (e e ) |Station 5-10 done processing
c 7(c p . c g ) |Station 2 BCR active er(el e ) Box exit Station 2 es (e . eg' ) |Station 5-10 done bypassing
C s (c§ .c gt ) |Station 2 process es(ef of" ) Box enters station 2 es2 (e eg' ) |Station 1 start processing order
cs(cy c gt ) |Station2 BCR active eoley e ) Box enters station 2 es (e e ) |Station 1 done processing box
cwo (cfh .c ) |Station 2 bypass e (efy eff' ) Box enters station 2 es (ef .e¢" ) [Station 2 Sensor 1 goes active
c (¢ .c ' ) |Station 3 stopper 1 retracted [ et (efi e’ ) Box enters station 2 es (el %' ) |Station 2 start bypassing
c e (¢ .cu ) [Station 3 stopper 1 retracted [ e (ef e f ) Station 2 Start Processing ess (el e ) [Station 2 start bypassing
cwn (¢ ¢ ) [Station 3 sensor 1 active e (e e ) Station 2 Start Bypassing es (e e3¢ ) |Station 2 start bypassing
¢+ (¢ .c ) |Station 3 sensor 1 active e1 (ef e} ) Box exit Station 2 es (e % ) |Station 2 done bypassing box
cis (¢ ¢ ) |Station 3 BCR active ers (efh e ) Box exit Station 2 es (¢% .oy ) |Station 3 Sensor 1 goes active
Cw (C @/ .c @ ) |Station 3 process e (el R ) Station 2 done bypassing e (e .o ) |Station 3 start processing
cw (¢ .c¥ ) |Station 3 BCR active e (e of' ) Station 2 done bypassing eq (¢h % ) |Station 3 start processing
c s (Cf .c ¥ ) [Station 3 bypass e (el ef ) Station 2 done processing e (eh .o ) |Station 3 start processing
Cw (C R c g ) |Station 4 stopper 1 retracted e (efy el ) Station 2 done processing es (e .e% ) |Station 3 done processing box
c 2 (c% .c g ) [Station 4 stopper 1 retracted ew (e e% ) Box exit Station 3 e« (8 ef ) [Station 4 Sensor 1 goes active
c 2 (c % .c g ) |Station 4 sensor1 active ea (e e ) Box exit Station 3 ees (e6 e ) |Station 4 start processing
c =z (¢ .c g ) |Station 4 sensor 1 active ez (e o) Box enters station 3 e (e ed ) |Station 4 start processing
c 2 (clp .c @ ) [Station 4 BCR active e (e e ) Box enters station 3 ew (e e& ) [Station 4 start processing
c 2 (c i ,c g ) |Station 4 process e2 (ef e ) Box enters station 3 es (ep e ) [Station 4 done processing box
c 2 (¢ .c g ) [Station 4 BCR active ez (el o8y ) Box enters station 3 ew (e» % ) |Station 5-10 start bypassing
C 2 (cx .c % ) |Station 4 bypass e (efy el ) Station 3 Start Processing en (en e ) |Station 5-10 done bypassing
c 2 (¢l .c g ) |Station 5-10 process ear (e gt ) Station 3 Start Bypassing e; (ej e ) |Station 2 Sensor 1 goes active
c s (C4% .c g ) [Station 5-10 bypass e (el e ) Box exit Station 3 en (e» e% ) |Station 2 start processing
ex (e o8 ) Box exit Station 3 en (e e# ) |Station 2 start processing
e (effy e gt ) Station 3 done bypassing e (e5 e ) |Station 2 start processing
ea (el e ) Station 3 done bypassing er (e e% ) |Station 2 done processing box
ew (el ey ) Station 3 done processing en (e e% ) |Station 3 Sensor 1 goes active
ex (effy e ) Station 3 done processing en (e; e% ) |Station 3 start bypassing
e3 (ef e ) Box exit Station 4 en (e 7 ) [Station 3 start bypassing
e (el ed ) Box exit Station 4 en (e e% ) |Station 3 start bypassing
e (el gt ) Box enters station 4 ew (ex e& ) |Station 3 done bypassing
ear (e et ) Box enters station 4 es (e§ eg' ) |Station 4 Sensor 1 goes active
e (e o8 ) Box enters station 4 ew (ek & ) [Station 4 start bypassing
es9 (elfy o ) Box enters station 4 ew (&% e ) |Station 4 start bypassing
e o (e' e ) Station 4 Start Processing e« (ea i ) |Station 4 start bypassing
e 1 (e e ) Station 4 Start Bypassing es (e e ) |Station 4 done bypassing
e 2 (e e ) Box exit Station 4 es (e& e ) |Station 5-10 start processing
° 3 (e e ) Box exit Station 4 ey (e ei ) |Station 5-10 done processing box
)

The SESA software tool is used to analyze the control model for an order

of one box. The HAS-200 control model will have only one token in p1 (order

placed) and one token in p$ (specification order placed). The SESA analysis

report is shown in Figure 6.17. The SESA reachable state results are shown in

Appendix D. A reachability graph is constructed based on the SESA reachable

states results and is shown in Figure 6.18. Table 6.12 is provided as a guide to

identify the corresponding places and transitions for the SESA results. The

results of the analysis report are explained below.
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Not Reversible: The box leaves the system after it is processed by
Station 10. The box does not return to the system to be processed.
Therefore, the model does not go back to its initial condition. The
model is not reversible, since there is not a firing sequence that will
take the system to its initial state.

Bounded and Safe: The model is bounded, because at all times the
number of tokens remains the same in all places. The tokens in the
control model represent the state of devices (actuators: up/down;
sensors active/passive, etc.) in the system, therefore it does not make
sense in the physical system for a device to have two tokens.
Furthermore, if there is an order of one box the model can only have
one box leaving the system (one token p48, Figure 6.16). The
boundedness of the model guarantees that no excess boxes are
created during the process. Safeness will only be a requirement in the
model for an order of one box. Safeness will guarantee that only one
box remains in the system from beginning to end. Note that for orders
of two or more the model will no longer be safe, but remains bounded
as shown in Figure 6.19, 6.20, and 6.21.

Not Live: There are no dead transitions at the initial marking. In other
words, the model is able to fire at least once and the box is processed
by the system. However, there are dead states which make the model

not live. All transitions are able to fire at least once, but after t77 (box
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exit system p48 in Figure 6.16) fires all transitions become £0 fve. This

is a desired behavior for the HAS-200 system.

Statesz generated: 46

........ lrite the state numbers of the dead states? Y/N Y
has dead reachable states.
iz not reversihle C(resetahlel.

has no dead transitionsz at the initial marking.
iz not live, if dead transitions are ignored.
iz bounded.

iz zafe.
Ft@A tF8 FpA pFA CPI CII B SB REU DSt BSt DT» DCF L
N N ¥ ¥ 7 N ¥ 7 N ¥ 7 N 7 N

Figure 6.17: SESA Analysis Report for HAS-200

104



Mo 177, 196, t130 Hzs

——s ey
1, t4, t78, 115 13, 197
Hy Has
2, 15,79, t116 l 113, 98
Mo M6
l 112, t80 th, 22, 199, 1119
M3 Ha7
18, 123, t81, t117 l 110, t100
Ky Hog
11, t82 ltﬁ, 101
Hs Mg
16, t83 lt14, t24
He Hso
15, 126 lt21, 125, 1102, 120
e Haq
120, 127, t84, t118 l 135, 1103
Mg M3z
134, t85 l 116, 119, t31, t44, 1104, t121
Hg Has
17, 18, 130, t45, 186, t123 l 132, 1105
Hio Maq
l 33, t87 lt?:g, t106
Hyq H3s
138, t88 l 137, t48
Hiz Has
136, t46 lt42, 149, t107, 1122
M1z Ha7
l 36, t46 ltfﬂ, 108
Mg Hag
43, 147, 189, 1124 l 28, 140, t52, t67, 1109, t125
His ag
156, t90 lt54, t110
Hie Hao
129, t41, t53, 166, t91, 127 l t61, t111
H47 Maq
155, 192 l 159, t70
Hig Ha2
160, t93 l 164, t71, 1112, 1126
Hig Ha3
158, t68 l 50, 163, t72, t113, t131
H20 Hagq
l 165, 169, t94, 1128 l t74
Haq Has
l 51, 162, t73, t95, t129 l 75, 114, 1132
M2z Has
dead
t76
Moz

Figure 6.18: HAS-200 Reachability Graph
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Table 6.12: Guide for the Places and Transitions for the SESA HAS-200 Control

Model
Place SESA Place Transition | SESA Transition [Place SESA Place _|Transition SESA Transition

pl p1 t p g p51 t 37
p2 p2 t2 t2 b S p52 [ t79
p3 p3 t3 t3 b 3 p53 [ 180
p4 p4 t4 t4 P fo p54 t S5 81
p5 p5 t5 t5 P s p55 t $) 182
b6 p6 t6 t6 P 3 p56 t S 183
p7 p7 t7 t7 P 2 p57 t S, 84
p8 p8 t8 [ P o p58 tSa t85
p9 p9 t9 9 P S, p59 t S 186
p10 p10 t10 t10 P Se p60 t S 187
p11 pi1 t11 t11 P Sa p61 t Ss t88
p12 p12 12 t12 P Ss p62 tS, 189
p13 p13 t13 t13 b S p63 t S 190
pl4 p14 t14 t14 p S p64 t o 191
p15 p15 t15 t15 P S, p65 t S5 192
p16 p16 16 t16 b Ss p66 t 8o 193
p17 p17 t17 t17 p S p67 t 2o 194
p18 p18 118 t18 P Sa P68 t So 195
p19 p19 19 t19 P 5o p69 t S, 196
p20 p20 t20 [ P 5o p70 t g 97
p21 p21 t21 21 P 4 p71 t s t98
p22 p22 t22 22 P %o p72 t 52 99
p23 p23 t23 23 P s p73 t $o 100
p24 p24 t24 t24 [ p74 t 57 t101
p25 p25 125 t25 P p75 t S5 1102
p26 p26 126 126 P i7 p76 t S 103
p27 p27 t27 t27 P2 p77 [ 1104
p28 p28 t28 t28 P 5 p78 €5, 105
p29 p29 t29 29 P 5 p79 t So 106
p30 p30 t30 t30 P % p80 tGo 1107
p31 p31 t31 31 P 5 p81 g, 1108
p32 p32 132 132 P 3 p82 [ 109
p33 p33 133 t33 P p83 [ t110
p34 p34 t34 t34 P35 p84 t g, t111
p35 p35 t35 135 P 3 p85 t 5, t112
p36 p36 t36 36 P s p86 t% 1113
p37 p37 t37 t37 P a7 p87 tSs t114
p38 p38 138 t38 p 3 p88 [ t115
p39 p39 t39 t39 P 6 p89 t 5 t116
p40 p40 t40 40 P 1s p90 ths t117
p41 p41 t41 41 P 3 p91 t,, t118
p42 p42 t42 t42 P 31 p92 t e t119
p43 p43 143 43 P a2 p93 thy 120
p44 p44 t44 44 P % p94 the 1121
p45 p45 t45 45 P a8 p95 t o 1122
p46 p46 t46 46 [T p96 ths 1123
p47 p47 t47 t47 t 124
p48 p48 t48 48 th, 125
p49 p49 t49 t49 ths 126
p50 p50 t50 t50 t s 127

151 t51 tho 128

152 152 T 129

t53 t53 tl 130

t54 t54 th, 131

155 t55 [ 132

t56 56

157 t57

158 58

t59 t59

160 60

t61 161

162 162

163 63

t64 64

165 65

166 66

167 67

168 68

t69 69

t70 t70

t71 t71

172 t72

173 t73

t74 74

t75 t75

176 t76

t77 t77
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The HAS-200 control model is inserted in SESA for orders of two and
three tokens in p1 and inp;. The SESA results proved that the control model

was capable of processing orders of multiple boxes (multiple tokens) while
avoiding resource sharing conflicts. However, due to the very large state space
of the analysis the results could not be provided in this thesis. Please contact the
author for the reachable states output files. Nevertheless, the SESA analysis
reports are shown in Figure 6.19 and 6.20. Note that for two and three tokens,
the control model has the same properties at the one token control model (not

reversible, bounded, and not live).

Statesz generated: 1681
Write the sztate numbers of the dead states? ¥Y/HN Y
has dead reachahle states.
iz not reversihle <resetahlel.

has no dead transitions at the initial marking.

iz not live, if dead transzitionz are ignored.

iz bhounded.

Ft@ tF8 Fp@ pFA CPI CTI B SB REU DSt BSt DIr» DCF L LU L&B
N H ¥ ¥ ¥ N ¥ ¥ M ¥ 7 N ¥ H N N

Figure 6.19: SESA Analysis Report HAS-200 2 Tokens

States generated: 33895

........ Write the state numbhers of the dead states? Y-/H Y
has dead reachahle states.
iz not reversible (resetahlel.

haz no dead transitions at the initial marking.

iz not live, if dead transitions are ignored.

iz bounded.

Ft@ tF@ FpB@ pFA CPI CTI B SB REU D5t BSt DT» DCF L LU L&B
M M ¥ ¥ 7 M ¥ ? M ¥ b M 7 M M M

Figure 6.20: SESA Analysis Report HAS-200 3 Tokens

6.6 HAS-200 Tank Transformation Algorithm
Initialisation:

T={t1, 12, 13, t4, 15, 16, 17, t8, t9, 110, t11, t12, t13, t14, t15, t16, t17, 118,
t19, 120, t21, 122, t23, t24, t25, 126, t27, 128, t29, t30, t31, t32, t33, t34,
t35, t36, t37, 138, 139, 140, t41, t42, t43, t44, t45, 146, t47, t48, t49, t50,
t51, 152, t53, t54, t55, 56, t57, 1568, t59, t60, t61, t62, t63, t64, 165, t66,
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C (o] C C C C C C C C C C
t67, 168, t69, t70, 171, t°, t5, tS, t5),t5,, tog, to, tg sty tags tye s togs

tC tC tC

tC
67 769 71

66

.= {t1, {2, t3, t4, t5, 16, t7, 8, 19, t14, t15, t16, t17, t20, 121, t22, 123, t24,
t25, 126, t27, 128, t29, t34, t35, 136, t37, t40, t41, t42, 143, t44, 145, t46,
t47, t48, t49, t54, 55, 156, t57, t60, t61, t62, t63, t64, 165, t66, t67, 168,

t69, t70, t71, t&, t5, t5, t

tC

¢
t 65’

c
t 63"’

61’

te, tS, tS, t

tC
45 "60’ 61’ 63’

(o3
t 437

c
t 41>

[of
t 40

C
t 25

C
t 23

Cc
2021

tes » te6r t67 v teos 7

T,={t10, t11, 112, t13, t18, 119, 130, t31, 132, 133, 138, t39, t50, 151, t52,
53, 158, t59)

Cw={C1, Cg, C3 C4 Cs Cg C7, Cg Co, C1o,C11, C12, C13, C14, C15 Cis, C17,
Cis, C1g, C20, C21, C22, Ca3, Ca4, C25 Cop, Ca7, C2g, C29, C30, C31, Cs2, Cas,

Caa}

— in in in in in in in in in in in in in in
Cin_{ 19 V25 Y3 VY4, VY5 VY6 7’087 v M10 Y11y VY125 Y130 M14

in in in in in in in in in in in in in
155 ~16 Y173 “183 Y19y Y20 VY21 VY225 VY235 VY245 VY255 VY26 VY27

in in in in in in Cin
28 “~29 V30 VY31» VY32 VY33 VY34

— out out
Cour = {C$ut’ Cgut’ Cgut’ Cﬁ“t, Cgut’ Cgut’ C$Ut, Cgut’ Cgut’ C%Jt , C11 , C12 ,
out out out out out out out out out out out out
C13 ’ C14 ’ C15 ’ C16 ’ C17 ’ C18 ’ C19 ’ C20 ’ C21 ’ C22 ’ C23 ’ C24 ’

out out out out out out out out out out
Cos5, Coe, Ca7, Cog, Cog9, C3p, C37, C33', C33, C3

Steps 1.1 through 1.5 transform the places, conditions, and events that
interact with transition t1. The HAS-200 control model is shown in Figure 6.14.
For convenience purposes, the portion of the HAS-200 control model that

concerns t1 is shown in Figure 6.21.
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Figure 6.21: Portion of HAS-200 Control Model Pertaining to Transition t1

Step 1: V te e T.insert a rung into the Ladder Logic Diagram and:

Step 1.1: V peet insert pinto the rung as an input variable
(examine on) and also as an unlatched output (output
unlatch). As illustrated in Figure 6.21, p1 is an input
place for t1. p1 is inserted into the rung as an input
variable and as an unlatched output as shown in Figure

6.22.

'YRB order placed 'YRB order placed
pl pt
0 —E U

Figure 6.22: HAS-200 Control Model Insert Input Place for t1 in LLD

Step 1.2: V ceCainsert cinto the rung as an input variable. As
illustrated in Figure 6.21, C4 is a conditions input for t1.
C, is inserted into the rung as an input variable as shown
in Figure 6.23.

YRBorder placed ~ Station 1 process YRB order placed
pt cl pl
0 b It U
)

(End ‘ ‘

Figure 6.23: HAS-200 Control Model Insert Condition Inputs for t1 in LLD
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Step 1.3: V ec En insert e into the rung as an input variable. As
illustrated in Figure 6.21, t1 has no event inputs.
Therefore, no instructions are added to the rung.

Step 1.4: V pe ¢+ insert pinto the rung as a latched output (output
latch). As illustrated in Figure 6.21, p2 is an output place
fort1. p2 is inserted into the rung as a latched output as
shown in Figure 6.24.

YRBorder placed  Station 1 process YRBorder placed
cl

pt pt
0 —E 1E W

(End) ‘

Figure 6.24: HAS-200 Control Model Insert Output Place for t1 in LLD

Step 1.5: V e e En: insert einto the rung as an output (output
energize) and the rung ends. As illustrated in Figure

6.21, o anded" are event outputs for t1. eout andegut

are inserted into the rung as outputs as shown in Figure

6.25.

YRBorder placed  Station 1 process YRB order placed
pl cl pl
o ¢ i v
Box process in
staion 1
p2
L
Station 1 start
processing
el

Station 1 start
processing
[

)

Figure 6.25: HAS-200 Control Model Insert Event Output for t1 in LLD
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Steps 2.1 through 2.2 transform the places that interact with condition C,.
For convenience purposes, the portion of the HAS-200 control model that

concerns Cyis shown in Figure 6.26.

—
i
/ t5
p6

o}

Figure 6.26: Portion of HAS-200 Control Model Pertaining to Condition C;

Step 2: V ce Cou, insert a rung into the Ladder Logic Diagram and:
Step 2.1: V pe c e insert pin the rung as an input variable. As

illustrated in Figure 6.26, p6 is an input place for C,. p6
is inserted into the rung as an input variable as shown in

Figure 6.27.

Station 1 stopper
refracted
)
142 —J¢

Figure 6.27: HAS-200 Control Model Insert Input Place for C4in LLD

Step 2.2: Insert ¢ in the rung as an output variable and end the
rung. C;is inserted as an output variable into the same
rung of step 2.1 as shown in Figure 6.28.

Station 1 stopper Station 1 stopper
refracted refracted
) 2
109 —F )

Figure 6.28: HAS-200 Control Model Insert Output C,in LLD

The resulting Ladder Logic Diagram is shown in Figure 6.29.
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Figure 6.29: Ladder Logic Diagram for the HAS-200 Control Model
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6.7 HAS-200 Algorithm Implementation

The Ladder Logic Diagram shown in Figure 6.29 was created using
RSLogix 5000 version 12 and downloaded into an Allen Bradley CompactLogix
system model 1769 L30 [37]. The Ladder Logic Diagram was verified and no
errors were found. The initial conditions of the HAS-200 were simulated by
toggling the bits of the input variables. After the bits were toggled the Ladder
Logic Diagram was sent online and the tag values were monitor through an
RSLogix interface named “monitor tags” as shown in Figure 6.30. The input
variables for the level sensors were toggled in the sequence they should logically
change states to simulate their response to the physical system. The Ladder

Logic Diagram responses to the toggled bits were correct.

Seope: | {0 Tank - Show Show Al

Name & | Valus «|Foce Mask €] Siyle | Data Type | Desciiption |
1 a 1) Decimal BOOL Condition 1(LSH a...
| Co 1) Decimal BOOL Condition 10 [LSL
| e 1 Decimal E0OL} Condition 2 (L5L a...
I 1 Decimal BOOL Candition 3 [LSL a
_ | C4 1) Decimal BOOL Condition 4 (LSH ...
] s 1 Decimal BOOL Candition 5 (filing
1 Ce 1 Decimal BOOL Condition & [Drain...
| el 0 Decimal BOOL event 1 (pump is t
| e 1) Decimal BOOL event 2 (pumpis ...
] €3 0 Decimal EBOOL event 3 [ valve op...
| e 1) Decimal BOOL event 4 [valve clo,
] €5 1) Decimal BOOL event 5 (filing con...
| 6 1) Decimal BOOL event B [stop fillin,
1 e 1) Decimal BOOL event 7 [draining
e 0 Decimal BOOL event 8 [stop drai
|+ Local1:l Hoooh focob AB:1769_DNE:LD
|+l Local2C foool focod AB:17R9_DOTEC:0
|+ Locak2l Hocoh focob AB:1769_DOTEID
__|+fLocal20 {oool focod AB:1769_DOTE:0:0
1 M 1) Decimal BOOL Purmp on
_| Pl 0 Decimal BOOL Filing Process
_ | Pt 1 Decimal BOOL Filling process con...
| P2 1 Decimal BOOL Purp off
_1 P 1) Decimal BOOL Filling Frocess Stops
1 P3 ] Decimal BOOL “alve on
| P 1) Decimal BOOL Draining process
| P3D 1 Decimal BOOL Draining process
| P4 1 Decimal BOOL Walve off
_ | Pdc 1 Decimal BOOL Draining process s...
1 P5 0 Decimal BOOL L5H alarm on
| P& o Decimal BOOL L5H alam on
v 1 Decimal BOOL L5L alarm on

] 0 Decimal BOOL L5L alarm on

fm\Monﬂur Tags AEI:IH Tags/ |_
Figure 6.30: RSLogix Monitor Tags Interface for the HAS-200
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Chapter 7: Conclusion, Contributions, and Future Research

This chapter provides an overview of the main goal, objectives, and

methodology use in this thesis. It summarizes the main findings and discusses

their significance. Finally, future areas of research are presented.

7.1 Conclusions

The goal of this thesis was to automatically generate a PLC programming

language for manufacturing systems requiring complex control models. This goal

was achieved by completing the following three objectives:

A transformation algorithm to automatically generate a Ladder Logic
Diagram from NCES models was developed and presented in Chapter
4. In [10] Rausch and Krogh proposed the transformation of NCES
into Instruction List (IL); the algorithm developed in this thesis was
based on the ideas proposed in there paper. However, the algorithm
in this thesis transforms NCES into Ladder Logic Diagram instead of
IL. The structural components of the NCES made it easier to
categorize them into Ladder Logic Diagram components.

This thesis successfully used NCES to model a complex
manufacturing system. Previous papers have addressed the modeling

of simple DEDS. The significance of this research was to obtain a
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NCES control model for a complex manufacturing system such as the
HAS-200. The NCES control model of the HAS-200 YRB filling
sequence was developed and presented in Section 6.4. The NCES
input/output structure proved to capture accurately the behavior of the
physical devices that form part of the HAS-200 system. The sequence
specification and locking controller models ensured that the model
meet the desired behavior. In addition, the HAS-200 control model
was analyzed and verified in Section 6.5. The analysis demonstrated
the correctness of the NCES control model by identifying the presence
or absence of desirable behavioral properties. Furthermore, the
Ladder Logic Diagram obtained by transforming the NCES control
model will inherit the behavioral properties. Even though, the analysis
tools were useful in determining the correctness of the model, the
reachable state results were very large and difficult to follow visually.
The HAS-200 NCES control model was converted into a Ladder Logic
Diagram as shown in Section 6.6. The verification of the Ladder Logic
Diagram obtained from the transformation is shown in Section 6.7.
The resulting Ladder Logic Diagram was very long, but it was easy to
follow and understand. The input and output contacts of the Ladder
Logic Diagram were toggled to simulate the HAS-200 behavior. The
results from the test proved that the Ladder Logic Diagram inherited
the behavioral properties desired for the system. The algorithm

demonstrates its ability to transform complex manufacturing system.
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7.2 Contributions

One of the most important contributions of this thesis is the development
of the transformation algorithm. The advantages of using this algorithm are
presented below:

— The algorithm converts NCES into Ladder Logic Diagrams, which is

one of the most common PLC programming languages.

— The algorithm is able to transform all the components of NCES
(places, conditions, events, and transitions) into input and output
contacts within the Ladder Logic Diagrams.

— The algorithm has the ability to transformed complex manufacturing
control models into Ladder Logic Diagrams.

Another contribution of this research is the successful modeling of a
complex manufacturing system using NCES. The lack of documentation
indicates that NCES is a modeling formalism that could benefit from further
research. This thesis adds valuable documentation about modeling a complex

manufacturing system using NCES.

7.3 Future Research

The lack of documentation for modeling complex manufacturing systems
using NCES demonstrates that this is an area that needs extensive research.
One area of vital interest is determining a better way to verify the correctness of
NCES control models. Even though the SESA analysis report was very useful to

identify the behavioral properties, the reachable states were very large and

125



difficult to follow visually. For simple manufacturing systems this tool might be
appropriate, but for complex systems with 100 places and transitions this tool
becomes difficult to use. The use of invariants could be a possible solution to
accomplish the analysis of the structural properties [4]. Invariants are based on
the incidence matrix and state equation illustrated in Section 1.3.4.2 of this
thesis.

Another area of interest for future work would be to investigate the
advantages of using NCES against other types of modeling formalism such as
coloured petri nets or timed petri nets. Coloured petri nets token structure
presents the ability of identifying each token. This might be useful for the
modeling of the HAS-200, because there may be cases were the identification of
each box process might be needed.

Finally, another area of interest could be the development of a software
tool to model and transform NCES. This software tool could have the capability
of inserting the NCES components and automatically obtaining a Ladder Logic
Diagram. Using NCES to model the physical devices of a system was not
difficult but using Microsoft Visio to develop the model was a little tedious.
Furthermore, using the algorithm of this thesis as a basis to develop a software
program to automatically transform the NCES model to Ladder Logic Diagram

will significantly improve the modeling of complex manufacturing systems.
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Appendix A: SESA Reachable States for the Tank Control Model

State nr. 1 =={t3,t12,t15}=> sl

P.nr: 1 2 3 4 5 6 7 8 910 =={t3,16,t12,tl15}=> s7

11 12 13 14 =={t3,t7,t12,t15}=> s35

toks: 0 1 0 1 0 1 1 0 0 O =={t3,16,t7,t12,t15}=> sil

0O 1 1 1 =={t6,t7}=> sb5

=={12,19,tl4}=> s2 =={t7}=> s37

=={t2,16,t9,tl4}=> s8 =={t6}=> sl10

=={t2,17,t9,tl4}=> s47 State nr. 7
={t2,16,t7,t9,t14}=> s3 P.nr: 1 2 3 4 5 6 7 8 910
=={t6,t7}=> sll 11 12 13 14

=={t7}=> s35 toks: 0 1 0 1 1 0 1 0O O O
=={t6}=> s7 0O 1 1 1

State nr. 2

P.nr: 1 2 3 4 5 6 7 8 910 =={t2,19,tld4}=> s8

11 12 13 14 =={t2,t4,19,t1l4}=> s25

toks: 1 0 0 1 0 1 1 0 1 O =={t2,15,t9,tl4}=> s2

0O 0 0 1 =={t2,t4,1t5,t9,tl4}=> s13
=={t6,t7}=> s3 =={t2,t7,t9,tl14}=> s3

=={t7}=> s47 =={t2,1t4,1t7,t9,tl4}=> sl4

=={t6}=> s8 =={t2,15,t7,t9,tl4}=> s47

State nr. 3 =={t2,1t4,t5,t7,19,tl14}=> s48

P.nr:- 1 2 3 4 5 6 7 8 910 =={t4,1t5,t7}=> s31

11 12 13 14 =={t5,t7}=> s35

toks: 1. 0 0 1. 12 0 O 1 1 O =={t4,t7}=> s32

0O 0 0 1 ={t7}=> sl1

=={t1,t10,t13}=> s4 =={t4,t5}=> sl12

=={t1,t5,t10,t13}=> s39 =={t5}=> sl

=={t1,t8,t10,tl3}=> s9 =={t4}=> s24

=={t1,t5,t8,t10,tl13}=> s40 State nr. 8

=={t5,t8}=> s2 P.nr- 1 2 3 4 5 6 7 8 910
=={t8}=> s8 11 12 13 14

=={t5}=> s47 toks: 1 0 0 1 1 0 1 O 1 O
State nr. 4 0O 0 0 1

P.nr: 1 2 3 4 5 6 7 8 910 =={t1,t10,t13}=> s9

11 12 13 14 =={t1,t5,t10,t13}=> s40

toks: 0 1 0 1 1 0 O 1 0 1 =={t1,t7,t10,t13}=> s4

0O 0 1 1 =={t1,t5,t7,tl10,tl13}=> s39
=={t4,t11,tl16}=> s5 =={t5,t7}=> s47

=={t4,t5,tll,tl6}=> s37 =={t7}=> s3

=={t4,18,tl1ll,t16}=> sl10 =={t5}=> s2

=={t4,t5,t8,tll,tl6}=> s6 State nr. 9

=={t5,1t8}=> s40 P.nr:- 1 2 3 4 5 6 7 8 910
=={t8}=> s9 11 12 13 14

=={t5}=> s39 toks: 0 1 0 1 1 0 1 O O 1
State nr. 5 0O 0 1 1

P.nr:- 1 2 3 4 5 6 7 8 910 =={t4,t11,tl16}=> sl10

11 12 13 14 =={t2,t4,tl11,t16}=> s29

toks: 0 1 1 0 1 0 0 1 O O =={t4,t5,1t11,tl6}=> s6

1 0 1 O ={t2,t4,t5,tl11,tl16}=> s19
=={t5,1t8}=> s6 =={t4,t7,t11,t1l6}=> s5

=={t8}=> sl10 ={t2,t4,t7,tl11,tl16}=> s18

=={t5}=> s37 =={t4,t5,t7,tl1ll,tl6}=> s37

State nr. 6 =={t2,t4,t5,t7,1t11,t16}=> s38

P.nr: 1 2 3 4 5 6 7 8 910 =={12,15,t7}=> s27

11 12 13 14 =={t5,t7}=> s39

toks: 0 1 1 0 0 1. 1 0 O O ={t2,t7}=> sl17

1 0 1 O ={t7}=> s4

Figure A.1: SESA Tank Reachable States for the Tank Control Model
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Appendix A: (Continued)
=={t2,t5}=> s41

=={t5}=> s40
=={t2}=> s28
State nr.
P.nr:
11 12
toks:
1 0 1 O
=={t3,t12,t15}=> s7
=={t3,15,tl12,tl15}=> sl
=={t3,t7,t12,t15}=> sl1
=={t3,t5,t7,t12,t15}=> s35
=={t5,t7}=> s37

=={t7}=> s5
=={t5}=> s6
State nr.
P.nr:
11 12
toks:
0 1 1 1
=={t4,t5,t8}=> s12
=={t5,t8}=> sl
=={t4,t8}=> s24
=={t8}=> s7
=={t4,t5}=> s31
=={t5}=> s35
=={t4}=> s32
State nr.
P.nr:
11 12
toks:
0 1 1 1

=={t2,19,tl4}=> sl13
=={t2,13,1t9,tl4}=> s2
=={t2,16,t9,tld}=> s25
=={t2,13,t6,t9,t14}=> s8
=={t2,17,t9,tl4}=> s48
=={t2,t3,t7,t9,tl4}=> s47
=={1t2,16,t7,t9,tl4}=> si4
=={t2,1t3,t6,t7,t9,t14}=> s3
=={13,16,t7}=> sll1
=={t6,t7}=> s32

=={t3,t7}=> s35

=={t7}=> s31

=={t3,t6}=> s7

=={t6}=> s24
=={t3}=> sl
State nr.
P.nr:
11 12
toks:
0O 0 0 1
=={t3,t6,t7}=> s3
=={t6,t7}=> sl4
=={t3,t7}=> s47
=={t7}=> s48
=={t3,t6}=> s8

10

13 14

11

13 14

12

13 14

13

13 14

1 2 3 45 6 7 8 910

01 1 01 0 1 0 O O

1 2 3 45 6 7 8 910

01 01 1 0 01 0O

1 2 3 45 6 7 8 910

601 1 0 0 1 1 0 0 O

1 2 3 45 6 7 8 910

1 01 0 01 1 0 10

=={t6}=> s25

=={t3}=> s2

State nr. 14

Pnr: 1 2 3 4 5 6 7
11 12 13 14

toks: 1 0 1 0 1 O O
0O 0 0 1
=={t1,t10,t13}=> sl15
=={t1,t5,t10,tl13}=> s44
=={t1,t8,tl1l0,tl3}=> s26
=={t1,t5,t8,t10,tl3}=> sl16
=={t5,t8}=> s13

=={t8}=> s25

=={t5}=> s48

State nr. 15

P.nr- 1 2 3 4 5 6 7
11 12 13 14

toks: 0 1 1 0 1 O O
0O 0 1 1

=={t5,t8}=> sl16

=={t8}=> s26

=={t5}=> s44

State nr. 16

Pnr: 1 2 3 4 5 6 7
11 12 13 14

toks: 0 1 1 0 O 1 1
0O 0 1 1
={t2,13,t6,t7}=> s17
=={t3,16,t7}=> s4
={t2,1t6,t7}=> s45
=={t6,t7}=> sl15
=={12,13,t7}=> s27
=={t3,t7}=> s39
=={t2,t7}=> s42

={t7}=> s44
=={t2,13,t6}=> s28
=={t3,t6}=> s9

=={t2,1t6}=> s43

=={t6}=> s26

=={t2,1t3}=> s41

=={t3}=> s40

=={t2}=> s46

State nr. 17

P.nr- 1 2 3 4 5 6 7
11 12 13 14

toks: 1 0 0 1 1 0 O
0O 0 1 1
=={t4,t11,tl16}=> s18
={tl,t4,tl11,tl16}=> s5
=={t4,t5,tl11,t16}=> s38
=={tl,t4,t5,tl1,tl16}=> s37
=={t4,18,tl1ll,tl6}=> s29
=={tl1l,t4,t8,tl1,tl16}=> s10
=={t4,t5,t8,tl11,tl16}=> s19

=={tl,t4,t5,t8,tll,tl6}=> s6

=={t1,t5,t8}=> s40
=={t5,18}=> s41

Figure A.1: (Continued)
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Appendix A: (Continued)
=={tl1,t8}=> s9

=={t8}=> s28

=={tl1,t5}=> s39

=={t5}=> s27

={tl}=> s4

State nr. 18

P.nr:- 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1. 0 1 0 1 0 0 1 O O
1 0 1 0O

=={tl,t5,t8}=> s6

=={t5,1t8}=> s19

=={t1,t8}=> sl10

=={t8}=> s29

=={tl,t5}=> s37

=={t5}=> s38

={tl1}=> s5

State nr. 19

P.nr- 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1. 0 1 0 0 1. 1 0 O O
1 0 1 0

=={t3,t12,t15}=> s20
=={13,16,tl2,tl5}=> s30
=={t3,t7,t12,t15}=> s36
=={t3,t6,t7,t12,t15}=> s21
=={t6,t7}=> sl18

=={t7}=> s38

=={t6}=> s29

State nr. 20

P.nr: 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1 0 0 1 0 1 1 O
0O 1 1 1

=={t6,t7}=> s21

=={t7}=> s36

=={t6}=> s30

State nr. 21

P.nr:- 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1. 0 0 1. 12 0 0O 1 O O
0O 1 1 1

=={tl,t4,t5,t8}=> sl12
=={t4,15,t8}=> s22

=={tl,t5,t8}=> sl

=={t5,t8}=> s20

=={tl,t4,t8}=> s24

=={t4,t8}=> s34

=={tl1,t8}=> s7

=={t8}=> s30

=={tl,t4,t5}=> s31

=={t4,t5}=> s33

=={tl,t5}=> s35

=={t5}=> s36

=={tl,t4}=> s32

=={t4}=> s23

={tl}=> sl1

0 O

State nr. 22

P.nr: 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1 0 1 0 0 1 1 0 O O
0O 1 1 1

=={t3,16,t7}=> s21

=={t6,t7}=> s23

=={13,t7}=> s36

=={t7}=> s33

=={13,t6}=> s30

=={t6}=> s34

=={t3}=> s20

State nr. 23

P.nr: 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1 0 1 0 1 0 0 1 0 O
0O 1 1 1

=={t1,15,t8}=> sl12

=={t5,t8}=> s22

=={tl,t8}=> s24

=={t8}=> s34

=={tl1,t5}=> s31

=={t5}=> s33

=={tl}=> s32

State nr. 24

P.nr: 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 0 1 1 0 1 0 1 0 O O
0O 1 1 1

={t2,t9,t14}=> s25
=={t2,13,1t9,tl4}=> s8
=={1t2,15,1t9,tl4}=> si13
={t2,t3,1t5,1t9,tl4}=> s2
={1t2,17,t9,tl4}=> sl4
={t2,t3,1t7,t9,tl4}=> s3
=={t2,t5,t7,t9,tl4}=> s48
=={12,13,t5,t7,19,tl14}=> s47
=={t3,15,t7}=> s35

=={t5,t7}=> s31

=={t3,t7}=> sll1

=={t7}=> s32

=={t3,t5}=> s1

=={t5}=> s12

=={t3}=> s7

State nr. 25

P.nr- 1 2 3 4 5 6 7 8 910
11 12 13 14

toks: 1 0 1 0 1 01 0 1 O
0O 0 0 1

=={t1,t10,t13}=> s26
=={t1,t3,t10,t13}=> s9
=={t1,t5,t10,t13}=> sl16
=={t1,t3,t5,t10,tl13}=> s40
=={t1,t7,t10,t13}=> s15
=={t1,t3,t7,t10,tl13}=> s4
=={t1,t5,t7,t10,tl3}=> s44
=={t1,t3,t5,t7,1t10,t13}=> s39

Figure A.1: (Continued)
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Appendix A: (Continued)

—={t3,
=={t5 ,
::{t3 ,

t5,t7}=> s47
t7}=> s48
t7}=> s3

=={t7}=> sl4

=={t3,

t5}=> s2

=={t5}=> s13
=={t3}=> s8

State
P.nr:
11 12
toks:
0O o0

=={t2,
::{t3 ,
::{t2 ,
::{t5 ,
::{t2 ,
::{t3 ,
::{t2 ,

nr. 26
1 2 3 4 5 6 7 8 910
13 14
0 1 1 01 0 1 0 0 1
1 1
t3,15,t7}=> s27
t5,t7}=> s39
t5,17}=> s42
t7}=> s44
1t3,t7}=> s17
t7}=> s4
t7}=> s45

=={t7}=> s15

::{t2 ,
::{t3 ,
=={t2,

t3,t5}=> s41
t5}=> s40
t5}=> s46

=={t5}=> s16

::{t2 ,

t3}=> s28

=={t3}=> s9
=={t2}=> s43

State
P.nr:
11 12
toks:
0 O

::{t6 ,

nr. 27

1 2 3 4 5 6 7 8
13 14

1 0 01 0 1 0 1
1 1
t8}=> s28

9 10

0 1

=={t8}=> s41
=={t6}=> s17

State
P.nr:
11 12
toks:
0O o0

=={t4,
::{tl ,
=={t4,
::{tl ,
=={t4,
::{tl ,

nr. 28

1 2 3 4 5 6 7 8
13 14

1 0 01 1 0 1 0O
1 1
tl1l1l,tl6}=> s29
t4,t11,t16}=> si10
t5,t11,t16}=> s19
t4,t5,1t11,t16}=> s6
t7,t11,t16}=> s18
t4,t7,1t11,t16}=> s5

9 10

0 1

=={t4,t5,t7,tll,t16}=> s38
=={t1,t4,t5,t7,tl1,t16}=> s37
=={t1,t5,t7}=> s39
=={t5,t7}=> s27

=={t1,t7}=> s4

=={t7}=> s17

=={t1,t5}=> s40

=={t5}=> s41

=={t1}=> s9

State
P.nr:
11 12
toks:
1 0

—={t3,
—={t1,
—={t3,
=={t1,
—={t3.
=={t1,
::{t3 ,
=={t1,
—={t1,
=={t5,
—={t1,

nr. 29

1 2 3 4 5 6 7 8 910
13 14

101 01 01 O O O
1 0
t12,t15}=> s30
t3,t12,t15}=> s7
t5,t12,t15}=> s20
t3,1t5,t12,t15}=> sl
t7,t12,t15}=> s21
t3,17,t12,t15}=> sli
t5,1t7,t12,t15}=> s36
t3,15,1t7,t12,t15}=> s35
t5,t7}=> s37
t7}=> s38
t7}=> s5

=={t7}=> s18

::{tl ,

t5}=> s6

=={t5}=> s19
=={t1}=> s10

State
P.nr:
11 12
toks:
0 1

—={t1,
=={t4,
::{tl ,
=:{t5 ,
::{tl ,
=={t4,
=={t1,

nr. 30
1 2 3 4 5 6 7 8 910
13 14
1 0 01 1 01 0 0 O
1 1
t4,15,t7}=> s31
t5,t7}=> s33
t5,t7}=> s35
t7}=> s36
t4,t7}=> s32
t7}=> s23
t7}=> sl1

={t7}=> s21

::{tl ,
=={ta,
::{tl ,

t4,t5}=> sl12
t5}=> s22
t5}=> si

=={t5}=> s20

::{tl ,

t4}=> s24

=={t4}=> s34
=={tl}=> s7

State
P.nr:
11 12
toks:
0 1

::{t6 ,

nr. 31

1 2 3 4 5 6 7 8 910
13 14

01 1 0 0O 1 0 1 0O
1 1
t8}=> s24

=={t8}=> s12
=={t6}=> s32

State
P.nr:
11 12
toks:
0 1

=:{t5 ,

nr. 32

1 2 3 4 5 6 7 8 910
13 14

01 1 0 1 0 0 1
1 1
t8}=> si12

0 O

=={t8}=> s24
=={t5}=> s31

Figure A.1: (Continued)



Appendix A: (Continued)

State nr. 33
P.nr- 1 2 3 4
11 12 13 14

toks: 1 0 1 O
0 1 1 1
=={16,t8}=> s34
=={t8}=> s22
=={t6}=> s23
State nr. 34
P.nr:- 1 2 3 4
11 12 13 14

toks: 1 0 1 O
0O 1 1 1

::{tl , 3,15, t7}:> s35

=={t3,15,t7}=> s36
=={tl1,t5,t7}=> s31
=={t5,t7}=> s33
=={t1,t3,t7}=> sll
=={t3,t7}=> s21
=={tl,t7}=> s32
=={t7}=> s23
=={t1,t3,t5}=> sl
=={t3,t5}=> s20
=={tl1,t5}=> sl12
=={t5}=> s22
=={t1,t3}=> s7
=={t3}=> s30
=={tl}=> s24
State nr. 35
P.nr- 1 2 3 4
11 12 13 14

toks: 0 1 0 1
0 1 1 1
=={t6,t8}=> s7
=={t8}=> sl
={t6}=> sli
State nr. 36
P.nr- 1 2 3 4
11 12 13 14

toks: 1 0 0 1
0 1 1 1
=={t6,t8}=> s30
=={t8}=> s20
=={t6}=> s21
State nr. 37
P.nr- 1 2 3 4
11 12 13 14

toks: 0 1 1 O
1 0 1 O
=={t6,t8}=> s10
=={t8}=> s6
=={t6}=> s5

State nr. 38
P.nr- 1 2 3 4
11 12 13 14

toks: 1 0 1 O
1 0 1 O

5

1

10

10

10

10

10

10

=={t6,t8}=> s29
=={t8}=> s19
=={t6}=> sl18
State nr. 39
P.nr- 1 2 3 4
11 12 13 14

toks: 0 1 0 1
0O 0 1 1
=={t6,t8}=> s9
=={t8}=> s40
=={t6}=> s4

State nr. 40
P.nr- 1 2 3 4
11 12 13 14

toks: 0 1 0 1
0O 0 1 1
=={t2,16,t7}=> sl17
=={t6,t7}=> s4
=={t2,t7}=> s27
=={t7}=> s39
=={t2,t6}=> s28
=={t6}=> s9
=={t2}=> s41
State nr. 41
P.nr- 1 2 3 4
11 12 13 14

toks: 1 0 O 1
0O 0 1 1
=={t6,t7}=> sl17
={t7}=> s27
=={t6}=> s28
State nr. 42
P.nr- 1 2 3 4
11 12 13 14

toks: 1 0 1 O
0O 0 1 1
=={t6,t8}=> s43
=={t8}=> s46
=={t6}=> s45
State nr. 43
P.nr- 1 2 3 4
11 12 13 14

toks: 1 0 1 O
0O 0 1 1

=={t1,t3,t5,t7}=> s39

=={t3,15,t7}=> s27
=={tl,t5,t7}=> s44
=={t5,t7}=> s42
=={tl,t3,t7}=> s4
=={t3,t7}=> sl17
=={tl,t7}=> s15
=={t7}=> s45
=={tl,t3,t5}=> s40
=={t3,t5}=> s41
=={tl,t5}=> sl16
=={t5}=> s46
=={t1,t3}=> s9

Figure A.1: (Continued)

5

1

10

10

10

10

10



Appendix A: (Continued)

=={t3}=> s28
=={tl1}=> s26
State nr. 44

P.nr:- 1 2 3 4

11 12 13 14

toks: 0 1 1 O

0O 0 1 1
=={t6,1t8}=> s26
=={t8}=> s16
=={t6}=> si15
State nr. 45

P.nr: 1 2 3 4

11 12 13 14

toks: 1 0 1 O

0 0 1 1

=={t1,t5,t8}=> sl6

=={t5,1t8}=> s46
=={tl1,t8}=> s26
=={t8}=> s43
=={tl,t5}=> s44
=={t5}=> s42
=={tl}=> si15
State nr. 46

8 910

8 910

1 0 1

P.nr- 1 2 3 4 5 6 7 8 910

11 12 13 14

toks: 1 0 1 0 0 1 1 0 O 1

0 0 1 1

=={t3,16,t7}=> s17

=={t6,t7}=> s45
=={t3,t7}=> s27
=={t7}=> s42
=={t3,t6}=> s28
=={t6}=> s43
=={t3}=> s41
State nr. 47
P.nr:- 1 2 3
11 12 13 14
toks: 1 0 O
0O 0 0 1
=={t6,t8}=> s8
=={t8}=> s2
=={t6}=> s3
State nr. 48
P.nr: 1 2 3
11 12 13 14
toks: 1 0 1
0O 0 0 1
=={t6,t8}=> s25
=={t8}=> s13
=={t6}=> sl4

8 910

8 910

1 1 0

Figure A.1: (Continued)
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Appendix B: Tank Algorithm Implementation

T={t1,12, {3, t4, 15, 16, t7, 18, t¢, t5, t$,t$, t], t}, t

11 2’ 31
Te={t1,12,13, 14, t, t5, t5,t5, ], th, th, t)}

T, = {t5, 16, 7, 18}

Cn ={C4, Cy, C3, Cy4, Cs Cs, C7, Cg, Cg, C10}

Cin={cCir, cin, cip, cip, cipr, cin, cih, cin, cir, cin}

Loty h

Cout= {C?ut , Cgut’ Cgut , Cgut’ Cgut’ Cgut , C?ut’ ch)ut , Cgut , C%Jt}

Below are some of the steps to obtain the ladder diagram for the tank

filling and draining example Figure 3.6 in Chapter 3. Step 1.1.1 for transition t1

and Step 2.1.1 for C4 are shown in Chapter 5 Section 5.1. For convenience

purposes, the portion of the tank control model that concerns t2 is shown in

Figure B.1.

Figure B.1: Portion of Tank Control Model Pertaining to Transition t2
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Appendix B: (Continued)
Step 1: V te* e 1. insert a rung into the Ladder Logic Diagram and:
Step 1.2.1: V peet insert pinto the rung as an input variable
(examine on) and also as an unlatched output (output
unlatch). p2 is an input place for t2 as shown in Figure
B.1. p2is inserted into the rung as an input variable

and as an unlatched output as shown in Figure B.2.

‘ Pup OFf P2 Pup OFf P2 ‘
0 ‘ ] F W ‘

Figure B.2: Tank Control Model Inserted Input Place for t2 in LLD

Step 1.2.2: V ceCninsert cinto the rung as an input variable. Cs
and Cg are conditions inputs for t2 as shown in Figure
B.1. Cs and Cg are inserted into the rung as input

variables as shown in Figure B.3.

(valve block)  (LSL active)

‘ Punp Off P2 c6 c3 Pump Off P2 ‘
0 ‘ 1 F 1 F 1 F W ‘

Figure B.3: Tank Control Model Inserted Condition Inputs for t2 in LLD

Step 1.2.3: V ee En insert e into the rung as an input variable. t2
has no event inputs. Therefore, no instructions are

added to the rung.
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Appendix B: (Continued)
Step 1.2.4: V pet e insert pinto the rung as a latched output (output

latch). P1 is an output place for t2 as shown in Figure
B.1. p1is inserted into the rung as a latched output as

shown in Figure B.4.

(valve block)  (LSL active)
Punp Off P2 c6 c3 Purp Off P2
W

1 F 1 E 1 F
J1 C 1 C J1 C

Purp on
P1
L

Figure B.4: Tank Control Model Inserted Output Place for t2 in LLD

Step 1.2.5: V ec Eancinsert einto the rung as an output (output

energize) and the rung ends. eput is an event output for

t1 as shown in B.1. eout is inserted into the rung as an

output as shown in Figure B.5.

(valve block)  (LSL active)
Pump Off P2 c6 c3 Punp Off P2
0 B 1 E JE [§)}
1t 1t 1kt

Punp on

P1
E——C
event 1 (punpis

tum on)
el

Figure B.5: Tank Control Model Inserted Event Output for t1 in LLD
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Appendix B: (Continued)

For convenience purposes, the portion of the tank control model that

concerns t{° is shown in Figure B.6.

g

Lf p;

O €

% e
0

Figure B.6: t§ Portion of Tank Control Model

Step 1.3.1: V peet insert pinto the rung as an input variable

(examine on) and also as an unlatched output (output

unlatch). pf is an input place for t7 as shown in Figure

B.6. pf is inserted into the rung as an input variable

and as an unlatched output as shown in Figure B.7.

Filling process Filing process
plc plc

0 ‘ 1 E 0

Figure B.7: Tank Control Model Inserted Input Place fortf in LLD
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Appendix B: (Continued)

Step 1.3.2: V ce Cwinsert cinto the rung as an input variable. tlc has

no condition inputs. Therefore, no instructions are

added to the rung.

Step 1.3.3: V ec Eninsert e into the rung as an input variable. ei2” is

an event input for t© as shown in Figure B.6. eizn is

inserted into the rung as an input variable as shown in

Figure B.8.

event 2 (punp tums
Filing process off) Fillng process

plc e2 plc
1 E ] [ v

0

Figure B.8: Tank Control Model Inserted Event Inputs for tlC in LLD

Step 1.3.4: V pe t* insert pinto the rung as a latched output (output

latch). pg is an output place for tf as shown in Figure

B.6. pg is inserted into the rung as a latched output as

shown in Figure B.9.

) event 2 (punp tums )
Fliing process off) Filling process
plc e2 plc
] [ 1 F U

Filling process
stops
p2c
L

Figure B.9: Tank Control Model Inserted Output Place fortlC in LLD
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Appendix B: (Continued)

Step 1.3.5: V eec En: insert einto the rung as an output (output

energize) and the rung ends. eu! is an event output for

tf as shown in Figure B.6. eQut is inserted into the rung

as an output as shown in Figure B.10.

event 2 (purrp tums
Filling process off) Filling process
pic e2 plc
0 1 E 1 E W
Filling process
stops
p2c
L
event 6 (stop
filing controller
locker)
e6

Figure B.10: Tank Control Model Inserted Event Output for tf in LLD

For convenience purposes, the portion of the tank control model that

concerns tl' is shown in Figure B.11.

Figure B.11: tl Portion of Tank Control Model

Step 1.4.1: V peet insert p into the rung as an input variable

(examine on) and also as an unlatched output (output
unlatch). tlI has no input place as shown in Figure

A.11. Therefore, no instructions are added to the rung.
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Appendix B: (Continued)

Step 1.4.2: V ce Cwinsert cinto the rung as an input variable. t{ has

no condition inputs as shown in Figure B.11. Therefore,

no instructions are added to the rung.

Step 1.4.3: V ec Eninsert e into the rung as an input variable. el is

an event input for ti as shown in Figure B.11. eln is

inserted into the rung as an input variable as shown in

Figure B.12.

event 6 (stop
filing controller
locker)
e6

1 F
‘ . ‘

e
e
e
e
e
e

Figure B.12: Tank Control Model Inserted Event Inputs for tlI in LLD

Step 1.4.4: V petinsert pinto the rung as a latched output (output
latch). p© is an output place for tlI as shown in
Figure B.11. pf° is inserted into the rung as a latched

output as shown in Figure B.13.

event 6 (stop
filling controller filling process
locker) controller
e6 pico

0 ‘ 7 E L ‘

Figure B.13: Tank Control Model Inserted Output Place fortlI in LLD
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Appendix B: (Continued)

Step 1.4.5: V e € E,, insert e into the rung as an output (output energize)

and the rung ends. tlI has no event outputs as shown in Figure

B.11. Therefore, no instructions are added to the rung.

For convenience purposes, the portion of the tank control model that

concerns C, and Cj is shown in Figure B.14.

p8

p7

out

C2ut

Figure B.14: Portion of Tank Control Model Pertaining Conditions C, and C;

Step 2.2: ce Co, insert a rung into the Ladder Logic Diagram and:
Step 2.2.1: V pe c* insert pin the rung as an input variable. P7 is

an input place for C; as shown in Figure B.14. p7 is
inserted into the rung as an input variable as shown in

Figure B.15.

LSLison
p7
0 ‘ 7 E ‘

Figure B.15: Tank Control Model Insert Input Place for C,in LLD

® ® D D
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Appendix B: (Continued)
Step 2.2.2: Insert cin the rung as an output variable and end the
rung. C;is inserted as an output variable into the same
rung of step 2.2.1 and end the rung as shown in Figure

B.16.

LSLison LSLison
p7 c2
0 ‘ 1 E D)

Figure B.16: Tank Control Model Insert Output C,in LLD

Step 2.3: ce Cau, insert a rung into the Ladder Logic Diagram and:
Step 2.3.1: V pec* insert pin the rung as an input variable. P7 is

an input place for Cz as shown in Figure B.14. p7 is
inserted into the rung as an input variable as shown in

Figure B.17.

e LSLison
e p7
0 e 1 E

°| |

Figure B.17: Tank Control Model Insert Input Place for Czin LLD

Step 2.3.2: Insert ¢ in the rung as an output variable and end the
rung. Csis inserted as an output variable into the same
rung of step 2.2.1 as shown in Figure B.18.

LSL damon Gondition 3 (LSL
24 aarmon)
<Local 1LData 8> o
0 —E >

Figure B.18: Tank Control Model Insert Output Czin LLD
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Appendix C: Station 5-10 Layout

Figure C.1: Stations 5 and 6 Layout
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Appendix C: (Continued)

Figure C.2: Station 7 Layout

‘I

Figure C.3: Sta 8 Layout
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Appendix C: (Continued)

Figure C.4: Statin 9 Layout

Figure C.5: Station 10 Layout
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Appendix D: SESA Reachable States for the HAS-200

State nr.

1 2 3 4 5 6 7 8 9
24 25 26 2
47 48 49 5
70 71 72 7
93 94 95 96

P.nr:

toks

oo i nr i o a

toks

={t2
State

)
=]
=
'

toks

toks

=={t8
State
P.nr:

toks

=={t11, 182

O~NBPN

',.+

NP, OORrO

O~NDN ~+
[e5}

NP OORRERLROON

©

,t

nr.

P 0FRPO0OO0OOOWONMNRPRSPAPRLPOOOR

2

1

AN
=

2
5

O~NBDN
WWHFRPOOOOUINOOWNMREFRLROOOO
\‘

(o]
(o]

11

7 28 29 30 31 32
0 51 52 53 54 55
374 75 76 77 78

OFRLOO0OFrOo
oOr OO0
ooor
[oNeoNeN
[eNeoNoNe)
[eNeoNel o

T
Vv

s2

I
6]
o
~
[o¢]
©

7 28 29 30 31 32
0 51 52 53 54 55
76 77 78

w
~
iy
~
[¢)]

RPOOFrRO
[oNeoNoN
[oNeoNoN

6}=> s3

4 5 6 7 8 9

24 25 26 27 28 29 30 31 32
47 48 49 50 51 52 53 54 55
70 71 72 73 74 75 76 77 78
93 94 95 96

[cNeNoNe]
ORrOoOr

24 25 26 27 28 29 30 31 32
47 48 49 50 51 52 53 54 55
70 71 72 73 74 75 76 77 78
93 94 95 96

ROOOO

0 1 0

POOR

ROOO

RPOOR
[eNoNeoNe)

,23,181,t117}=> s5
nr.

1

24 25 26 27 2

47

93
0

0
0
0
1
t

2

5
3

4 5 6 7
8 29 30 31 32

48 49 50 51 52 53 54 55
70 71 72 73 74 75 76 77 78
94 95 96

0 0 O

1
0
0
1
}:

ROOOo

> s6

RrOoOOR
cooo
coor
cooo

10
33

79

[cNeol Ne

12
35

81

[cNeol Ne

14
37

83

[cNeol Ne

16
39

85

OOoOr o

Figure D.1: SESA HAS-200 Reachable States
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State nr. 6
P.nr:

- 24 25 26 27
- 47 48 49 50
- 70 71 72 73

0 0 0 O
0 1 0 1
0 0 0 O
0 0 0 O
1 1 1 1

=={t16,1t83}=> s7
State nr. 7
P.nr: 1 2 3 4
1 24 25 26 27
- 47 48 49 50
70 71 72 73
- 93
toks: O
- 0 1
0 0
0 0
o1 1
=={t15,1t26}=> s8
State nr.
P.nr: 1 2

o4}

a7
- 70
- 93
toks: O
-0 1
0 O
0 O
1 1

Appendix D: (Continued)

28 29
51 52
74 75

OO0 oOoOo
cNeoNaoh

5 6
28 29
51 52
74 75

oo oo
[cNeoNoN

=={t20, t27,t84,t118}=>

State nr.
P.nr:
1 24 25 26 27
- 47 48 49 50
70 71 72 73
: 93 94 95 96

State nr. 10
P.nr: 1 2 3 4
1 24 25 26 27
: 47 48 49 50
70 71 72 73
: 93 94 95 96
toks: 0 0

roooo
RroOOR
rooo

28 29
51 52
74 75

oo oo
[cNeoNoN

1 2 3 45 6 7 8 9

30
53
76

OO0 oOoOo

1 2 3 4 5 6 7

30
53
76

oo oo

31 32
54 55
77 78

[cNeoNoN
[cNoNeN

32

78

[eoNoNeN

32

78

[cNoNoN

31

77

NNk

=={t7,t18,t30, t45,t86,t123}=> si1

Figure D.1:

15

61
84

[cNeoNaN

(Continued)
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18

64
87

cNeoNeoNe)

20

66
89

cNeoNeoNe)

20

66
89

[cNeoNoNe

20

66
89

cNoNeoNe)

20

66
89

R OOO

22

68
91
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State nr. 11
P.nr:

- 24 25 26 27
- 47 48 49 50

70 71 72 73
0 0 0 O
0 1 0 1
0 0 0 O
0 0 0 O
1 1 1 1

2

=={t33,1t87}=> sl
State nr. 12

P.nr: 1 2 3 4

1 24 25 26 27

- 47 48 49 50

70 71 72 73

- 93

toks: O

- 0

0

0

o1

=={t38, 188

State nr.

P.nr: 1

YR OoOoR

=={t36,1t46}=> sl

State nr. 14

P.nr: 1 2 3 4
1 24 25 26 27
- 47 48 49 50
70 71 72 73
: 93 94 95 96

0
0
0
0

RPOORrRO

o1
=={t43,t47,18
State nr. 15
P.nr: 1 2 3 4

0 O
0 1
0 O
0 0
11
9,tl

124 25 26 27 28 2
48 49 50 51 52 53
71 72 73 74 75 76

a7

- 70

- 93
toks: O
- 0

0

0

o1
=={t56,1t90}=> sl

,t124

Appendix D: (Continued)

28 29
51 52
74 75

oOoOoro

g oo oo

0
0
0
0

cNeoNaoh

OOrpPkr

6
9

[cNeoNoN

1 2 3 45 6 7 8 9

30
53
76

[cNoNaN

30

76

[cNoNoN

30

76

[cNoNaN

30

76

[cNoNoN

=> sl15

7
30

OORrr

31 32
54 55
77 78

[cNeoloNe)
[cNoNoN

31 32

77 78

[eNoloNe)
[cNoNoN

31 32

77 78

[cNeoloNe]
[cNoNaN

31 32

77 78

[ejoloNe)
[cNoNoN

31

77

[eNeoNoNe

Figure D.1:
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Appendix D: (Continued)

State nr. 16
P.nr- 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16
1 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
- 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85
- 93 94 95 96
toks: 0 0O O O
- 0 1
0 0
0 0
1 1
=={1t29,1t41,1t53,1t66,1t91,t127}=> s17
State nr. 17
P.nr- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
- 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
- 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
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Appendix D: (Continued)
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Appendix D: (Continued)
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Appendix D: (Continued)
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