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Maintaining the O-graph when Editing a Petri Net

Student: Zhao-Ting Han Advisor: Dr. Feng-Jian Wang
Institute of Computer Science and Engineering
National Chiao Tung University

1001 Ta Hsueh Road, Hsinchu, Taiwan, ROC

Abstract

Petri Net can model many kinds of.systems. An occurrence graph is the state diagram of
a Petri net. It can show useful properties such as reachability, boundness, home, liveness, and
fairness. This thesis presents a technique that reduces the occurrence graph building time by
maintaining current, instead of constructing new O-graph of a Petri net when an edit action is
done. The maintenance is based on three groups of edit actions: (1) addition of a(n) node, arc,
or token, (2) deletion of a(n) node, arc, or token, (3) mergence of places or transitions where
each of them represents a or a sequence of addition/deletion of place, transition, and/or arc.
The maintenance algorithm, proof, and time complexity for each edit action are discussed

respectively.

Keywords: Petri net, occurrence graph, marking graph, state diagram, incremental analysis,

workflow.
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Chapter 1. Introduction

Petri Net can model many kinds of systems ([12], [13], [14]) and can be represented by
graphical and mathematical ways. Obviously, the graphical representations can help designers
edit Petri nets. Since the mathematical representations define a Petri net clearly, there are

many analysis methods developed for Petri Net ([11], [13], [14]).

An occurrence graph (O-graph) is the state space diagram of a Petri net ([14]). The nodes
in the O-graph represent the reachable states (also called “marking”) while the arcs represent
the variations of states from one to another..Many.analysis tools for Petri nets are based on

their behaviors contained in O-graphs ([2], [11]).

Nowadays, the support of a Petri net design is an environment, not a single editor only.
In the environment, some tools associated with.the editor might work per edit action. These
tools are called ‘incremental analysis’, since they work based on environment, edited datum,
and graphs, but not from the batch. Incremental analysis could give designers some warnings
which assist designers right after an edit action. Such a tool might keep its corresponding
information for edited datum and analysis time might be reduced when designers continue to

edit Petri nets.

Because editing a Petri net includes the nodes and arcs edit actions, this thesis conclude
three groups of edit actions: (1) addition of a(n) node, arc, or token, (2) deletion of a(n) node,
arc, or token, (3) mergence of places or transitions. To ensure the semantic correctness of a

Petri net, every transition has both input and output places and each arc connects a place and a



transition in the net. Some edit actions have a batch of simple actions which are done by our

editor automatically.

This thesis presents a technique to reduce the O-graph construction time incrementally.
Thus, the technique proposed maintains the O-graph instead of creating a new O-graph. In
other word, it modifies current O-graph according to each edit action. Most of the differences
between current Petri net and the one after an edit action are small and can be found by rules.
When a designer edits a Petri net, its O-graph can show useful properties such as reachability,
boundness, home, liveness, and fairness. These analysis results can assist designers in speed and

correctly when editing Petri nets.

The remainder of this thesis is,0rganized as follows. Chapter 2 presents the motivation
and introduces Petri nets, O-graphs, and related works. Three group of basic edit actions are
defined in Chapter 3. Chapter 4 introduces the definitions and algorithms of maintaining the
O-graph for item insertion. Chapter 5 introduces the definitions and algorithms of maintaining
the O-graph for item deletion and mergence. A comparison between our approach and the
original algorithm of building O-graph from a Petri net is given in Chapter 6. Chapter 7

concludes the thesis and indicates some future works.



Chapter 2. Background

2.1 Petri Net

Petri Net model is originated from the early work of Carl Adam Petri ([15]). Most
readers refer to [14] when applying Petri nets. Petri net can be used to model many kinds of

system and analyze with associated techniques.

Figure 2.1 An example of a Petri net

A Petri net (also called “net” in this thesis for short) is a directed graph with two kinds of
nodes, named place and transition. There are no arcs connecting two places or two transitions.
A Petri net is also equipped with an initial marking, i.e. initially putting tokens in some places.
A marking is a current state of the net, as will be shown in Definition 2.2. Figure 2.1 is a Petri
net example. A circle means a place, a rectangle means a transition, and a dot means a token.
If the initial marking of the Petri net puts a token in place po, Figure 2.1 shows the initial state

of the Petri net.



Definition 2.1 (Petri net)

A Petri net is a tuple PN = (P, T, F, mg) where

® P is a finite set of places;

® Tis a finite set of transitions suchthat PN T = &;

® Fisa finite set of directed arcs, F = (P U T) x (P U T), satisfying
FN(PxP)=FN((TxT)=;

® mg is the initial marking, mo: P — N where N = {0, 1, 2, ...}.

Definition 2.1 is the algebraic definition of a Petri net. While this thesis presents a

technique about Petri Net, some precise algebraic definitions about Petri Net must be defined.

Definition 2.2 (marking)

® A marking of a set of place P is a mapping m: P — N where
N=1{0,1,2,..}.

® A marking of a Petri net PN = (P, T, F, mp) is.a marking of a set of place P.

A marking of a net represents a state of this net. It is a function defined from a set of
places (or a set of all places in a net).to the set.of nonnegative integers which means the
number of tokens on each place. For the reason of readability, a marking of a net in an
example can be expressed as an array with nonnegative integers which each element in it
means the number of tokens on each place. For example, the marking of the net showed in

Figure 2.1 can be represented as (1, 0, 0, 0, 0).

Definition 2.3 (pre- /post- set)

Let PN = (P, T, F, mp) be a Petri net.

® Foranelement x € P U T, its pre-set *°x is defined by
*x={yePUT|(y,x) €F}

® and its post-set x* is defined by
xX*={yePuT|kxy) eF}

Definition 2.3 defines the notations about the input and output sets of a node (place or



transition) in a net. Note that the input and output sets of a place can only be the sets of
transitions and the input and output set of a transition can only be the sets of places.

A transition t is said to be enabled at mq if for all p € °t, mo(p) = 1. Atransition may fire
if it is enabled. The new marking m " is obtained by removing one token from each of its input
places and by putting one token to each of its output places. This process is denoted by m [t >
m’. Extension to firing sequences is denoted by m [¢ > m’ where ¢ is a sequence of

transitions that brings m to m .

Definition 2.4 (incidence matrix)
The incidence matrix C = [cj] is such that
0 otherwise

Definition 2.5 (P-characteristic vector)

The P-characteristic vector is a vector-of dimension |P|, where |P| is the number of
places. In a P-characteristic vector PCV.p;, v pi € P:the dimension for p; is set to be
1, and the rest are 0.

For example, PCV.p;=(0,1,0,0,0) is a P-characteristic vector of the Petri net in Figure 2.1,

where each dimension represents a place and the number in the dimension for p; is 1.

Definition 2.6 (T-characteristic vector)

The T-characteristic vector is a vector of dimension |T|, where |T| is the number of
places. In a T-characteristic vector TCV.t;, V t; € T: the dimension for t; is set to be 1,
and the rest are 0.

A transition t is enabled by a marking m if m marks all places in °t. In this case t can
occur. Its occurrence transforms m into the marking m'. The sentence “m marks all places in

°t” indicates that the marking m puts at least one token on each place in °t. m’=m + C * g



shows the behavior of Petri nets while an occurrence of a transition (t) can transform from one
marking (m) to another (m’) in a net, that is, from one state to another. Intuitively, when a
transition is fired, it removes a token from each input place of it and adds a token on each
output place of it.

For any m such that mg[e > m, m = mg + C*a where &, called the firing count vector,
IS a vector whose i-th entry denotes the number of occurrences of t; in o. If there is a marking

m’that m [t > m’, the firing count vector at m’is ¢’ = o +ex

Figure2.2 The marking after firing t;

For example, in the net showed in Figure 2.1, if to is fired, the marking of this net
becomes Figure 2.2 — a token is removed from po and two tokens is added on p; and p;
separately. The marking of the net showed in Figure2.2 can be represented as m’ = (0, 1, 1, 0,

0), while m is the marking of Figure 2.1.
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2.2 Editors for Petri Net

There are various Petri Net editors. In this thesis, a typical editor, called “Platform
Independent Petri Net Editor” PIPE2 [16], is a graphical tool of open source with Java. PIPE2
contains the following analysis modules: Invariant, Simulation, and State Space, etc. Invariant
Analysis Module calculates T- and P-invariants and the P-invariant equations. Simulation
Analysis shows the average number of‘tokens in each'place. In State Space Analysis Module,
the result of the analysis is the determination of the boundness and the safeness of the current

Petri net.

2.3 The Incremental Analysis Based on Occurrence Graph

2.3.1 Occurrence Graph

An occurrence graph (O-graph) can also be called a reachability graph. An O-graph of a
Petri net is a graph uses all reachable markings from the initial marking as its nodes and uses
all possible behaviors as its arcs. A behavior represents a transition being fired on a marking
and the marking being transformed to another. Since O-graphs are state diagrams of Petri nets,
they provide a very straightforward and easy-to-use method to analyze many properties of

Petri nets.



Definition 2.7 (arc-labeled directed graph)

An arc-labeled directed graph is a tuple DG = (V, A) where

® Vs aset of nodes (or vertices);

® Aisasetofarcs (oredges), A<V x L x V where L is a given set of some
labels.

Definition 2.8 (occurrence graph)

The occurrence graph of a Petri net (P, T, F, mp) is an arc-labeled directed graph
OG = (V, A) where

® Vs the set of all reachable markings from my;

® A={(m;tm) €MxTx M]|m;isthe marking after firing t on m;}.

These two definitions define the O-graph of a net. The O-graph uses a transition of the

net as the label of an arc because a behavior can only correspond to a transition.

. tO . tl . t2 .

Figure 2.3 The O-graph of the Petri net in Figure 2.1

Figure 2.3 shows the O-graph of the net showed in Figure 2.1. Each circle denoted by a
identification number is a node (i.e. a marking) and the double circle is the initial marking.
The numbers in the circles separate these nodes and each of them corresponds to a marking:

mo = (1, 0,0, 0,0), my=> (0, 1, 1, 0, 0), my=> (0, 0, 0, 1, 0), ms=> (0, 0, 0, 0, 1).

Some of the properties that can be studied by using the O-graph are the following:
reachability, boundness, home, liveness, and fairness. These properties could give designers

some warnings. State space analysis is a popular formal reasoning technique. State-based



formal reasoning techniques [11] commonly involve examining every possible state of a
system. Such techniques are automatic, can be applied by less trained personnel, and can be

used for analysis and error detection as well as verification.

2.3.2 Related Works

Piotr Chrzastowski-Wachtel [6] proposed five basic refinement rules: sequential place
split, sequential transition split, OR-split, AND-split, and Loop, to refine a kind of workflow
nets, named WF-net [10] but a Petri net, using a top-down manner. If the design of a WF-net
starts from a single place with no transitions and above five refinement rules are applied only,
the resulting WF-net is sound [6] [10]. However, the refinement rules are not enough to
construct all kinds of WF-nets and he presented.two non-refinement rules, “communication”

and “synchronization”, in addition-to modifying WF-nets without losing soundness property.

Glenn Lewis and Charles Lakos [4] had certain points of contact with the approach of
Christensen and Petrucci (Modular Analysis of Petri Nets, defined in [3]), in attempting to
alleviate state space explosion by utilizing the incremental structure based on Coloured Petri
Net (CPN) models. Christensen and Petrucci illustrated their techniques by means of modular
Place/Transitions nets, and the results are called modular PT-nets. For state spaces, they
showed that it is possible to decide behavioural properties of the modular PT-net from state
spaces of the individual modules plus a synchronization graph, without unfolding to the
ordinary state space. Designers commonly start with an abstract model of the system (and
possibly verify certain properties of the abstraction) and then progressively refine that model
till sufficient details are included. There are three forms of refinement which is called system
morphism. Type refinement involves incorporating additional information in the tokens and

firing modes. Subnet refinement involves augmenting a subnet with additional places,



transitions, and arcs. Node refinement replaces a place (transition) by a place (transition)
bordered subnet. Nevertheless, the subnet and bordered subnet to be added have many

constraints [4].

2.3.3 Previous Research

Yo-Han Lin [8] presented a technique to reduce the construction time of the O-graph
which belongs to a refined net modified by an editing action, called transition mergence. By
merging parts of transitions in two abstract nets we can construct a refined net. Incremental
state space construction in this article is implemented by reusing the O-graphs of two abstract
nets instead of generating from the refined net. The transition mergence only allows two Petri
nets. Additionally, he introduced, the policy, of merging more than two nets. The
deletion-based transition mergence algorithm combines . two O-graphs of the original nets and
then deletes the useless markings: and ‘arcs. The- construction-based mergence algorithm

examines two O-graphs of the original nets and then eonstructs the useful markings and arcs.

2.4 Motivation

In general, Petri Net can be applied to model workflows. As workflows are more and
more complex, the capability to incrementally analyze Petri nets that designers are editing is
an essential requirement for most Petri Net editor software. When designers use the editor
software which has the ability of incremental analysis, the errors may be found and corrected

after each modification actions such as adding arcs, places, and transitions.

Current analysis techniques including the approaches in section 2.3.2 pay little attention

to incremental analysis for various Petri net modifications. However, such analysis based on

10



O-graphs is very important since Petri Net designers commonly start with an abstract model
of the system. Each of above modification rules is restricted for some specific properties. The
properties after the integration of these actions are more complicated in general. Still, some

properties can not be preserved after several modifications [4] [6].

In PIPE2 [16], there are eight modes: Place, Transition, Timed Transition, Arc, Select,
Add Token, and Delete Token Mode, for Petri net edition. PIPE2 has editing Petri Net tools
for designers and presents several modules for detecting the properties of Petri nets.

Nevertheless, there is no incremental analysis presented.

As in section 2.3.3, a transition mergence to refine Petri nets was proposed and the

corresponding incremental analysis ‘method..is.provided. However, an editor which only

provides transition mergence editing action Is not complete and intuitive for designers.

11



Chapter 3. The Changes of Occurrence Graph

for a Petri Net Edition

3.1 The Definition of Basic Actions

There exist many editors for Petri nets nowadays. For the discussion of incremental
analysis based on occurrence graph, here we define a general editor containing three groups of
edit actions for designers to draw Petri nets. The first group is used for the addition of a(n)
node, arc, or token. The second group is used for the deletion of a(n) node, arc, or token. The

third group is a set of specific actions for the mergence of places or transitions. When a Petri

net is created, there are two places constructed by default.

initial graph

@ (> virtual
_Ua Pae 4 p dst strc
E= addTranS(PN, thews Psre, pdst) . < |:> ‘:_ ! ,,’ o
RS f
L_'tnew tiet
(b)
E = addPlace(PN, pnew)
, Pnew
(c)
E = addTtoParc(PN, tsrc, Past) tore M




(d)
Ptar
E = addToken(PN, ptar)

(€)

E = addPtoTarc(PN, psrc, tast)

Figure 3.1 Examples of the basic edit actions in the first group

This thesis is mainly concerned with the actions of the first group. Figure 3.1 shows a set
of editing actions, where (b), (c), (d), and (e) show the addition (insertion) of a place, TtoP arc,
token, and PtoT arc respectively. In order to ensure that every transition has at least one input
place and one output place, our editor provides a batch of actions for adding a transition.
When a designer adds one transition,in the graph, “virtual ps.” and “virtual pgs” will appear
concurrently. The designer needs to drag them individually to a source place and a destination

place and then the batch of actions are accomplished.

Basic editing action Pre-condition
E = addTransition(PN, thew) thew € T
pSI’C E P
E = addPtoTarc(PN, psr, t
( Psrc dst) tdSt eT
tsc €T
E = addTtoParc(PN, tsr, Pdst) e
Past EP
E = addTrans(PN, Psrc, thews Past){ | Psrc ,Past € P
addTransition(PN, tnew) thew € T
addPtoTarc(PN, Psrc, thew)
addTtoParc(PN, tnew, Pdst)
}
E = addPlace(PN, pnew) Pnew & P
E = addToken(PN, ptar) Prar € P

Table 3.1 Basic edit actions of the first group

13



Table 3.1 shows the pre-condition(s) according to each addition action above. The
parameters and pre-condition of basic edit action E in Table 3.1 are explained, using E =
addPtoTarc(PN, psrc, tast) @s an example. PN = (P, T, F, mp) is the original net before applying
E and the rest parameters ps and tgst contains the information of the newly added arc. The
pre-conditions ensure that newly added flow relations can obtain the correct source place or
destination transition in PN. The difference between F and F’ is the newly added arc (Psrc, tast)-
In addition, addTrans is the specific action for our editor and contains a batch of actions

corresponding to the newly added transition, “virtual ps”, and “virtual pgs”.

<a> ® O
E
E = delTransition(PN, t) )
ttar
(b)
E = delPlace(PN, piar) é
Ptar
()
E
E = delTtoParc(PN, tsrc, Past) ton = tore
Past Past
(d)
tar E tar
E = delToken(PN, par) )
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(€)

tast tast

E
E = delPtoTarc(PN, Psrc, tast) -
Psrc Psrc

Figure 3.2 Examples of the basic edit actions in the second group

Figure 3.2 shows a set of deletion actions, where (c), (d), and (e) show the deletion of a
TtoP arc, token, and PtoT arc respectively. In order to ensure that every transition has both
input and output places and each arc connects a place and a transition in the net, there are two
constraints specified in our editor in addition: (1) When a place or transition is deleted, the
connected arcs are killed automatically. (2) A deletion is not allowed to make a transition has

no input or output arc.

Basic editing action Pre-condition
E = delTransition(PN, tar) e
(tsrc, Pus)) € F
A(tsrc, Pj) € Fi'Py # Past
(Psre; tast) € F
A(pi, tast) € F: Pi # Psrc

E = delTtoParc(PN, tsrc, Pst)

E = delPtoTarc(PN, psrc, tast)

Ptar € P
E = delToken(PN, ptar) Mo(Pir) > 0
Ptar € P
E = delPlace(PN, prar) Y(ptar, t) € F, 3(pi, t) € F: pi # Prar
V(ti, prar) € F, 3(ti, pj) € F: pj # Prar
Table 3.2 Basic edit actions of the second group

Table 3.2 shows the pre-condition(s) according to each deletion action above. In
delPlace(PN, ptar), Prar @nd the arcs connected with pir are deleted. The pre-conditions ensure

that the deletions of these arcs do not violate constraint (2).
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(a) -

E = mergeTrans(PN, tirom, tio)

(b)

11T 27
565166 &6

E = mergePlace(PN, Prom, Pto)

O O

Figure 3.3 Examples of the basic edit actions in the third group

Figure 3.3 shows a set of edit actions in the third group, where Figure 3.3(a) and (b)
show the mergence of two transitions or places respectively. When a designer drags transition
trom tO transition ty, trom and t, are merged by redirecting the arcs connected with tom, and
then deleting tiom. The redirections are done as following: (1) For the arc whose head is trom,
its head is changed to ti,. (2) For the arc whose tail is tmom, its tail is changed to t,. The
mergence of two places are similar, shown in Figure 3.3(b), except that the tokens in psrom and

P Of the original net are put in py, of the refined net.
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Basic editing action Pre-condition

E = mergeTrans(PN, tiom, to) | trrom, to € T

E = mergePlace(PN, pfrom, Pro) | Ptrom, Pro € P

Table 3.3 Basic edit actions of the third group

In mergeTrans(PN, tiom, i), tiom IS merged into ty, in PN. In mergePlace(PN, Prrom, Pro),

Prrom IS Merged into py in PN.

3.2 The Examples of O-graph Change for Item Insertion

This section presents two kinds of O-graph changes, called modification and extension,
due to Petri Net edit actions. A modification i1s done by modifying the nodes in the O-graph.
An extension from one O-graph to the other can be represented by the difference of them.
They will be discussed accordingly with addTtoParc, addToken, addTrans, and addPtoTarc

examples.

1. addTtoParc example
Figure 3.4 is the original net PN needed for demonstration. Based on the definition of

occurrence graph, PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.5.
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Figure 3.4 Figure 3.5
Figure 3.4 The original net PN of an addTtoParc example.

Figure 3.5 The O-graph OG of Figure 3.4.

The contents for nodes and arcs of an occurrence graph can be expressed by Table A3.1(a)
and Table A3.1(b) respectively. Table A3.1(a) contains the marking and the canonical firing
count vector of each node in Figure 3.5. Table A3.1(b) contains the source marking, transition,
and destination marking corresponding to each arc. In order to identify ignored firing count
vector, each arc also has a flag called atf. There are two firing count vectors,
(0,0,1,0,0,1,0,0,0,0) and (0,1,0,0,1,0,0,0,0,0), corresponding to node vs in Figure 3.5. Assume

ms is constructed firstly after ts is fired at m;,and then ms has canonical firing count vector
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0:=(0,0,1,0,0,1,0,0,0,0), shown in Table A3.1(a). When t is fired at m,, arc as = (mj,ts,ms) is

created in A. Since 45=(0,1,0,0,1,0,0,0,0,0) generated by as is ignored in vs, atfs is set true.

Figure 3.6 Figure 3.7

Figure 3.6 The refined net PN’ of an addTtoParc example.

Figure 3.7 The O-graph OG’ of Figure 3.6.

Let a designer add a new arc from transition t, to place p4 in Figure 3.4, the Petri net PN
would become the refined net PN’ in Figure 3.6. Before addition of arc (tz, ps), the tuple of
transition t; in {a;, a;, a2, a;} is one, shown in Table A3.1(a). The marking change is from

m,=(0,0,0,0,0,0,1,0,0) to m,;=(0,0,0,0,1,0,1,0,0) in Table A3.2(a). m, has a token in place p4
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due to newly added arc and a;,[t;]. Each marking in OG can be modified as above. However,
modified ms is the same as modified mg. Thus, {vs, vs} and {as, as, as, as, ag, a0} becomes
{v¢} and {ay, ag, aq, a1 }. Since vs ignores the firing count vectors (0,1,0,0,1,0,0,0,0,0), as =
(ma,ts,ms) corresponding to ignored &5 is deleted and re-generated arc of as is a4 =
(my,tamy,).

In Figure 3.7, {vy,, v4} and {a;g} are generated from the re-generated arc a,,.
{my, m,} have tokens in place p, and marking {m;, ms} do not have any tokens in place pa.
Thus, {ai3, ais, a1, ay7, ajo} and {v;;, v;3} are generated from m; and m,. The
extension of the O-graph is the node set {v;;, vy, Vi3, V14 } and the arc set
{ a3, aus, a5, azg, a17, A1g, A19}, Shown in Figure 3.7. Because {mg, mg, myy} have
two firing count vectors and {as, ao, aq;}.are.modified from A, {atf;, atf,, atfis, atfio}

are set true.

2. addPtoTarc example

Figure 3.8 is the original net PN needed for demonstration. Based on the definition of
occurrence graph PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.9.

>(o )
o’

Figure 3.8 The original net PN of an addPtoTarc example
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Figure 3.9 The O-graph OG of Figure 3.8

After a designer adds a new arc from place p; to transition t3 in Figure 3.8, the original
net PN transfers to the refined net PN’ in:Figure 3.10, The tuple of transition t3 in ¢ is one,
shown in Table A3.3(a). ms is deleted;the: token at. p; due to the newly added arc (pi, t3).
Because mg[p1]=0, me is deleted in Figure 3.11.-Since atfs and atfy are true, a;, and a,; are

generated.

Figure 3.10  The refined net PN’ of an addPtoTarc example
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Figure 3.11  The O-graph OG’ of Figure 3.10

The extension of the O-graph is the node set {v-, v} and the arc set { a,o, a1 }-

3. addToken example

Figure 3.12 is the original net PN needed for demonstration. Based on the definition of

occurrence graph PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.13.

(O f—( = —1—(

Po to p1 1 P2 to P3

Figure 3.12  The original net PN of an addToken example

Figure 3.13  The O-graph OG of Figure 3.12
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The contents for nodes and arcs of an occurrence graph can be expressed by Table A3.5(a)
and Table A3.5(b) respectively. Table A3.5(a) contains the marking and the canonical firing
count vector of each node in Figure 3.13. Table A3.5(b) contains the source marking,

transition, and destination marking corresponding to each arc.

pO to pl t1 2 tz p3

Figure 3.14  The refined net PN’ of an addToken example

\
@ 0 e Q ---F--"\ v6 II
. ’

a4 -

\A'/ / a7
’ , ‘ S\ /
] i

L ------». Ve v
4 - 5

Figure 3.15  The O=graph OG’ of Figure 3.14

Let a designer add a new token to place p; in Figure 3.12, the Petri net PN would become
the refined net PN in Figure 3.14. The marking change is from m,=(0,0,1,0) to m,=(0,0,2,0),
shown in Table A3.6(a). m, has one more token in place p, due to newly added token in p,.
Each marking in OG can be modified as above.

The extension of the O-graph is the node set {v,, vs, v} and the arc set

{as, a4, as, ag, a;}, shown in Figure 3.15.
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4. addTrans example

Let the original net PN in Figure 3.16 be edited at present. Figure 3.17 shows the O-graph

of Figure 3.16.

Figure 3.16 Figure 3.17
Figure 3.16 The original net PN of an addTrans example.

Figure 3.17 The O-graph OG of Figure 3.16.

Although mo [to > my [t > mg and mg [t > my [ to > my, the firing count vectors for

these firing sequences from mg to m, are both 6;=(1,1,0), shown in Table A3.7(a).
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Figure 3.18

Figure 3.19  The O-graph OG’ of Figure 3.18

After a designer adds a new transition t3 from place po to place ps in Figure 3.16, the
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original net PN transfers to the refined net PN’ in Figure 3.18. On account of the newly added
transition ts, the canonical firing count vector of each vertex in Figure 3.17 would need an
additional tuple for tz as {; , o; , 05 , 65 , 4 , 62, 6¢ } in Table 3.8(a).

The extension of the O-graph is the node set {v,, vg, vy, V1o } and the arc set
{a;, ag, ay, ajy, a1, ay,}. Since {m,, my, m,} have tokens in place po, these markings

enable newly added transition ts. Thus, {a;, ag, aq} and {v,, vg, vo} are generated after ts is

fired at {m,, m;, m,}.

3.3 The Examples of O-graph Change

for Item Deletion and Mergence

Modifications and extensions.will be discussed accordingly with delTtoParc, delPtoTarc,

delToken, delTransition, delPlace,-and mergePlace examples.

5. delTtoParc example
Figure 3.20 is the original net PN needed for demonstration. Based on the definition of

occurrence graph, PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.21.
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Figure 3.20 Figure 3.21

Figure 3.20 The original net PN of an delTtoParc example.
Figure 3.21 The O-graph OG of Figure 3.20.

The contents for nodes and arcs of an occurrence graph can be expressed by Table A3.9(a)
and Table A3.9(b) respectively. Table A3.9(a) contains the marking and the canonical firing
count vector of each node in Figure 3.21. Table A3.9(b) contains the source marking,

transition, and destination marking corresponding to each arc.
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Figure 3.22 Figure 3.23

Figure 3.22 The refined net PN’ of an delTtoParc example.
Figure 3.23 The O-graph OG’ of Figure 3.22.

Let a designer delete the arc from transition t, to place ps from Figure 3.20, the Petri net
PN would become the refined net PN’ in Figure 3.22. Before deletion of arc (t,, ps), the tuple
of transition t, in {a;, a;, a5, ;1 } is one, shown in Table A3.9(a). The marking change is
from m,4=(0,0,0,0,1,0,1,0,0) in OG to m,=(0,0,0,0,0,0,1,0,0) in Table A3.10(a). m4[p.] is one
due to arc (t;, ps) and a;[t,]. Each marking in OG can be modified as above. However,
mo[p4]< a5 [t2] causes that the tuple of ps in modified mg becomes negative. Thus, node vy and
the arc set {ay, a4, ais} are deleted. In Figure 3.23, { a5, aj} are generated since atf, and

atfg are true.

28




6. delPtoTarc example

Figure 3.24 is the original net PN needed for demonstration. Based on the definition of
occurrence graph PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.25.

Figure 3.24  The original net PN of an delPtoTarc example

Figure 3.25  The O-graph OG of Figure 3.24

The contents for nodes and arcs of an occurrence graph can be expressed by Table

A3.11(a) and Table A3.11(b) respectively. Table A3.11(a) contains the marking and the
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canonical firing count vector of each node in Figure 3.25. Table A3.11(b) contains the source

marking, transition, and destination marking corresponding to each arc.

Figure 3.26  The refined net PN’ of an delPtoTarc example

Figure 3.27  The O-graph OG’ of Figure 3.26

Let a designer delete the arc from place p; to transition t3 in Figure 3.8, the Petri net PN
would become the refined net PN’ in Figure 3.26.

The extension of the O-graph is arc aq, shown in Figure 3.27.

7. delToken example

Figure 3.28 is the original net PN needed for demonstration. Based on the definition of

occurrence graph, PN has an O-graph named OG which contains two parts, V and A, shown in
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Figure 3.29.

o

(OO —(—]
¢ D £

Po to P1

Figure 3.28  The original net PN of an delToken example

Figure 3.29  The O-graph OG of Figure 3.28

The contents for nodes and-arcs of an occurrence-graph can be expressed by Table
A3.13(a) and Table A3.13(b) respectively.-Table A3.13(a) contains the marking and the
canonical firing count vector of each node in Figure 3:29. Table A3.13(b) contains the source

marking, transition, and destination marking corresponding to each arc.

(:)—»H—»( ) =|_| > )—»H—»( )
t1|—|

Po to Pz P> to P3

Figure 3.30  The refined net PN’ of an delToken example

Figure 3.31  The O-graph OG’ of Figure 3.30

Let a designer delete a token from p, in Figure 3.28, the Petri net PN would become the
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refined net PN’ in Figure 3.30. The marking change is from my=(1,0,1,0) in OG to
my=(1,0,0,0) in Table A3.14(a). mo[p:] is zero due to the deleted token. Each marking in OG
can be modified as above. However, ms[p;]=0 causes that the tuple of p, in modified m,

becomes negative. Thus, node v, and the arc set {as, as} are deleted.

8. delTransition example

Figure 3.32 is the original net PN needed for demonstration. Based on the definition of
occurrence graph, PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.33.

Figure 3.32  The original net PN of an delTrans example
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Figure 3.33 _«The O-graph OG of Figure 3.32

The contents for nodes and_arcs of an occurrence graph can be expressed by Table
A3.15(a) and Table A3.15(b) respectively. Table A3.15(a) contains the marking and the
canonical firing count vector of each node in'Figure 3.33. Table A3.15(b) contains the source

marking, transition, and destination marking corresponding to each arc.
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Figure 3.34 Figure 3.35
Figure 3.34 The refined net PN ":of an delTrans example.

Figure 3.35 The O-graph OG’ of-Figure 3.34.

Let a designer delete the transition t3 in Figure 3.32, the Petri net PN would become the

refined net PN’ in Figure 3.34. Since a5 [t3]>0, node v; and the arc set {a;, aio, a1, a2} are

deleted.

9. delPlace example

Figure 3.36 is the original net PN needed for demonstration. Based on the definition of

occurrence graph, PN has an O-graph named OG which contains two parts, V and A, shown in

Figure 3.37.
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Figure 3.36  The original net PN of an delPlace example

Figure 3.37  The O-graph OG of-Figure 3.36

The contents for nodes and arcs of an occurrence graph can be expressed by Table
A3.17(a) and Table A3.17(b) respectively. "Table A3.17(a) contains the marking and the
canonical firing count vector of each node in Figure 3.37. Table A3.17(b) contains the source

marking, transition, and destination marking corresponding to each arc.

—O
tl p2
Po
o | :é )
Pa ts

Figure 3.38  The refined net PN’ of an delPlace example
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Figure 3.39  The O-graph OG’ of Figure 3.38

Let a designer delete place ps in Figure 3.36, the Petri net PN would become the refined
net PN’ in Figure 3.38. The marking change is from m,=(0,0,1,1,0,1) in OG to m,=(0,0,1,0,1)
in Table A3.18(a). The tuple for ps; in modified m, is deleted. Each marking in OG can be

modified as above.

10.mergePlace example
Figure 3.40 is the original net. PN needed for demonstration. Based on the definition of

occurrence graph, PN has an O-graph named:OG:which contains two parts, V and A, shown in

Figure 3.41.
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Figure 3.40 Figure 3.41

Figure 3.40 The original net PN.of an mergePlace example.

Figure 3.41 The O-graph OG of Figure 3.40

The contents for nodes and arcs of an ‘occurrence graph can be expressed by Table
A3.19(a) and Table A3.19(b) respectively. Table A3.19(a) contains the marking and the
canonical firing count vector of each node in Figure 3.41. Table A3.19(b) contains the source

marking, transition, and destination marking corresponding to each arc.
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Figure 3.42 Figure 3.43
Figure 3.42 The refined net PN -of an mergePlace example.

Figure 3.43 The O-graph OG’ of Figure 3:42.

Let a designer merge two places from place p4 to place p; in Figure 3.42, the Petri net PN
would become the refined net PN’ in Figure 3.42. The marking change is from
m4=(0,1,0,0,1,0) to m,=(0,2,0,0,0) in Table A3.20(a). m, has two tokens in place p; due to
my[p1] and my[p4]. Each marking in OG can be modified as above.

In Figure 3.43, { m;, m,} can enable t; and {m1, m;} can not enable t;. Thus, {a;,, a;;}
and {v, vy, } are generated from m; and m,. The extension of the O-graph is the node set

{vg, V19, V11, V1o } and the arc set { aj,, a3, aiq, Ajs, e, ay7}, shown in Figure 3.43.

38



Chapter 4. Maintaining the O-graph for Item Insertion

When editing a Petri net, every time users can insert one of the following items: (1) an
arc, (2) a token, (3) a transition, or (4) a place. Correspondingly, the O-graph of the Petri net
has to be modified and extended. The modifications and extensions are discussed in the

following subsections respectively.

4.1 Arc Insertion

There are two types of arc insertions: (1) inserting an arc from a transition to a place and
(2) inserting an arc from a place to a transition. Section.4.1.1 discusses the maintenance of the

O-graph for the former and section.4.1.2 for the letter.

4.1.1 TtoP arc insertion

4.1.1.1 Scenario of TtoP arc insertions

Let a relation which belongs to TxP be named as a TPR relation. The addTtoParc
example in section 3.2 can be translated into: PN is transformed into PN’ by applying
addTtoParc with a TPR relation (t,, ps). A formal definition of a TPR addition is described in

Definition 4.1.

Definition 4.1 (TPR addition)

Let PN = (P, T, F, mp) be a Petri net. APetrinet PN’ = (P’, T’, F’, m’) constructed
by adding a TPR relation tpr into PN has the following properties:

(1) P =P;
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(2 T'=T,
(3) FF=Fu{tpr}

In a TPR addition, both the original net PN and the refined net PN’ have the same
transitions, places, and tokens in the places, but PN’ has one more arc representing the TPR

relation added. Therefore, the initial markings of PN and PN~ are equivalent, i.e. my = m,.

Definition 4.2 (Canonical Transition Firing Count Vector 5]-*)
Let a Petri net be PN = (P, T, F, mp) and the O-graphs OG = (V, A) belong to PN.

The canonical transition firing count vector @} at vertex v; is defined as v v; € V:

{6].* =0 Jif j = 0;
3 (mi,tn,mj) € A:g" = o + TCV.t, ,otherwise

, Where 0 denotes a vector of appropriate size |T| and all entries are zero.

There might be many distinct firing count vectora; at the vertex v;. Ensuring that each
vertex v; has identical structure, we choese.only.one arc in the O-graph to construct the
canonical transition firing count vector.a;” at vi. Thus, the canonical transition firing count

vector a; atv; is unique.

Definition 4.3 (another firing arc set ATF)
Let a Petri net PN = (P, T, F, mp) have the O-graph OG = (V, A). OG might have an
another firing arc set ATF C A,

ATF = { ak:(mi, th, m,-) € A| 03* * 5; + TCV.t, }

There are two firing count vectors oz at vs:
(0,0,1,0,0,1,0,0,0,0) = &; + TCV.ts = (0,0,1,0,0,0,0,0,0,0) + (0,0,0,0,0,1,0,0,0,0) and
(0,1,0,0,1,0,0,0,0,0) = &; + TCV.ts = (0,1,0,0,0,0,0,0,0,0) + (0,0,0,0,1,0,0,0,0,0).
However, Table A3.1(a) shows as = (my,ts,;ms) and = = a; + TCV.ts. Then, as = (Ma,t4,ms)

is put in ATF and atfs is true.
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There are two firing count vectors ¢ at vz:
(0,0,1,0,0,1,0,0,1,0) = 4z + TCV.ts =(0,0,1,0,0,1,0,0,0,0) + (0,0,0,0,0,0,0,0,1,0) and
(0,0,1,0,0,0,1,0,0,1) = a5 + TCV.ts =(0,0,1,0,0,0,1,0,0,0) + (0,0,0,0,0,0,0,0,0,1).
However, Table A3.1(a) shows ag = (ms,ts,m7) and a; = a2 + TCV.ts. Then, a; = (M4,ts,m7)
is put in ATF and atfy is true.

Obviously, the set ATF of Figure 3.5 is {as, as}.

Definition 4.4 (state space mapping function for addTtoParc SSMg)
Let a Petri net PN = (P, T, F, mo) have the O-graph OG = (V, A), and M be the
marking set. Assume that PN is changed into another Petri net PN’ by applying the
basic editing action E = addTtoParc as described in section 3.1 according to a TPR
relation tpr. M’ is the set of all markings of PN". The state space mapping function
SSME is a function defined from M inte 7, and tpr = (tsrc, Past):

VY m; € M: SSMg(m;) = m; + 5'i*[tsrc] * PCV.pgst

SSME is a function which maps the reachable markings of PN to the reachable markings
of PN’. For example, while using marking m;=(0,0,0,1,0,0,0,0,0) in Table A3.1(a) as input,
SSME outputs marking m; = (0,0,0,1,1,0,0,0,0) =m; + &;[t.] * PCV.ps = (0,0,0,1,0,0,0,0,0)

+1*(0,0,0,0,1,0,0,0,0), as shown in Table A3.2(a).

Definition 4.5 (arc mapping function for addTtoParc Rg)
Let E = addTtoParc be defined as in Definition 4.4, and M’ be the set of all
markings of PN’. The arc mapping function Rg is a function defined from A into M’
xT'x M,
and tpr = (tsrc, Past):

Vag = (m;, th, M) € A: Re(ax) = (SSMg(mi), th, SSMe(mj));

For example, both marking mg and mg can enable the firing of transition t7, i.e. ai;p = (M,
t7, mg) and azx = (Mg, t7, Myo) in Table A3.1(b). After arc mapping function R is applied with

inputs a1o and ay1, Re(a10) = (g, t7,;my) and Re(an) = (mg,tz;my,), as shown in Table A3.2(b).
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Definition 4.6 (temporal occurrence graph for addTtoParc OGg)
Let E = addTtoParc be defined as in Definition 4.4, and M be the set of all markings

generated from SSMe. The temporal occurrence graph OGe is the directed graph
OGk = (V, A) with tpr = (tsrc, Past), Where

(1) Yvi €V, v € V: mj = SSMg(m;)

(2) A={ (m;, tn, m;) € MXTXM | m; [t > m; }

(3) Vax € AATF, ax € A: ax = RE(ak)

For example, Figure 4.1 is the OGg after SSMe and Re are applied with input OG shown

in Figure 3.5.

Figure 4.1 The temporal occurrence graph OGe modified from Figure 3.5.
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According to Definition 4.6, the following properties ensure that OG’ can be constructed

by extending OGe.

Proposition 4.1

Let E = addTtoParc be defined as in Definition 4.4, C be the incidence matrix of
PN, C’ be the incidence matrix of PN’, and a temporal occurrence graph OGe be
defined as in Definition 4.6. Then,

(1) vo = v,

2vcr, and

(3YAc 4.

Proof:
(1) Since the initial markings of PN and PN are the same, vo = v,.
(2) Foreachnodevy;inV,
mi =m; + 7 [tsre] * PCV.past.
Since the firing sequence of @;° can be fired in PN, there is a marking
m; =my + C *a;.
Because there might be some token(s) generated from the arc (tsr, pust), the difference
between mi[pas] and m; [past] is 67 [tsrc]. Besides, the rest of m; are equivalent to those of
m;, ie.
m; =mi+ &/ [tsre] * PCV.past.
According to Definition 4.4,
m; = SSM(m;) is m,.
From Definition4.6 and ¢ = &/ ,vi= v,.
Thus, and V is the subset of 7.
(3) Foreacharc ax = (m;, th, m;) in A, there is a node v£ € V" and a marking m;: m; based on

the discussions in (2). Since m;[pas] = mi[past] and the token numbers in the rest

places do not change, transition t, enabled at m; can also be fired at ml From Definition
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4.6(1), another marking m; € M can be modified as
mj = mj+ 6" [tsrc] * PCV.pgst.
From Definition 2.4,
m;=m;+ C* TCVLt,.
From Definition 4.2,
g’ = o;+ TCVi,.
Therefore, mj = mj + 6;[tsrc] * PCV.past + C * TCV.ty + TCV.tn[tsrc] * PCV.pgst. Because
TCV.tq[tsrc] * PCV.pyst is the number of new tokens in the place pyst,
C’*TCV.t, = C * TCV.t, + TCV.ty[tsrc] * PCV.pgst.

Thus, there exists an arc a,=(m;, t,m;) € 4’and mj= m; +C’* TCV.t, = m;.

Hence, ax = a; and A is the subset of A,

Proposition 4.2

Let E = addTtoParc be defined as in Praposition 4.1. Then,
v ax = (m;, th, m;) € A:
(1) if axe ATF and (a;+ TCV.to)[tsec) = 7" [tsrc]s

then Re(ax) € 4.
(2) if axe ATF and (a;+ TCV.to)[tsrc] # " [tore],

then Re(ax) € 4’ and

(SSMg(mi), tn, mj+(a;+ TCV.tn)[tsrc] * PCV.past) € 4.

(3) if axg ATF, then Re(ax) € 4.

Proof:

(1) From Definition 4.6(1), mj = m; + &;"[tsrc] * PCV.pyst.
From Definition 2.4 and (o;+ TCV.to)[tsrc] = 0 [tsrc], M + 0" [tsrc] * PCV.pgst = m; +
&7 [tsre] * PCV.pyst + C * TCV.ty + TCVity [torc] * PCV.past.
From Proposition 4.1(2), there is a marking m;= SSMg(m;).

Thus, mi + 6 [tsrc] * PCV.pgst = ml TCV.t, [tsrc] * PCV.pgst represents the tokens in place
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(2)

©)

1)
)

@)

Past generated from arc (tsre, Past) after firing t,. The difference between C * TCV.t, and C’

* TCV.t, is the tokens generated from arc (tsrc, Past)-

Hence, mi + 6 [tsrc] * PCV.pgst + C * TCV.t, + TCV.ty [tsre] * PCV.past = m; + C’* TCV.t,.

Because m; + C’* TCV.ty = m;, Re(a) = ( SSMe(my) , tn, SSMe(my) ) = (m;, to, my) = (my,
tn, mjf) €A’

!

From Proposition 4.1(2), there is a marking m;: SSMg(m;). Since m; enable t,, m;
enable tn. mj + (6;+ TCV.ty)[tsrc] * PCV.pgst = M + C * TCV.ty + 6 [terc] * PCV.past +
TCV.ta[tsre] * PCV.past = m; + C** TCVity = m;.

Because SSMe(m;j) = mj + & [tsrc] * PCV.pastand ;" + TCV.tn)[tsrc] # 7" [tsrc], Re(an)#m; +
(7 + TCV.ty)[tsrc] * PCV.pgst. Thus, Re(ay) € 4.

From Definition 4.6 (3) and axe A\ATF, Re(ax) € A. From Proposition 4.1(3), Re(ax) €

A’

We use the addTtoParc example in section 3.2 to explain Proposition 4.2. In the example:
a7€ ATF and (6;+ TCV.to)[t2]=05[tz] cause Re(az) = a, € 4.

as€ ATF and (65 + TCV.ty)[tz]#62 [t2] cause Re(as) = (my,tams) € 4°. Also, my, = mg

+ (63 + TCV.t)[tz] * PCV.ps = (0,0,0,0,0,1,0,0,0) + 0%(0,0,0,0,1,0,0,0,0) is constructed
by mi+(67+ TCV.t))[tsre] * PCV.past. Thus, (my,ta,my,) = aj,€ 4.

Because as & ATF, Re(as) = az€ 4.

Proposition 4.2(2) detects the arcs which do not belong to 4’. Proposition 4.2 certifies

that the detections are complete.

Definition 4.7 (must re-generated marking set for addTtoParc MRGg)
For a temporal occurrence graph OGe and M, the set of all markings in OGe. OGe
might have a must re-generated marking set MRGg € M, tpr = (tsrc, Pdst):

MRGg = {mi € M| 7, [tsrc]>0 }.
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m7}.

Since o7 [t]=1, a;[t2]=1, 6<[t2]=1, and &7 [tz]=1, MRGE in Figure 4.1 is {m;, m4, ms,

Proposition 4.3

Let E = addTtoParc be defined as in Proposition 4.1. Then, V a;,=(m;, t,m;) € 4°:
(1) if m; M, then a, & A.

(2) if m; € MRGg and 2 (m;, t,, m;)) € AATF, then a, & A.

(3) if m; € MRGg and 3 (m;, t,, m;) € A\ATF, then a, €A.

(4) if m; € Mand m;¢ MRGg, then a, €A or 3 (m;, t,, m;) € ATF.

Proof:

1)
(2)
©)

(4)

1)
)
®3)
(4)

If m; does not exist in OG, the arcs'starting from it to mj can not occur in OGe.
Because Z (M, t,, M) € A\ATF and Definition 4.6(3), 2 (m;, t,, m;) € A. Thus, a, & A.
Since 3 (m;, t,, m;) € A\ATF and Definition4.6(3), 3 (m;, t,, m;) € A. From Proposition
4.1(3), a,€A.

Because m; & MRGg, &; [tsc]=0. Henee,-m; can enable all transitions which m; can

enable. Since m; can enable all transitions which m; can enable, each arc from m,

belongs to A or 3 (m;, t,, m;) € ATF.

We use the addTtoParc example in section 3.2 to explain Proposition 4.3. In the example:
Because ajs=(my;,ts,;mg) and my; & M, a;¢€ A.

m; € MRGg, as=(Ma,ts,M4), and as=(my,ts,Ms) cause a;3=(m;,tz,;my;)€& A.

my € MRGE and az=(my,ts,ms) cause as=(mj,ts,;m,)€ A.

Since m;€ M and m; € MRGE\MS, agz=(mj3,t3,mg) € A.

Proposition 4.3(1) and (2) detect the arcs which do not belong to A. Proposition 4.3
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certifies that the detections are complete.

Proposition 4.4
Let E = addTtoParc be defined as in Proposition 4.1. Then,
(1) vy € 1’ 1if A (m;, tm)) € Aand v;#v,,

then v, & V.

(2) vEV

Proof:

(1) Since there is no arc pointing to the vertex vj in OGg, such marking do not exist in OGe

but the initial vertex.

(2) Since my=mpand &; = G5, v,= Vo belongs to V.

We use the addTtoParc example in section 3.2 to explain Proposition 4.4. In the example:

(1) Because v;;#v, and aj;=(my,tz,myy) €A, v,,€¢ \.

Proposition 4.5

Let E = addTtoParc be defined as in Proposition 4.1.
V mx, mye M. if SSME(mx) = SSME(my) and O_:; [tsrc]>0_:;[tsrc], then V (mx, tn, mXJ) E A,
3 (my, tn, myJ) E A.

Proof:
Because SSME(my) = my + 5;[tsrc] * PC\/.pdst, SSME[mx] = mx + 5; [tsrc] * PC\/.pdst,
0y [tsrc]>05 [tsrc], and SSMe(my) = SSMe(my), my[past] < Mx[past] and the rest of my and my are

equivalent. Thus, my, can enable the transitions which my enables.

We use the addTtoParc example in section 3.2 to explain Proposition 4.5. In the example,

SSMe(mg) = SSMe(ms) and oz [to]> ¢ [tz]. Both ag=(ms,ts,;m7) and ag=(ms,ts,mg) are
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constructed by firing ts.

4.1.1.2 Updating an Occurrence graph

Let a Petri net be PN = (P, T, F, mg), the O-graph OG = (V, A) belong to PN, and M be
the set of all markings of P. The following algorithm presents a method to update the
corresponding O-graph OG’ when a TPR relation is added into a Petri net. Each arc a; € A has
the flag atf; = {true, false}. The flag atf; = true means a; € ATF (Definition 4.3), whereas a; ¢
ATF. Assume that PN is transformed into another Petri net PN’ by applying basic editing
action E = addTtoParc according to tpr=(tsr, Pdst), I.€. addTtoParc (PN, tsc, past). Algorithm
4.1 firstly modifies OG for OGg as described in Definition 4.6, and then extends OGg for the
O-graph OG’= (V’, A’) which belongs to PN, .M is the set of all markings in OGe and M is

the set of all markings of P".

Algorithm 4.1 Main_ATP (PN, OG, tpr) — PN’and 0G’

/I Input PN: the original net

I OG: the O-graph of PN

I tpr: a TPR relation

/I Output PN’: the refined net with tpr
I OG’: the O-graph of PN’

® My, — & : aset of markings. My € M’ \ M. My, contains those markings for which
we have not yet found the successors.

e MRGg < ¢ : a set of markings as in Definition 4.7.

e OGg : atemporal occurrence graph. V<« §and A < §.

e OG’: an occurrence graph. V"« §dand 4"« § .

1 add an arc from tg to pyst /I construct PN’

2  ModifyOG_ATP /I modify OG for OGg
3  Findmarking

4  ExtendOG /I extend OGg for OG’
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Line 1 in Algorithm 4.1 constructs the refined Petri net PN’. Line 2 calls the function
ModifyOG_ATP (Algorithm 4.2) to modify the state space in OG and redirect the flow
relations in ATF. For example, the redirection changes from as to a;, and generates node
vy,. Then, vy, is added to M, The function Findmarking (Algorithm 4.4) in line 3 can
generate the new node vj'eV’ \V and arc a, € 4’\ A according to MRGE. For example, the
new nodes in Figure 3.7 are v;; and v;5. The new arcs are a;; and a;s. The new nodes
generated by Findmarking are put in My,. Line 4 calls the function ExtendOG (Algorithm 4.5)
to generate the rest of new nodes and arcs whose ancestors are in My, e.g., the node v;, and
the arcs ajs, ay7, ajg, and ayy in Figure 3.7. The details of each step will be presented

below.

Algorithm 4.2 ModifyOG_ATP

ATF «— ATF
A—A
for all vi € TmapV (ts) do
begin
NewV(vi ,vi)
Mi[past] < Mi[Past] + 7 [tsre]
/I SSMg(m;) in Definition 4.4
if(3m;e M and m; = m;)
if(a; [tsre] > 07 [tsrc])
Merge(vi, vj)
else
Merge(v;, vi)
endif
else /I m; € MRGg
MRGg «MRGg U {m;}
endif
endfor
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19 for all ax = (mj, t,, m;) € ATF do
20 begin

21 if( (a7 +TCV.to)[tsre] # 07 [tsrc] )
22 A—A\{a}

23 ATE «— ATE\ {a }

24 mjf is the marking produced after m; fires t,
25 v; — Node (vi, t,, m;)

26 VeV U{y}

27 a,— Arc (m;, t,, m;)

28 A —A"U{a;}

29 endif

30 endfor

In Algorithm 4.2, the loop from line 3 to 17 selects a node v; in TmapV (tsc). In line 3,
TmapV (tn) is a function that maps a transition t, to a set of vertexes. V v; € TmapV(t,):
0, [t]>0. In line 5, NewV (vi ,vi) is«a function..The function creates a new vertex v;, sets its
datum as the following, and adds ¥; to.\V.

- MM

B g0
In each turn, line 6 modifies the marking of v; as described in Definition 4.4. Some of the
markings after modification would be duplicated and codes from line 9 to 13 deal with this
situation by calling Merge as in Algorithm 4.3 with corresponding parameters. After Merge,
the node represented by the first parameter and its connected arc(s) are deleted. Because the
parameters of Merge in line 10 and 12 are different, the node to be deleted is vi or y;
respectively. Otherwise, m; is added to MRGg in line 15. The loop from line 19 to 30 deletes
the arcs in ATF according to “if condition” in line 21. In line 25, Node (v;, t,, m’) is a
function. If there is already a node v} whose marking is equal to m’, the function has no
effect and returns address v] Otherwise, the function adds m’ to My, creates a new vertex v]
sets its datum as the following, and returns its address.

i

- omp —m’
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- " «a; + TCVt,
In line 27, Arc (m;, t,, m;) is a function that creates a new arc a;= (m;, t,, m;) in A’, sets its
datum as the following, and returns its address.

- atf,« true and ATF’ — ATF’U{a,} Jif 67 # a7+ TCVt,

- atf,« false , otherwise
Then, line 25 generates the node with v;, t,, and mj Line 27 generates the arc based on m; [t,

1

>m;.

For example, when the loop from line 3 to 17 selects v;, line 6 modifies m; as m; + g7[t2]
* PCV.ps. Assume that ms belongs to M. When vs is selected, the marking ms and mg in Figure
4.1 are both (0,0,0,0,1,1,0,0,0) and a%[t2] > o/ [t2] which satisfy the conditions in line 8 and 9.
Hence, Merge(vs, ve) is called in line 10. When the loop from line 19 to 30 selects as,

(a5+TCV.L)[t2] # a2[tz] satisfy the conditions. in line 21. Thus, arc as in Figure 4.1 is deleted.

vy, and aj, inFigure 3.7 are generated based on'ms [ty >m;,.

Algorithm 4.3 Merge (vx, Vy)

/I Input Vy. a vertex after SSMg

/! Vy: a vertex after SSMeg

1 forall ax = (my, t,, my) €A /loutgoing arcs of vy
2 if(atfy = true)

3 ATF — ATE\{ &}

4 endif

5 A—A\{a}

6 endfor

7

8 forall ax = (my;, t,, my) €A /lingoing arcs of vy
9 change ax from (myi, tn, my) to (myi, ta, my)

10 if(a;;+TCV.ty#a,)

11 atfy < true

12 ATE —ATEU{ &}

13 endif
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14 endfor
15 Ve V\{%}

In Algorithm 4.3, the loop from line 1 to 6 deletes each outgoing arc of vy. The loop from
line 8 to 14 redirects the ingoing arcs of vy. Line 15 merges node vy and vy by deleting vy in V.

For example, when v,=vs and vy=Ve, arc as = (ms, ts, m7) in Figure 4.1 is deleted. When
Vx=V7 and v,=vg, arc ay is redirected from (ma, ts, m7) to (M4, to, Ms). Vs and ve are merged by

deleting vs.

Proposition 4.6

Assume that the markings of v, and vy are equivalent and &% [tsc] > gy [tsrc].
Algorithm 4.3 merges vy and vy correctly, i.e., the arcs connected with vy are
redirected to vy and vy is deleted in.V.

Proof:

The loop from line 1 to 6 deletes €ach outgoing arc of vx and Proposition 4.5 holds that the
redirected arcs of the outgoing arcs of vx belongto A. The loop from line 8 to 14 redirects the
ingoing arcs of vx. Line 15 merges node vy and vy by deleting vy in V. With above statements,

the correctness of Algorithm 4.3 holds.

Proposition 4.7

Assume that the arc from tg to pgst is added into PN and Algorithm 4.3 merges vy
and vy correctly. Algorithm 4.2 modifies OG as OGg, generates MRGg, and redirects
the arcs in ATF correctly, i.e., OGg as defined in Definition 4.6, MRGg as defined in
Definition 4.7, and the arcs after redirections belong to OG".

Proof:

The temporal occurrence graph defined in Definition 4.6 is calculated from line 3 to 17. For

each node v; € V, the conditions in line 8 and 9 equals to those in Proposition 4.5 and
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Algorithm 4.3 merges vy and vy correctly. Otherwise, m; is added to MRGe. Line 19 to 30
deletes and generates the arcs according to the condition in Proposition 4.2(2). With above

statements, the correctness of Algorithm 4.2 holds.

Algorithm 4.4 Findmarking

1  for all mie MRGg

2 for (each transition t, can be enabled at m; and A(m;, t,, m;) € A)
3 m]f is the marking produced after m; fires t,

4 v; — Node (vi, t,, m;)

5 V17 U{y}

6 a,— Arc (mj, tn, m;)

7 A — A" U{a}

8 endfor

9 endfor

In Algorithm 4.4, for each marking mj in MRGg, the loop from line 2 to 8 generates the
node v; and the arc a,=(m;, t,, m;) based on'm; [ t, >m;. Line 4 adds the new marking m
to My if m;& V.

For example, when the loop from line 1 to 9 selects m; and the loop from line 2 to 8

selects t7, vy, is generated in line 4 and a5 is generated in line 6.

Proposition 4.8

Given PN and PN’ as in Definition 4.1 and MRGg generated by Algorithm 4.2
correctly. Algorithm 4.4 generates the nodes and arcs from MRGg correctly, i.e., the
nodes and arcs generated by Algorithm 4.4 all belong to OG’ but not OGe.

Proof:
For each marking mie MRGg, the conditions in line 2 equals to those in Proposition 4.3 (2)

and codes from line 4 to 7 generate the nodes and arcs for OG’. Since A(m;, t,, m;) € A, the
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arc generated by Algorithm 4.4 do not belong to OGe. Thus, the correctness of Algorithm 4.4

holds.

Algorithm 4.5 ExtendOG

1 V< J1ruy

2 A —AUA

3 ATF’ «— ATF’UATF

4  repeat

5 select a markings m;€ My

6 for (each transition t, enabled at m; )
7 m; is the marking produced after firing t,
8 v; « Node (v;, t,, m;)

9 V1 U{y}

10 a;(<— Arc (m;, th, m]f)

11 A — A" U{a}

12 endfor

13 Mar < Mqr \ {m;}

14 untilMp=§

In Algorithm 4.5, for each m; in My, the loop from line 4 to 12 generates the arcs a, €
A’ and nodes v] €V’ from v,. The nodes generated by function Node are added to My.
For example, when the loop from line 4 to 12 selects my, the node generated from vy,

is v;3 and the arcs generated from vy, are aj, and a;, as shown in Figure 3.7.

Proposition 4.9

Assume that My, is generated by Algorithm 4.2 and Algorithm 4.4 correctly.
Algorithm 4.5 generates the nodes and arcs whose ancestors are in My, correctly,
i.e., the nodes and arcs generated by Algorithm 4.5 all belong to OG’ and the nodes
and arcs belonging to OG’ but not generated by Algorithm 4.4 are all generated by
Algorithm 4.5,
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Proof:

For each marking m;€ My, the loop from line 4 to 14 extends the graph from M,, which has
the properties discussed in Proposition 4.3(1) and Proposition 4.4(1). Codes from line 8 to 11
generate the nodes and arcs for OG’. Proposition 4.3 certifies that the detections
corresponding to Proposition 4.3(1) are complete. Hence, the correctness of Algorithm 4.5

holds.

Theorem 4.1 (Correct O-graph Modification and Extension)
Algorithm 4.1 generates OG’ correctly when adding a TtoP arc, i.e. OG’ has the
same characteristic as the one constructed from PN’ directly.

Proof:

From Proposition 4.7, Algorithm 4.2 modifies.OG as.OGg and redirects the arcs in ATFE
correctly. From Proposition 4.1, OGgis the subnet of OG’. From 4.8 and 4.9, the nodes and
arcs generated by Algorithm 4.4 and 4.5 all belong to OG’ and the nodes and arcs belonging
to OG’ but not OGe are all generated by Algorithm 4.4 and 4.5. Hence, the correctness of

Algorithm 4.1 holds.

4.1.1.3 The time complexity

Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In algorithm 4.2, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 3 to 17 will run n times. Line 8 checks if m; is already in the temporal
occurrence graph and the complexity of the search is O(1). Because the loop from line 19 to
30 will run n times, the complexity of Algorithm 4.2 is O(n). In algorithm 4.5, each node

contained in the result O-graph but not contained in OGg should be added into M. The loop
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from line 4 to 14 selects a marking in M, and generates the arcs and nodes correspondingly.
Hence, this loop repeats | - n| times. Since each transition in the result net must be examined
whether it is enabled at m; or not, the complexity of the examination is O(t). The procedure
Node (v;, tn, m;) checks if m; is already in O-graph and the complexity of the search is O(1).
Thus, the complexity of Algorithm 4.5 is O(|n - n|*t). The complexity of Algorithm 4.1 is O(n
+ |n’- n|*t). Since designers usually edit the Petri nets sequentially, the complexity of

Algorithm 4.1 is O(n + t).

4.1.2 PtoT arc insertion

4.1.2.1 Scenario of PtoT arc insertions

Let a relation which belongs to PxT be named as a PTR relation. The addPtoTarc
example in section 3.2 can be translated into:- PN is transformed into PN’ by applying
addPtoTarc with a PTR relation (p1, t3).-Afoermal definition of a PTR addition is described in

Definition 4.8.

Definition 4.8 (PTR addition)

Let PN = (P, T, F, mp) be a Petri net. APetrinet PN’ = (P’, T’, F’, m’) constructed
by adding a PTR relation ptr into PN has the following properties:

(1) P'=P;

(2 T'=T,

(3) F’=F U {ptr}.

In a PTR addition, both the original net PN and the refined net PN’ have the same
transitions, places, and tokens in the places, but PN’ has one more arc representing the PTR

relation added. Therefore, the initial markings of PN and PN are equivalent, i.e. mo = m.

56



Definition 4.9 (state space mapping function for addPtoTarc SSMg)
With Definition 4.8 and M’, the set of all markings of PN’. The state space mapping
function SSME is a function defined from M into M”, and ptr = (Psrc, tast):

VY m; € M: SSMg(m;) = m; - Ei*[tdst] * PCV.psrc

SSME is a function which maps the reachable markings of PN to the reachable markings
of PN’. For example, while using marking m;=(1,0,0,1) in Table A3.3(a) as input, SSMg
outputs marking m; =(1,0,0,1) = my - &;[ts] * PCV.p1 = (1,0,0,1) - 0 * (0,1,0,0) as shown in

Table A3.4(a).

Definition 4.10 (arc mapping function for addPtoTarc Rg)
Let E = addPtoTarc be defined as in Definition.4.9, and M’ be the set of all markings
of PN’. The arc mapping function R is a function defined from A into M’ x T~ x
M’, and ptr = (Psrc, tast):

Vax = (mj, t, m,-) € A: Re(ax) = (SSMg(m;), tn, SSME(m,-));

For example, both marking my and-m, can enable the firing of transition ty, i.e. a; and a3
in Table A3.3(b). After arc mapping function Re is applied with inputs a; and as, Re(a1) =

(mg,t1,my) and Re(as) = (my,t1,my), as shown in Table A3.4(b).

Definition 4.11 (temporal occurrence graph for addPtoTarc OGg)

Let E = addPtoTarc be defined as in Definition 4.9, and M be the set of all markings
generated from SSMe. The temporal occurrence graph OGe is the directed graph
OGe = (V, A) with ptr = (Psrc, tast), where

(1) Y vi €V, Vi € V: mj = SSMg(m;)

(2) A={(m, to, m;) € MXTXM | m; [ t, > m; }

(3) Vax € A\ATF, ax € A: ax = Re(ak)

For example, Figure 4.2 is the OGg after SSMe and Re are applied with input OG in

Figure 3.9.
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Figure 4.2 The temporal occurrence graph OGe modified from Figure 3.9.

4.1.2.2 Updating an Occurrence graph and the time complexity

Algorithm 4.6 presents a method to update the corresponding O-graph OG’ for the

insertion of a PTR relation. Based on Definition 4.8, Algorithm 4.6 firstly modifies OG for

OGe (Definition 4.11), and then extends OGg for the O-graph OG’= (V", 4°).

Algorithm 4.6 Main_APT (PN, OG, ptr) — PN’and 0G’

/I Input PN: the original net

I OG: the O-graph of PN

I ptr: a PTR relation

/I Output PN’: the refined net with ptr
1 OG’: the O-graph of PN’

® My, — & : aset of markings. My € M’ \ M. My, contains those markings for which
we have not yet found the successors.

e OGg : atemporal occurrence graph. V<« $and A < § .

e OG’: an occurrence graph. V"« §and 4" « § .

1  add anarc from perc t0 tgst /I construct PN’
2  ModifyOG_APT Il Algorithm 4.7
3  ExtendOG /I Algorithm 4.5
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Line 1 in Algorithm 4.6 constructs the refined Petri net PN’. Line 2 calls the function
ModifyOG_APT (Algorithm 4.7) to modify the state space in OG and redirect the flow
relations in ATF. For example, the redirection changes from as to a;, and generates node v,.
Then, node v is put in My,. Line 3 calls the function ExtendOG (Algorithm 4.5) to generate
the rest of new nodes and arcs whose ancestors are in My,. The details of each step will be

presented below.

Algorithm 4.7 ModifyOG_APT

1 forallv; e PTmapV (Psrc, tast) do
2 begin

3 NewVA(v;i ,Vi)

4 Mi[Psrc] < Mi[psrc] - &7 [tast]
5 /I SSMg(m;) in Definition 4.9
6 if(3m;e M where m; = m;)

7 Merge(vi, vj))  //Algorithm 4.3
8 endif

9 endfor

10

11 for all ax = (m;, t,, m;) € ATE do
12 begin

13 A—A\{a}

14 ATE «— ATE\{a}

15 if(t, can be enabled at m;)

16 m]f is the marking produced after m; fires t,
17 v; < Node (vi, tn, 1)

18 Ve v U{y}

19 a,— Arc (m;, t,, m;)

20 A — A" U{a;}

21 endif

22 endfor
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In line 1, PTmapV (pm, tn) is a function that maps place pn, and transition t, to a set of
vertexes. V vi € PTmapV(pm, tn): Mi[psrc] = 67 [tast]. In Algorithm 4.7, the loop from line 3 to
15 selects a node v; in PTmapV (Psr, tast). In line 3, NewVA (vi ,vi) is a function. The function
creates a new vertex v;, sets its datum as the following, adds v; to V, and adds arcs { ax=(ma, tn,
mp) | (me=m; and myEM) or (ma€M and mp,=m;) } into A and ATF.

- MM

- Q?‘—gi*
In each turn, line 4 modifies the marking of v; as described in Definition 4.9. Some of the
markings after modification would be duplicated and codes from line 6 to 8 deal with this
situation by calling Merge as in Algorithm 4.3 with corresponding parameters. After Merge,
the node represented by the first parameter and its connected arc(s) are deleted. The loop from
line 11 to 22 deletes the arcs in ATE. Then, line. 17 generates the node and line 19 generates
the arc based on m; [ty > m;.

For example, when the loop from line1to 9 selects vi, line 4 modifies m; as m; - a5 [ts]
* PCV.p;. When the loop from line 14 te 22 finds as-in-Figure 3.9, arc as is deleted then. vy,
and aj, in Figure 3.11 are generated based on m; [ts > m5.

The correctness proof process for Algorithm 4.6 is quite similar to that for Algorithm 4.1.

Thus, it is not discussed here.

Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In algorithm 4.7, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 1 to 9 will run »’ times. Because the loop from line 11 to 22 will run
at n’ times, the complexity of Algorithm 4.7 is O(n’). Thus, the complexity of Algorithm 4.6

is O(n).
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4.2 Token insertion

This section discusses the maintenance of the O-graph for Token insertion.

4.2.1 Scenario of Token insertions

The addToken example in section 3.2 can be translated into: PN is transformed into PN’
by applying addToken to place p,. A formal definition of a Token addition is described in

Definition 4.12.

Definition 4.12 (Token addition)
Let PN = (P, T, F, mo) be a Petrisnet. A Petri net PN’ = (P’, T’, F’, m’g) constructed
by adding a token to place pw/in PN has the following properties:

(1) P'=P;
(2 T'=T,
@) F=F

(4) my=mg + PCV.par

In a Token addition, both the original net PN and the refined net PN’ have the same

transitions, places, and arcs, but the initial marking of PN’ has one more token in pgr than mp.

Definition 4.13 (state space mapping function for addToken SSMg)
With Definition 4.12 and M’, the set of all markings of PN’, the state space mapping
function SSMg is a function defined from M into M.

VY m; € M: SSMg(m;) = m; + PCV.piar

SSME is a function which maps the reachable markings of PN to the reachable markings
of PN’. For example, while using marking m;=(0,1,0,0) in Table A3.5(a) as input, the output

marking from SSMe is m; = (0,1,1,0) = m; + PCV.p; = (0,1,0,0) + (0,0,1,0), as shown in
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Table A3.6(a).

Definition 4.14 (arc mapping function for addToken Rg)
Let E = addToken be defined as in Definition 4.13. The arc mapping function Rg is a
function defined from A into M’ x 77 x M’:

Vai = (m;, t,, mj) € A: Re(ax) = (SSMe(mi), th, SSMe(m;));

As in addToken example, marking m; can enable the firing of transition ti, i.e. a; is (my,

t;, my). After Re is applied with inputs ai, Re(a1) is (m,t1,m;), as shown in Table A3.6(b).

Definition 4.15 (temporal occurrence graph for addToken OGg)
Let E = addToken be defined as in Definition 4.13, and M be the set of all markings

generated from SSMe. The temporal occurrence graph OGe is the directed graph
OGe = (V, A), where

() VvieV,vieV.m= SSME(mi)

(2) A={(mj t,, m) € MxTxM | mi [ t, >m;}

(3) Vax € A, ax € A: ax = Re(ak)

For example, Figure 4.3 is the OGg after SSMg and Re are applied with input OG in

Figure 3.13.

Figure 4.3 The temporal occurrence graph OGe modified from Figure 3.13.

Definition 4.16 (must re-generated marking set for addToken MRGg)
For a temporal occurrence graph OGe and M, the set of all markings in OGe. OGe

might have a must re-generated marking set MRGg = M:

MRGe in Figure 4.3 is {mg, m1, my, ms}.
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4.2.2 Updating an Occurrence graph and the time complexity

The following algorithm presents a method to update the corresponding O-graph OG”’
when a token is added into a Petri net. Based on Definition 4.12, Algorithm 4.8 firstly

modifies OG as OGg (Definition 4.15), and then extends OGg as the O-graph OG’= (1", 4).

Algorithm 4.8 Main_ATo (PN, OG, pwr) — PN’and 0G’

/I Input PN: the original net

1 OG: the O-graph of PN

1 Prar: @ place in PN

/l Output PN’ the refined net with piar
1 OG’: the O-graph of PN’

e My, — & :asetof markings. M, S\ M. My contains those markings for
which we have not yet found the successors.

e MRGg « ¢ : a set of markings as in Definition 4.16.

e OGg : a temporal occurrence graph: Vo«—&and A < § .

e OG’: an occurrence graph. .« §and 4" « §.

1  add atoken to prar /Il construct PN’
2  ModifyOG_Ato /l Algorithm 4.9
3 Findmarking /l Algorithm 4.4
4  ExtendOG /l Algorithm 4.5

Line 1 in Algorithm 4.8 constructs the refined Petri net PN’. Line 2 calls the function

ModifyOG_Ato (Algorithm 4.9) to modify the state space in OG.
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Algorithm 4.9 ModifyOG_ATo

ATF « ATF
A—A
for all v; € TomapV (prar) do /lthe nodes affected by addToken(PN, piar)
begin

NewV(v; ,Vi)

Mi[Prar] < Mi[Prar] +1

I/ SSMg(m;) in Definition 4.13

MRGg «MRGg U {mi}
endfor
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In Algorithm 4.9, the loop from line 3 to 9 selects a node v; in TomapV (p:ar). In each turn,
line 6 modifies the marking of v; as described .in Definition 4.13. m; is added to MRGg in line

8. For example, when the loop from.line 3 to0,9,selects vy, line 6 modifies m; as m; + PCV.p..

Let t be the number of transitionsyin-the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in.the result O-graph. In algorithm 4.9, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 3 to 9 will run n times. Therefore, the complexity of Algorithm 4.9 is
O(n). The complexity of Algorithm 4.8 is O(n + |n’- n|*t). Since designers usually edit the

Petri nets sequentially, the complexity of Algorithm 4.8 is O(n + t).

64



4.3 Transition/Place insertion

This section discusses the maintenance of the O-graph for Transition insertion. The

O-graph maintenance for place insertion is adding a tuple into each marking.

4.3.1 Scenario of Transition insertions

Let a relation which belongs to P x tnew X P be named as a NTR relation where tnew IS the
transition to be added. The addTrans example in section 3.2 can be translated into: PN is
transformed into PN’ by applying addTrans with a NTR relation (po, t3, ps). A formal

definition of a NTR addition is described. in' Definition 4.17.

Definition 4.17 (NTR addition)

Let PN = (P, T, F, mp) be a Petri net. APetrinet PN'=((P’, T’, F’, m’y) constructed
by adding a NTR relation ntr =(psc; taew, Past) into PN has the following properties.
(1) P'=P;

2) T'=T U {thew};

(3) F’=F U {(Psrc, tnew), (trews Past) }-

In a NTR addition, both the original net PN and the refined net PN’ have the same places
and tokens in the places, but PN’ has two more arcs and one more transition representing the

NTR relation added. Therefore, the initial markings of PN and PN are equivalent, i.e. mo=m.

Definition 4.18 (o7 tuple adding function ATT)
The tuple adding function ATT(a;, t,) is a function in order to add one tuple for t, in
a;. The newly added tuple is set 0.

Using Figure 4.4 as an example, ATT(a,, t3) is (1,1,0,0), where each dimension
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represents a transition with the firing counts.

Figure 4.4 The temporal occurrence graph OGg-modified from Figure 3.17.

Definition 4.19 (temporal occurrence graph for addTrans OGg)
With Definition 4.17 and M, the set of all markings generated from SSMe. The

temporal occurrence graph OGe is the directed graph OGe = (V, A) with ntr = (Psrc,
thew, Past), Where

(D) VvieV,vieVimi=miand a;= ATT(G;, thew)

(2) A={ (mj, to, m;) € MXTXM | m; [ t, >m; }

(3) Vak E A ac € Al ax = &

For example, Figure 4.4 is the OGg after ATT is applied with inputs OG in Figure 3.17

and ntr = (po, t3, P3).
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Definition 4.20 (must re-generated marking set for addTrans MRGg)
Let a temporal occurrence graph OGe and M be defined as above. OGe might have
a must re-generated marking set MRGg € M, ntr = (Psrc, thews Pst):

MRGE = { mi € M| mi[psrc] >0 }.

MRGe in Figure 4.4 is {mo, m1, m,}. The outgoing arc, which does not belong to A, from

marking m; is (my,ts,mg), i.e. ag in Figure 3.19.

4.3.2 Updating an Occurrence graph and the time complexity

The following algorithm presents a method to update the corresponding O-graph OG”’

when a NTR relation is added into a Petri net. Based on Definition 4.17, Algorithm 4.10 firstly

modifies OG for OGe (Definition 4.19), and then extends OGg for the O-graph OG’'= (V", 4’).

Algorithm 4.10 Main_AT (PN, OG,ntr) —» PN’and 0G’

/I Input PN: the original net

I OG: the O-graph of PN

1 ntr: a NTR relation

/I Output PN’: the refined net with ntr
I OG’: the O-graph of PN’

® My — & : aset of markings. My € M’ \ M. My, contains those markings for which
we have not yet found the successors.

e MRGEg < ¢ : a set of markings as in Definition 4.20.

e OGg : atemporal occurrence graph. V<« $and A < §..

e OG’: an occurrence graph. V"« §and 4"« § .

1  add atransition thew /I construct PN’
2 add an arc from pgc to thew

3 add an arc from tpey tO Pyst

4 ModifyOG_AT // Algorithm 4.11
5  Findmarking /Il Algorithm 4.4
6 ExtendOG I/l Algorithm 4.5
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Line 1 to 3 in Algorithm 4.10 constructs the refined Petri net PN’. Line 4 calls the
function ModifyOG_AT (Algorithm 4.11) to modify the state space in OG. The function
Findmarking (Algorithm 4.4) in line 3 can generate the new node v, €/’\Vand arc a; €4’
\ A according to MRGe. For example, the new nodes in Figure 3.19 are v, vg, and v,. The
new arcs are a-, ag, and aq. Line 6 calls the function ExtendOG to generate the rest of new
nodes and arcs whose ancestors are in My, e.g., the node vy, and the arcs aj,, aj;, and ag,

in Figure 3.19. The details of each step will be presented below.

Algorithm 4.11 ModifyOG_AT
1 ATF «— ATF
2 A<A
3  forall vi € TrmapV (tew) do
/lthe nodes affected by addTrans(PN, Psre;. thew: Past)
4 begin
5 NewV(vi ,vi)
6 ATT(5}, thew) /I Definition 4.18
7 if (Mi(psrc) > 0)
8 MRGg «MRGg U {m;}
9 endif
10 endfor

In Algorithm 4.11, the loop from line 3 to 10 selects a node v in TrmapV (tnew). In each
turn, line 6 modifies v; as described in Definition 4.19(1). The markings which have tokens in
place psrc as in Definition 4.20 would enable transition t,. If mi(psrc) > 0, m; is added to MRGg
in line 8. For example, when the loop from line 3 to 10 selects v4, line 6 modifies o, as

(1,1,0,0).

68



Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In Algorithm 4.11, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 3 to 10 will run n times. Therefore, the complexity of Algorithm 4.11
is O(n). The complexity of Algorithm 4.10 is O(n + |z - n|*t). Since designers usually edit the

Petri nets sequentially, the complexity of Algorithm 4.10 is O(n + t).
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Chapter 5. Maintaining the O-graph

for Item Deletion and Mergence

When editing a Petri net, every time designers can delete one of the following items: (1)
an arc, (2) a token, (3) a transition, or (4) a place. Besides, designers can merge two places or
two transitions. Correspondingly, the O-graph of the Petri net has to be modified and extended.

The modifications and extensions are discussed in the following subsections respectively.

5.1 Arc Deletion

There are two types of arc deletions: (1).deleting @an arc from a transition to a place and
(2) deleting an arc from a place to-a transition. Section.5.1:1 discusses the maintenance of the

O-graph for the former and section 5.1.2 for the letter.

5.1.1 TtoP arc deletion

The delTtoParc example in section 3.3 can be translated into: PN is transformed into PN’
by applying delTtoParc with a TPR relation (t2, ps). A formal definition of a TPR deletion is

described in Definition 5.1.

Definition 5.1 (TPR deletion)

Let PN = (P, T, F, mp) be a Petri net. APetrinet PN’ = (P’, T’, F’, m’) constructed
by deleting a TPR relation tpr in PN has the following properties:

(4) P=P

®) I'=T,

6) F'=F\{tpr}.
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In a TPR deletion, both the original net PN and the refined net PN’ have the same
transitions, places, and tokens in the places, but PN has one more arc representing the TPR

relation deleted. Therefore, the initial markings of PN and PN’ are equivalent, i.e. mg = my,.

Definition 5.2 (state space mapping function for delTtoParc SSMg)
With Definition 5.1 and M’, the set of all markings of PN’. The state space mapping
function SSMg is a function defined from M into M”, and tpr = (tsrc, Past):

VY m; € M: SSME(mi) =m;- 61*[tsrc] * PCV.past

SSME is a function which maps the reachable markings of PN to the reachable markings
of PN’. For example, while using marking m;=(0,0,0,1,1,0,0,0,0) in Table A3.9(a) as input,
SSME outputs marking m; = (0,0,0,1;0,0,0,0,0) ='mgs- &;[t.] * PCV.ps = (0,0,0,1,1,0,0,0,0)

-1*(0,0,0,0,1,0,0,0,0), as shown in Table A3.:10(a).

Definition 5.3 (arc mapping function.for delTtoParc Rg)
Let E = delTtoParc be defined as in Definition'5.2, and M’ be the set of all markings
of PN’. The arc mapping function R is a function defined from A into M’ x T~ x
M’, and tpr = (tsrc, Pdst):

Vay = (m;, t,, mj) € A: Re(ax) = (SSMg(m), th, SSMe(m;));

For example, marking mz can enable the firing of transition ts, i.e. as in Table A3.9(b).
After arc mapping function Re is applied with inputs as, Re(as) = (ms,ts;ms), as shown in

Table A3.10(b).

Definition 5.4 (temporal occurrence graph for delTtoParc OGg)
Let E = delTtoParc be defined as in Definition 5.2, and M be the set of all markings

from SSMg(M). The temporal occurrence graph OGe is the directed graph OGe =
(V, A) with tpr = (tsrc, past), Where
(1) VVvi €V, Vi € V: m; = SSMe(m;)
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2) A={(mj to, m;) € MXTxM | m; [t, > m; }
(3) Vax € A\ATF, ax € A: ax = Re(aw)

For example, Figure 5.1 is the OGe after SSMe and Re are applied with input OG in

Figure 3.21.

aie

dio Ay

Figure 5.1 The temporal occurrence graph OGe modified from Figure 3.21.

5.1.1.2 Updating an Occurrence graph and the time complexity

The following algorithm presents a method to update the corresponding O-graph OG’

when a TPR relation is deleted in a Petri net. Based on Definition 5.1, Algorithm 5.1 firstly
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modifies OG for OGe (Definition 5.4), and then extends OGg for the O-graph OG’'= ()", 4°).

Algorithm 5.1 Main_DTP (PN, OG, tpr) — PN’and 0G’

/I Input PN: the original net

1 OG: the O-graph of PN

I tpr: a TPR relation

// Output PN’ the refined net without tpr
1 OG’: the O-graph of PN’

® My «— § : aset of markings. M, € M’ \ M. M,, contains those markings for which
we have not yet found the successors.

e OGg : atemporal occurrence graph. V<« $and A < §..

e OG’: an occurrence graph. V"« dand 4" « § .

1  delete the arc from ts t0 Pgst /I construct PN’
2  ModifyOG_DTP /l Algorithm 5.2
3  ExtendOG I/ Algorithm 4.5

Line 1 in Algorithm 5.1 constructs the refined Petri-net PN’. Line 2 calls the function
ModifyOG_DTP (Algorithm 5.2) to modify the state space in OG and redirect the flow
relations in ATF. For example, the redirection’changes from as to ajg. Line 3 calls the
function ExtendOG (Algorithm 4.5) to generate the rest of new nodes and arcs whose

ancestors are in My,. The details of each step will be presented below.

Algorithm 5.2 ModifyOG_DTP

for all vi € PTmapV (Past, tsrc) do

begin
NewVA(v; ,Vi)
Mi[Past] «<— Mi[past] - 7 [tsrc]
/I SSMg(m;) in Definition 5.2
if(3m;e M where m; = m;)

Merge(vi, v;)  //Algorithm 4.3

endif

o N o o AW DN P
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9 endfor

10

11 for all ax = (mj, t,, m;) € ATF do
12 begin

13 A—A\{a}

14 ATE — ATE\ {a}

15 if(t, can be enabled at m;)

16 mjf is the marking produced after m; fires t,
17 v; — Node (vi, t,, m;)

18 V17 U{y}

19 a,— Arc (m;, t,, m;)

20 A —A"U{a;}

21 endif

22 endfor

In Algorithm 5.2, the loop from line d to 9 selects a node v; in PTmapV (Pgst, tsrc). In each
turn, line 4 modifies the marking of v; as described.in Definition 5.2. Some of the markings
after modification would be duplicated and codes from line 6 to 8 deal with this situation by
calling Merge as in Algorithm 4.3 with corresponding parameters. After Merge, the node
represented by the first parameter and ‘its connected arc(s) are deleted. The loop from line 11
to 22 deletes the arcs in ATE. Then, line 17 generates the node and line 19 generates the arc
based on m; [t, > m;.

For example, when the loop from line 1 to 9 selects v;, line 4 modifies m; as m; - a;[t2]
* PCV.ps. When the loop from line 11 to 22 selects a4, arc a4 in Figure 5.1 is deleted. v, and
ayg in Figure 3.23 are generated based on m; [ts > m},.

Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In algorithm 5.2, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 1 to 9 will run »’ times. Because the loop from line 11 to 22 will run

n’ times, the complexity of Algorithm 5.2 is O(n’). Thus, the complexity of Algorithm 5.1 is
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5.1.2 PtoT arc deletion

5.1.2.1 Scenario of PtoT arc deletions

The delPtoTarc example in section 3.3 can be translated into: PN is transformed into PN’
by applying delPtoTarc with a PTR relation (pi, t3). A formal definition of a PTR deletion is

described in Definition 5.5.

Definition 5.5 (PTR deletion)

Let PN = (P, T, F, mo) be a Petrisnet. A Petri net PN’ = (P’, T’, F’, m’g) constructed
by deleting a PTR relation ptrin PN has the following properties:

(1) P =P

(2 T'=T,

(3) F'=F\{ptr}.

In a PTR deletion, both the original net PN and the refined net PN’ have the same
transitions, places, and tokens in the places, but PN has one more arc representing the PTR

relation deleted. Therefore, the initial markings of PN and PN’ are equivalent, i.e. mo = my.

Definition 5.6 (state space mapping function for delPtoTarc SSMg)
With Definition 5.5 and M’, the set of all markings of PN’. The state space mapping
function SSMe is a function defined from M into M, and ptr = (Psrc, tast):

vV m; € M: SSMg(m;) = mi + 6, [tast] * PCV.psrc

SSME is a function which maps the reachable markings of PN to the reachable markings
of PN’. For example, while using marking m¢=(0,0,0,1) in Table A3.11(a) as input, SSMg

outputs marking mg = (0,1,0,1) = me + 6¢[ts] * PCV.p1 = (0,0,0,1) + 1 * (0,1,0,0) as shown
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in Table A3.12(a).

Definition 5.7 (arc mapping function for delPtoTarc Rg)
Let E = delPtoTarc be defined as in Definition 5.6, and M’ be the set of all markings
of PN’. The arc mapping function R is a function defined from A into M’ x T~ x
M,
and ptr = (Psre, tast):

Vax = (mj, t, m,-) € A: Re(ax) = (SSMg(m), t, SSME(m,-));

For example, both marking my and m; can enable the firing of transition tj, i.e. a; and a3
in Table A3.11(b). After arc mapping function Rg is applied with inputs a; and a3, Re(a1) =

(mg,t1,my) and Re(as) = (my,t1,my), as shown in Table A3.12(b).

Definition 5.8 (temporal occurrence graph for delPtoTarc OGg)
Let E = delPtoTarc be defined-as in Definition 5.6, and M be the set of all markings

from SSMg(M). The temporal-occurrence graph OGe is the directed graph OGe =
(V, A) with ptr = (Psrc, tast), where

(1) Y Vi €V, v; € V: m; = SSMe(m;)

(2) A={(mj, tn, m;) € MxTxM | mi [ita.> m; }

(3) Vax € A\ATF, ax € A: ax = Re(ak)

For example, Figure 5.2 is the OGg after SSMe and Re are applied with input OG in

Figure 3.25.
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Figure 5.2 The temporal occurrence graph OGe modified from Figure 3.25.

Definition 5.9 (must re-generated marking set for delPtoTarc MRGg)
For a temporal occurrence graph OGg and M, the set of all markings in OGg. OGe
might have a must re-generated marking'set MRGg € M, ptr = (Psrc, tast):

MRGe = { mi € M| g;[tdst]>0 or mi[*tas]>0}.

Since my[p2]=1 and m4[p2]=1, MRGein Figure 5.2:1s {m,, m4}.
5.1.2.2 Updating an Occurrence graph and the time complexity
The following algorithm presents a method to update the corresponding O-graph OG’

when a PTR relation is deleted in a Petri net. Based on Definition 5.5, Algorithm 5.3 firstly

modifies OG for OGg (Definition 5.8), and then extends OGg for the O-graph OG’= (", 4°).

Algorithm 5.3 Main_DPT (PN, OG, ptr) — PN’and 0G’

/I Input PN: the original net
I OG: the O-graph of PN
I ptr: a PTR relation

/I Output PN’: the refined net without ptr
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1 OG’: the O-graph of PN’

® My, — § : aset of markings. My, € M’ \ M. My, contains those markings for which
we have not yet found the successors.

e MRGg « ¢ : a set of markings as in Definition 5.9.

e OGe : atemporal occurrence graph. V«— §and A — ¢ .

e OG’: anoccurrence graph. V' — dand 4’ §.

1  delete the arc from pgc tO tyst /I construct PN’
2  ModifyOG_DPT Il Algorithm 5.4
3 Findmarking Il Algorithm 4.4
4  ExtendOG /l Algorithm 4.5

Line 1 in Algorithm 5.3 constructs the refined Petri net PN’. Line 2 calls the function
ModifyOG  _DPT (Algorithm 5.4) to modify the state space in OG and redirect the flow

relations in ATF. The details of each step will be presented below.

Algorithm 5.4 ModifyOG_DPT

ATF «— ATF
A—A
for all vi € TmapV (tgs) do
begin
NewV(vi ,vi)
Mi[Psrc] < Mi[psrc] + 7} [tast]
/I SSMg(m;) in Definition 5.6
if(3m;e M where m; = m;)
if(a; [tast] > 0] [tast])
Merge(vi, vj)
else
Merge(v;, vi)
endif
else if( a}[tast]>0 or mi[*tyst]>0 )// m; € MRGg
MRGg «MRGg U {m;}
16 endif
17 endfor
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18

19 for all ax = (m;, t,, m;) € ATF do
20 begin

21 if( (0, +TCV.tn)[tast] # 0 [tast] )
22 A—A\{a}

23 ATE «— ATE\ {a }

24 mjf is the marking produced after m; fires t,
25 v; — Node (vi, t,, m;)

26 V17 U{y}

27 a,— Arc (m;, t,, m;)

28 A —A"U{a;}

29 endif

30 endfor

In Algorithm 5.4, the loop from line 3 to 17 selects a node v; in TmapV (tgs). In each turn,
line 6 modifies the marking of v; as described in Definition 5.6. Some of the markings after
modification would be duplicated.and codes from line 9 to 13 deal with this situation by
calling Merge as in Algorithm 4.3 with corresponding parameters. After Merge, the node
represented by the first parameter and its connected arc(s) are deleted. Because the parameters
of Merge in line 10 and 12 are different, the node to be deleted is v; or v; respectively.
Otherwise, if }[tast]>0 or mi[*tss]>0, m; is added to MRGe in line 15. The loop from line 19
to 30 deletes the arcs in ATF according to “if condition” in line 21. Then, line 25 generates the
node with v;, t,, and m] Line 27 generates the arc based on m; [t, > m]

For example, when the loop from line 3 to 17 selects vg, line 6 modifies mg as ms + ;7 [ts]
* PCV.p;. Assume that ms belongs to M. When vs is selected, the marking ms and mg in Figure
5.2 are both (0,1,0,1) and g x[ts] < a;[ts] which satisfy the conditions in line 8 and 11. Hence,

Merge(vs, Vs) is called in line 12,

Let t be the number of transitions in the Petri net, n be the number of vertexes in the

input O-graph, and »’ be the number of vertexes in the result O-graph. In Algorithm 5.4, it is
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assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 3 to 17 will run n times. Because the loop from line 19 to 30 will run
n times, the complexity of Algorithm 5.4 is O(n). Therefore, the complexity of Algorithm 5.4
is O(n). The complexity of Algorithm 5.3 is O(n + |- n|*t). Since designers usually edit the

Petri nets sequentially, the complexity of Algorithm 5.3 is O(n + t).

5.2 Token Deletion

This section discusses the maintenance of the O-graph for Token deletion.

5.2.1 Scenario of Token Deletion

The delToken example in section 3.3 can be translated into: PN is transformed into PN’
by applying delToken with a place-p,. A formal definition of a Token deletion is described in

Definition 5.10.

Definition 5.10 (Token deletion)
Let PN = (P, T, F, mp) be a Petri net. APetrinet PN’ = (P’, T’, F’, m’) constructed
by deleting a token from p, in PN has the following properties:

D P=P
2 T'=T,
@) F'=F

(4) my=mo — PCV.prar.

In a Token deletion, both the original net PN and the refined net PN’ have the same
transitions, places, and arcs, but the initial marking of PN has one more token in place piar

representing the deleted token.
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Definition 5.11 (state space mapping function for delToken SSME)
With Definition 5.10 and M’, the set of all markings of PN’. The state space
mapping function SSMg is a function defined from M into M

vV m; € M: SSMg(m;) = m; - PCV.pear

SSME is a function which maps the reachable markings of PN to the reachable markings

of PN’. For example, while using marking m;=(0,1,1,0) in Table A3.13(a) as input, SSMg

outputs marking m; =(0,1,0,0) =m3-PCV.p, =(0,1,1,0) - (0,0,1,0), shown in Table A3.14(a).

Definition 5.12 (arc mapping function for delToken Rg)
Let E = delToken be defined as in Definition 5.11, and M’ be the set of all markings
of PN’. The arc mapping function R is a function defined from A into M’ x T~ x
M’:

vay = (m;, t,, mj) € A: Re(ax) = (SSMe(m), t,, SSMe(m;));

For example, marking m, can:enable the firing of transition t,, i.e. az is (my, t, mg). After

arc mapping function Re is applied with inputs.a,, Re(@,) = (my,tms3), shown in Table

A3.14(b).

Definition 5.13 (temporal occurrence graph for delToken OGg)

Let E = delToken be defined as in Definition 5.11, and M be the set of all markings
generated from SSMe. The temporal occurrence graph OGe is the directed graph
OGe = (V, A), where

(1) Y vi €V, Vi € V: mj = SSMg(m;)

(2) A={(m, to, m;) € MXTXM | m; [ t, > m; }

(3) Vax € A, ax € Al a = Re(aW)

For example, Figure 5.3 is the OGg after SSMe and Re are applied with input OG in

Figure 3.29.
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Figure 5.3 The temporal occurrence graph OGe modified from Figure 3.29.

5.2.2 Updating an Occurrence graph and the time complexity

The following algorithm presents a method to update the corresponding O-graph OG”’
when a token is deleted from a Petri net. Based on Definition 5.10, Algorithm 5.5 modifies

OG as 0G".

Algorithm 5.5 Main_DTo (PN, OG, par) — PN’and 0G’

/I Input PN: the original-net

I OG: the O-graph of PN

1 Prar: @ place in PN

/I Output PN’: the refined net without prar
I OG’: the O-graph of PN’

® My, — & : aset of markings. My € M’ \ M. My, contains those markings for which
we have not yet found the successors.
e OG’: anoccurrence graph. V' «—dand 4"« §.

1  delete a token from piar /I construct PN’
2  ModifyOG_DTo // Algorithm 5.6

Line 1 in Algorithm 5.5 constructs the refined Petri net PN’. Line 2 calls the function
ModifyOG_DTo (Algorithm 5.6) to modify the state space in OG. The details of each step will

be presented below.

82



Algorithm 5.6 ModifyOG_DTo

for all v; € TomapV (prar) do /lthe nodes affected by delToken(PN, ptar)
begin

NewVA(v; Vi)

m, [Prar] <m; [par] - 1

I/ SSMg(m;) in Definition 5.11
endfor

o O A W DN P

In line 1, TomapV (piwr) is a function that maps place pwr t0 a set of vertexes. V v; €
TomapV (ptar): Mi[piar] > 0. In Algorithm 5.6, the loop from line 1 to 6 selects a node v; in
TomapV (ptwr). In each turn, line 4 modifies the marking of v; as described in Definition 5.11.

For example, when the loop from line 1 to 6 selects v;, line 7 modifies m; as m1-PCV.p..

Let t be the number of transitions in the Petri.net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In algorithm 5.6, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Because the loop from line 1 to 6 will runz"times, the complexity of Algorithm 5.6 is O(n").

Thus, the complexity of Algorithm 5.5 is O(# ).

5.3 Transition Deletion

This section discusses the maintenance of the O-graph for Transition deletion.

5.3.1 Scenario of Transition Deletion

The delTransition example in section 3.3 can be translated into: PN is transformed into

PN’ by applying delTransition with a transition t;. A formal definition of a Transition deletion

83



is described in Definition 5.14.

Definition 5.14 (Transition deletion)
Let PN = (P, T, F, mo) be a Petri net. APetrinet PN’ = (P’, T’, F’, m"g) constructed
by deleting a transition ti, in PN has the following properties:
(1) P=P;
(2) T"=T\{ta}:
() F’'=F\Feu, where Few = {f|( V(pi, tar) € F: f=(pi, tiar) )
or (V(tar, pj) € F: f=(twar, Py) )}-

In a Transition deletion, both the original net PN and the refined net PN’ have the same
places and tokens in the places, but PN has one more transition representing the deleted
transition. Therefore, the initial markings of PN and PN~ are equivalent, i.e. mo = m,. Also,

the connected arcs are deleted automatically.

Definition 5.15 (6, tuple deleting function DTT)
The tuple deleting function DTT (6% ta)istafunction in order to delete one tuple for

tnin ;.

Using Figure 3.33 as an example, DTT(ag;, t3) is (1,1,0), where each dimension

represents a transition with the firing counts.

Definition 5.16 (temporal occurrence graph for delTransition OGg)

Let E = delTransition be defined as in Definition 5.14, and M be the set of all
markings of P. The temporal occurrence graph OGe is the directed graph OGe = (V,
A), where

() VvieV,vieV:mi=mjand g;=DTT(d/, tiar)

(2) A={(m;, to, mj) € MXTXM | m; [ t, > m; }

(3) Vax € A\ATF, ax € A: a = Re(ax)

For example, Figure 5.4 is the OGg after SSMe and Re are applied with input OG in
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Figure 3.33.

Figure 5.4 The temporal occurrence graph OGg modified from Figure 3.33.

5.3.2 Updating an Occurrence'graph and the-time complexity

The following algorithm presents a method to update the corresponding O-graph OG”’
when a transition is deleted from a Petri net. Based on Definition 5.14, Algorithm 5.7 firstly

modifies OG for OGe (Definition 5.16), and then extends OGg for the O-graph OG’= (V", 4").

Algorithm 5.7 Main_DT (PN, OG, tiar) — PN’and 0G’

/I Input PN: the original net

I OG: the O-graph of PN

1 tiar: @ transition in PN

/l Output PN’: the refined net without ti
1 OG’: the O-graph of PN’

® My, — & : aset of markings. My € M’ \ M. My, contains those markings for which

we have not yet found the successors.
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e OG’ : an occurrence graph. V' — dand 4’ — §.

1 delete transition ti3r and the connected arcs /I construct PN’
2  ModifyOG_DT // Algorithm 5.8
3  ExtendOG Il Algorithm 4.5

Line 1 in Algorithm 5.7 constructs the refined Petri net PN’. Line 2 calls the function
ModifyOG_DT (Algorithm 5.8) to modify the state space in OG and redirect the flow

relations in ATF. The details of each step will be presented below.

Algorithm 5.8 ModifyOG_DT

for all v; € TrmapV (twr) do  //the nodes affected by delTransition(PN, tiar)
begin

NewV(v; ,Vi)

DTT(g}, tar)
endfor

for all ax = (mj, t,, m;) € ATE do
begin

A—A\{a}
10 ATF — ATE\ {a }
11 if(t, can be enabled at m;)
12 m]f is the marking produced after m; fires t,
13 v; < Node (vi, tn, 1)
14 Ve 1 U{y}
15 a,— Arc (m;, t,, m;)
16 A — A" U{a;}
17 endif
18 endfor

© 00 N o o b W DN P

In line 1, TrmapV (i) is a function that maps transition tir to a set of vertexes. V v; €
TrmapV (twr): 67 [twr] = 0. In Algorithm 5.8, the loop from line 1 to 5 selects a node v; in

TrmapV (twr). In each turn, line 4 modifies v; as described in Definition 5.16(1). The loop
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from line 7 to 18 deletes the arcs in ATE. Then, line 13 generates the node and line 15
generates the arc based on m; [t, > ’m]f . For example, when the loop from line 1 to 5 selects vq,

line 4 modifies a; as (1,1,0).

Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In algorithm 5.8, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Because the loop from line 1 to 5 will run »’ times, the complexity of Algorithm 5.8 is O(»").

Thus, the complexity of Algorithm 5.7 is O(# ).

5.4 Place Deletion

This section discusses the maintenance of the O-graph-for Place deletion.

5.4.1 Scenario of Place Deletion

The delPlace example in section 3.3 can be translated into: PN is transformed into PN’
by applying delPlace with a place ps. A formal definition of a Place deletion is described in

Definition 5.17.

Definition 5.17 (Place deletion)
Let PN = (P, T, F, mp) be a Petri net. APetrinet PN’ = (P’, T’, F’, m’y) constructed
by deleting a place prwr in PN has the following properties:
(1) P’ =P\{par}
(@ T'=T,
(3) F’=F\(FeptUFcpn) , Where Fepe = { f=(ti, pj) € F | pj=ptar } and
I:cph = {f=(pi, ti) € F | pi=ptar }-
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In a Place deletion, both the original net PN and the refined net PN’ have the same
transitions and tokens in the places, but PN has one more place representing the deleted place.
Therefore, the initial markings of PN and PN’ are equivalent, i.e. mo = my. Also, the

connected arcs are deleted automatically.

Definition 5.18 (m; tuple deleting function DPT)
The tuple deleting function DPT(m;, pn) is a function in order to delete one tuple for
pn IN M;.

Using Figure 3.37 as an example, DPT(m, ps) is (0,1,0,1,0), where each dimension

represents a place with the number of tokens.

Definition 5.19 (arc mapping function for delPlace Rg)
Let E = delPlace be defined as in Definition 5.17, and. M’ be the set of all markings
of PN’. The arc mapping function Rg is a function defined from A into M’ x T~ x
M’:

Vay = (mj, th, M) € A: Re(ak).= (BPT(M;, Prar), to, DPT(M;, Prar));

For example, marking m; can enable the firing of transition ts, i.e. a;=(my, t3, m,). After
arc mapping function Re is applied with inputs a,, Re(a;) = (my,ts;m,) as shown in Table

A3.18(b).

Definition 5.20 (temporal occurrence graph for delPlace OGg)

Let E = delPlace be defined as in Definition 5.17, and M be the set of all markings
generated from SSMe. The temporal occurrence graph OGe is the directed graph
OGe = (V, A), where

(1) Y Vi €V, vi € V: mi = DPT(Mi, Par)

(2) A={(m, to, m;) € MXTXM | m; [ t, > m; }

(3) Vax € A, ax € Al ax = Re(aW)

For example, Figure 5.5 is the OGg after SSMe and Re are applied with input OG in
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Figure 3.37.

Figure 5.5 The temporal occurrence graph OGe modified from Figure 3.37.

Definition 5.21 (must re-generated marking set for delPlace MRGg)
For a temporal occurrence graph OGe and M, the set of all markings in OGg. OGe

might have a must re-generated marking set MRGg € M:
MRGg = { mi € M| mi[*(ptar')]>0}-

Since m1[p4]=1 and ms[p4]=1; MRGe In Figure 5.5 is {m;, ms}.

5.4.2 Updating an Occurrence graph-and the time complexity

The following algorithm presents a method to update the corresponding O-graph OG’
when a place is deleted from a Petri net. Based on Definition 5.17, Algorithm 5.10 modifies

OG for OG’.

Algorithm 5.9 Main_DP (PN, OG, ptr) — PN’and 0G’

/I Input PN: the original net

I OG: the O-graph of PN

1 Prar: @ place in PN

/l Output PN’: the refined net

1 OG’: the O-graph of PN’

® My, — & : aset of markings. My € M’ \ M. My, contains those markings for which
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we have not yet found the successors.

e MRGEg « § : a set of markings as in Definition 5.21.

e OGe : atemporal occurrence graph. V«— §and A — ¢ .
e OG’: anoccurrence graph. V' — dand 4’ §.

1  delete place pwr and the connected arcs /I construct PN’
2  ModifyOG_DP // Algorithm 5.10
3 Findmarking /Il Algorithm 4.4
4  ExtendOG /l Algorithm 4.5

Line 1 in Algorithm 5.9 constructs the refined Petri net PN’. Line 2 calls the function
ModifyOG_DP (Algorithm 5.10) to modify the state space in OG. The details of each step

will be presented below.

Algorithm 5.10 ModifyOG .DP

ATF «— ATF
A’—A
for all vi € V do
begin
NewV(v; ,vi)
DPT(m;, prar)
if(EIm]fE M’ where m;:m})
if(mi[prar] > Mj[prar])
Merge(v;, v;)

© 00 N O O A WO DN B

10 else

11 Merge(v;, v;)

12 endif

13 else if( mi[*(prar)]>0)

14 MRGg «MRGe U {mi}
15 endif

16 endfor

In Algorithm 5.10, the loop from line 3 to 16 selects a node v; in V. In each turn, line 6

90



modifies v; as described in Definition 5.20(1). Some of the markings after modification would
be duplicated and codes from line 8 to 12 deal with this situation by calling Merge as in
Algorithm 4.3 with corresponding parameters. After Merge, the node represented by the first
parameter and its connected arc(s) are deleted. Otherwise, if mi[*(pwr)]>0, m; is added to
MRGe in line 14. For example, when the loop from line 3 to 16 selects vy, line 7 modifies m;

as (0,1,0,1,0).

Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »’ be the number of vertexes in the result O-graph. In Algorithm 5.10, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Since the loop from line 3 to 16 will run n times, the complexity of Algorithm 5.10 is O(n).
Thus, the complexity of Algorithm,5.9 is O(n + |z~ nj*t). Since designers usually edit the

Petri nets sequentially, the complexity.of Algorithm 5.9.is O(n + t).

5.5 Place Mergence

This section discusses the maintenance of the O-graph for Place Mergence.

5.5.1 Scenario of Place Mergence

Let a relation which belongs to PxP be named as a MPR relation. The mergePlace
example in section 3.3 can be translated into: PN is transformed into PN’ by applying
mergePlace with a MPR relation (ps, p1). A formal definition of a MPR addition is described

in Definition 5.22.
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Definition 5.22 (MPR mergence)
Let PN = (P, T, F, mp) be a Petri net. APetrinet PN’ = (P’, T’, F’, m’y) constructed
by applying a MPR relation mpr = (Prom, Pto) iNto PN has the following properties:
(1) P’ =P\{psom };
2 1°=T,
(3) F’'=F\(FotUFoian) U (Frewt U Fnewn), Where
Foiat = { f = (ti, p)) € F | pj = prrom },
Fosh = { = (pi, ;) € F | pi = Prrom },
Frewt = { = (ti, Pwo) | 3 (ti, prrom) € F }, and
Frewh = {f = (Pro, tj) [ 3 (Prrom, ;) EF };
(4) my= My + Mo[Prrom] * PCV.pro, and then
DPT(mg, Prrom).-

In a MPR mergence, both the original net PN and the refined net PN’ have the same
transitions, but PN has one more place representing the MPR relation merged. Also, item (3)
shows the redirections described in section 3.1.. The tokens in pwom and py Of the original net

are put in py of the refined net.

Definition 5.23 (state space mapping function for mergePlace SSMg)

With Definition 5.22 and M’, the set‘of all markings of PN’. The state space

mapping function SSMg is a function defined from M into M’, and mpr = (Ptrom, Pro):
VY m; € M: SSMg(m;) = m; + Mi[pPsrom] * PCV.pio

SSME is a function which maps the reachable markings of PN to the reachable markings
of PN’. For example, while using marking m;=(0,1,0,0,1,0) in Table A3.19(a) as input, SSMg
outputs marking m, = (0,2,0,0,0) = ms4 + ms[ps] * PCV.p; = (0,1,0,0,1,0) + 1 * (0,0,0,0,1,0),

as shown in Table A3.20(a).
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Definition 5.24 (arc mapping function for mergePlace Rg)
Let E = mergePlace be defined as in Definition 5.23, and M’ be the set of all
markings of PN’. The arc mapping function Rg is a function defined from A into M’
x T”x M’, and mpr = (Prom, Pro): Vax = (M, ty, M;) € A:

Re(ax) = ( DPT(SSMg(m;), pfrom) , th, DPT(SSMg(M;), Pfrom) )-

For example, marking ms can enable the firing of transition to, i.e. ag=(ms, to, Mg) In
Table A3.19(b). After arc mapping function Re is applied with inputs as, Re(as) = (m3,to,my),

as shown in Table A3.20(b).

Definition 5.25 (temporal occurrence graph for mergePlace OGg)

Let E = mergePlace be defined as in Definition 5.23, and M be the set of all
markings generated from SSMe. The temporal occurrence graph OGe is the directed
graph OGe = (V, A) with mpr = (Prrom, |Pis); Where

(M) VvieV,vieV.m;= ( DPT(SSME(mi), pfrom),

(2) A ={(mj, tn, m) € MxTxM [ m; [ tn >:m; }, and

(3) Vax € A, ax € A: ax = Re(ay).

For example, Figure 5.6 is the OGg after. DPT,_ SSMg, and Re are applied with input OG

in Figure 3.41.

Figure 5.6 The temporal occurrence graph OGe modified from Figure 3.41.
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Definition 5.26 (must re-generated marking set for mergePlace MRGg)
For a temporal occurrence graph OGe and M, the set of all markings in OGe. OGe
might have a must re-generated marking set MRGg € M, mpr = (Pfrom, Pro):

MRGE = { m; € M| mi[p,]>0 }.

Proposition 5.1

Let E = mergePlace be defined as in Definition 5.23, C be the incidence matrix of
PN, C’ be the incidence matrix of PN’, and a temporal occurrence graph OGg be
defined as in Definition 5.25. Then,

(1) vo = vy,

2vcry,and

(AcA.

Proof:
(1) Since the initial markings of PN and PN are the same, vo = v,.
(2) Foreachnodevy;inV,
mi = DPT(SSMg(mi), Pirom)-
Since the firing sequence of &, can be fired in PN’, there is a marking
m; =my + C *a;.
Because there might be some token(s) generated after mergence from psrom t0 pro, the
difference between mi[p,] and m; [pr] is Mi[prom]. Besides, the rest of m; are equivalent
to those of m,, i.e.
m; = DPT(SSMg(m), Prrom)-
According to Definition 5.23,
m; = DPT(SSMe(M), Prrom) is m;.

7

From Definition 5.25and 6} = ", vi= v;.
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Thus, and V is the subset of V.
For each arc ax = (m;, t,, m;) in A, there is a node v;€ ¥’ and a marking m;= m; based on
the discussions in (2). Since m;[pw] = mMi[pw] and the token numbers in the rest places
do not change, transition t, enabled at m; can also be fired at m;. From Definition
5.25(1), another marking m; € M can be modified as

m; = DPT(SSMg(m;), Ptrom)-
From Definition 2.4,

m;=m;+ C* TCVLt,.
From Definition 4.2,

g’ = o/ + TCV.,.
Therefore, mj = DPT(SSMg(Mi), Pirom) + DPT(C * TCV.t, + (C * TCV.tn) [Ptrom] * PCV.pro,
Prrom). Because (C * TCV.ty)[prrom] * PCV.pio.iS.the number of new tokens in the place pi,
C’*TCV.t, = DPT(C * TCV.tg + (C * TCV.tn)[Pirom} * PCV.pro, Prrom)-

Thus, there exists an arc a,=(m;, t,m)} € A and mj= m; +C’*TCVit,= m;.

Hence, ax = a;, and A is the subset.of A’.

Proposition 5.2

Let E = mergePlace be defined as in Proposition 5.1. Then, ¥ a,=(m;, thym;) € 4"
(1) if m; & M, then a, & A.

(2) if m; € MRGg and 2 (m;, t, m;) € A, then a, & A.

(3) if m; € MRGg and 3 (m;, t, m;) € A, then a, €A,

(4) if m; € Mand m;& MRGg, then a, €A.

Proof:

@ If m; does not exist in OGg, the arcs starting from it to m; can not occur in OGg.

7

(2) Because 7 (mj, t,, m)) € A and Definition 5.25(3), A (m;, t,, m;) € A. Thus, a, & A.

(3) Since 3 (m;, t,, m;)) € A and Definition 5.25(3), 3 (m;, t,, m;) € A. Thus, a, €A.
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(4) Because m; & MRGg, mi[pw]>0. Hence, m; can enable all transitions which m; can
enable. Since m; can enable all transitions which m; can enable, each arc from m,

belongs to A.

We use the mergePlace example in section 3.3 to explain Proposition 5.2. In the
example:
(1) Because ay,=(mg,to,m;)and me& M, aj, & A.
(2) m;€ MRGE, a,=(My,ts,Ms3), and as=(My,to,Ms) cause a;,=(m7,t;,mo)é A.
(3) mj€ MRGg and as=(my,to,ms) cause a=(mj,to,m,)€ A.

(4) Since mz€ M and m; & MRGg, agz=(ms,to,mg) € A.

Proposition 5.2(1) and (2) detect the arcs.which'do not belong to A. Proposition 5.2

certifies that the detections are complete.

5.5.2 Updating an Occurrence'graph and the-time complexity

Algorithm 5.11 presents a method to update the corresponding O-graph OG’ for the
mergence of a MPR relation. Based on Definition 5.22, Algorithm 5.11 firstly modifies OG

for OGe (Definition 5.25), and then extends OGe for the O-graph OG’= (V", 4°).

Algorithm 5.11 Main_MP (PN, OG, mpr) — PN’and 0G’

/I Input PN: the original net

I OG: the O-graph of PN

I mpr: a MPR relation

/l Output PN’: the refined net with mpr
1 OG’: the O-graph of PN’

® My, — & : aset of markings. My € M’ \ M. My, contains those markings for which
we have not yet found the successors.
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e MRGEg < ¢ : a set of markings as in Definition 5.26.
e OGe : atemporal occurrence graph. V«— §and A — ¢ .
e OG’: an occurrence graph. V' —dand 4’ — §.

1  delete place to psr /I construct PN’
2  the tokens in psom and py, Of PN are put in py, of PN’

3 redirect the arcs connected with prrom

4 ModifyOG_MP Il Algorithm 5.12
5  Findmarking I/ Algorithm 4.4
6 ExtendOG I/ Algorithm 4.5

Line 1 to line 3 in Algorithm 5.11 constructs the refined Petri net PN". Line 4 calls the
function ModifyOG_MP (Algorithm 5.12) to modify the state space in OG. Line 6 calls the
function ExtendOG (Algorithm 4.5) to generate the new nodes and arcs whose ancestors are

in My,. The details of each step will be presented below.

Algorithm 5.12 ModifyOG._ MP

ATF — ATF

A—A

for all vi € PmapV (Prrom, Pro) do

/lthe nodes affected by mergePlace(PN, Ptrom, Po)

4 begin

5 NewV(vi ,vi)

6 m;i «<—m; + Mi[Prom] * PCV.pro /I Definition 5.23
7 DPT(mi, Prrom) /I Definition 5.18
8 if(3m;e M where m; = m;)

9 Merge(vi, v;)

10 else if (Mi[pw]>0) /I Definition 5.26
11 MRGg «MRGe U {m;}

12 endif

13 endfor
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In Algorithm 5.12, the loop from line 3 to 13 selects a node v; in PmapV (Psrom, Pwo)- IN
each turn, lines 6 and 7 modify the marking of v; as described in Definition 5.25(1). Some of
the markings after modification would be duplicated and codes from line 8 to 10 deal with
this situation by calling Merge as in Algorithm 4.3 with corresponding parameters. After
Merge, the node represented by the first parameter and its connected arc(s) are deleted.
Otherwise, if mi[pi,]>0, m; is added to MRGg in line 11.

For example, when the loop from line 3 to 13 selects vy, lines 6 and 7 modify m4 as m4 +

my[pa] * PCV.p1. Since my[p;]>0, my is added to MRGg in line 11.

Proposition 5.3

Assume that the mergence from prrom t0 Pio is applied in PN and Algorithm 4.3
merges vy and vy correctly. Algorithm 5:12 modifies OG as OGe and generates
MRGg correctly, i.e., OGe as defined in Definition 5:25 and MRGg as defined in
Definition 5.26.

Proof:
The temporal occurrence graph defined in"Definition 5.25 is calculated from line 3 to 13.
Algorithm 4.3 merges vy and vy correctly. Otherwise, if mi[p«]>0, m; is added to MRGE. Hence,

the correctness of Algorithm 5.12 holds.

Theorem 5.1 (Correct O-graph Modification and Extension)
Algorithm 5.11 generates OG’ correctly when merging prom and pio, i.e. OG’ has the
same characteristic as the one constructed from PN directly.

Proof:
From Proposition 5.3, Algorithm 5.12 modifies OG as OGg correctly. From Proposition 5.1,
OGe is the subnet of OG’. From 4.8 and 4.9, the nodes and arcs generated by Algorithm 4.4

and 4.5 all belong to OG’ and the nodes and arcs belonging to OG’ but not OGg are all
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generated by Algorithm 4.4 and 4.5. Hence, the correctness of Algorithm 5.11 holds.

Let t be the number of transitions in the Petri net, n be the number of vertexes in the
input O-graph, and »” be the number of vertexes in the result O-graph. In algorithm 5.12, it is
assumed that all markings in the O-graph of the original net should be modified one time.
Thus, the loop from line 3 to 13 will run n times. Therefore, the complexity of Algorithm 5.12
is O(n). The complexity of Algorithm 5.11 is O(n + |n’- n|*t). Since designers usually edit the

Petri nets sequentially, the complexity of Algorithm 5.11 is O(n + t).
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Chapter 6. Comparison

This thesis gives a quick approach to maintain the occurrence graph immediately after
applying a basic editing action on the Petri net. Let the original net PN (e.g., Figure 3.4) be
the Petri net at present and O-graph of PN be OG. Assume that a designer edits PN with a
basic editing action in Table 3.1 (e.g., adding a new arc from transition t, to place ps) and the
refined net is called PN’. The occurrence graph after being modified and extended in our

editor is called OG’ (e.g., Figure 3.7).

Basic edit action Vertexes modifications MRGg
addPtoTarc(PN, Psre, tast) mi = mj - 6/ [tast] * PCV.psrc No
addTtoParc(PN, tsc, Pas) | Mi = mi +,67 ftsel* PCV.pust 0 [tsrc]>0
addTrans(PN, Perc, thew, Past) | Mi = m;and ;= ATT(T;", thew) mMi[Psrc]>0
addPlace(PN, prew) mi= APT (M5, Prew) No
addToken(PN, ptar) m; = My + PCV.piar M
delTransition(PN, tiar) mi=miand g;=DTT(d}, twar) No
delTtoParc(PN, tsrc, Pdst) mi =mj - ;[tsrc] * PCV.past No
delPtoTarc(PN, psre, tast) mi =m; + 6; [tas] * PCV.psrc 0; [tast]>0 or mi[*tas]>0
delToken(PN, ptar) m; = m; - PCV.piar No
delPlace(PN, prar) m; = DPT(M, Prar) mi[*(Ptar)]>0
mergeTrans(PN, trom, to) mi=m;and ;= DTT(}, tirom) -
mergePlace(PN, Prrom, Pro) ;Si“:/lE((gg:(gl\;;r;[gf'r:;i:)PCV.pto Mi[Prrom]>0

Table 6.1 Vertexes modifications and MRGg for basic edit actions
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Table 6.1 shows the modification rules and the MRGg sets for each basic edit action.
addPtoTarc, addPlace, delTransition, delTtoParc, and delToken do not have to extend

O-graphs.

Time

Basic edit action ATF )
complexity

addPtoTarc(PN, Psrc, tast) Yes | O(n’)

addTtoParc(PN, tsr, Past) Yes | O(n+|n -n|*t)

addTranS(PN, psrc, tnew, pdst) NO O(n+|n ,'nl*t)

addPlace(PN, prew) No | O(n’)
addToken(PN, Ptar) No | 'O(n+|n’-n|*t)
delTransition(PN, t:ar) Yes [ O(n’)

delTtoParc(PN, tsre, Past) Yes | O(n’)

delPtoTarc(PN, Psrc, tast) Yes | O(n+|n -n|*t)

delToken(PN, ptar) No | O(n)
delPlace(PN, ptar) No | O(n+|n’-n|*t)
mergeTrans(PN, tiom, tio) - o)

mergePlace(PN, Psrom, Pro) No | O(n+|n’-n|*t)

Table 6.2 ATF and time complexity for basic edit actions

Table 6.2 shows whether each basic edit action needs ATF and time complexity for each

basic edit action. addPtoTarc, addTtoParc, delTransition, delTtoParc, and delPtoTarc need to
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deal with the arcs in ATF.

Now, algorithms in section 4 and 5 can be compared with the original algorithm ([2])

that constructs the O-graph directly from its corresponding Petri net.

Algorithm 6.1

/I Input PN: a Petri net

// Output OG: the O-graph of PN
1 Waiting < @

2 Node(mog)

3 WHILE (Waiting # 9)

4 select a node v; € Waiting
5 FOR ALL (t, v2) € Next(vy)
6 Node(v,)

7 Arc(va, t, Vo)

8 END

9 Waiting < Waiting\ {v;}
10 END

Node(v) is a function. If v exists in the O-graph already, the function does nothing.
Otherwise, the function creates a new node v and adds v into Waiting, a set of nodes, and the
O-graph. Next(v1) is used to denote the set of all possible “next moves” from Vi, i.e., Next(vy)
={(t, v2) € T x V| v, is the marking after firing t on v1}. Arc(vy, t, v,) is a function that creates

a new arc (vy, t, v») and adds it to the O-graph.

Let »n” be the number of nodes in the result O-graph and t be the number of transitions in
the Petri net. Each node contained in the result O-graph should be added into Waiting. The
loop from line 3 to 10 selects a node in Waiting and generates the arcs and nodes

correspondingly. In line 5, since each transition in the result net must be examined whether it
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is enabled by v; or not, the complexity of the examination is O(t). The function Node(v)
checks if v is already in the O-graph and the complexity of this search is O(1). Thus, the

complexity of Algorithm 6.1 is O(n " * t). This complexity is also shown in [17].

103



Chapter 7. Conclusion and Future Works

The major contribution of this thesis is to introduce a method that reduces the O-graph
building time by maintaining instead of re-constructing the O-graph when an edit action is
done. O-graph building time reduction contributes to the incremental analyses of Petri net. To
simplify the discussions, the thesis introduces a general editor containing three groups of edit
actions for designers to draw Petri nets.

We are currently continuing our research in several directions. First, there are many
kinds of edit actions which section 3 does not mention. Some of these actions can be done by
combining basic edit actions. The rest can be discussed with the idea of this thesis. Second,
we will adapt our method to handle high-level Petri nets, such as coloured Petri nets ([1],[2],
and [12])and timed Petri nets ([12]). Third, incremental analysis for Petri Net based on
occurrence graph can be improved hy.applying the modification and extension discussed in

our work.
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Appendix

addTtoParc

Vv A
Vi m a; ak (my,t,,m;) | atfi
vo | (1,0,0,0,0,0,0,0,0) | (0,0,0,0,0,0,0,0,0,0) ||| a0 | (mo,tzm;) | false
v: | (0,0,0,1,0,0,0,0,0) | (0,0,1,0,0,0,0,0,0,0) ||| a; | (mo,t,m;) | false
v> | (0,0,1,0,0,0,0,0,0) | (0,1,0,0,0,0,0,0,0,0) ||| az | (mo,to,ms) | false
vs | (0,1,0,0,0,0,0,0,0) | (1,0,0,0,0,0,0,0,0,0) ||| as | (myts,mys) | false
vs | (0,0,0,0,0,0,1,0,0) | (0,0,1,0,0,0,1,0,0,0) ||| as | (myts,ms) | false
vs | (0,0,0,0,0,1,0,0,0) | (0,0,1,0,0,1,0,0,0,0) ||| as | (mats,ms) | true
vs | (0,0,0,0,1,1,0,0,0) | (1,0,0,1,0,0,0,0,0,0) ||| as | (m3,ts,ms) | false
v; | (0,0,0,0,0,0,0,0,1) | (0,0,1,0,0,1,0,0,1,0) ||| a; | (mats,m;) | true
vs | (0,0,0,0,1,0,0,0,1) | (1,0,0,1,0,0,0,0,1,0) ag (ms,ts,my) | false
ve | (0,0,0,0,0,1,0,1,0) | (1,0,0,1,0,0,0,1,0,0) dg (me,ts,mg) | false
vy | (0,0,0,0,0,0,0,1,1) | (1,0,0,1,0,0,0,1,1,0) ao | (me,t;,mg) | false
ai; | (mst;,my) | false
aiz | (mg,ts,mio) | false

Table A3.1 The nodes (a).and arcs (b) of Figure 3.5

Vv’ A
v m, a, | tmtom) atf,
vy | (1,0,0,0,0,0,0,0,0) | (0,0,0,0,0,0,0,0,0,0) ||| ap | (mg,tzmy) | false
v; |(0,0,0,1,1,0,0,0,0) | (0,0,1,0,0,0,0,0,0,0) ||| a; | (mg,t,my) | false
v, |(0,0,1,0,0,0,0,0,0) | (0,1,0,0,0,0,0,0,0,0) ||| a, | (mg,to,m3) | false
vy |(0,1,0,0,0,0,0,0,0) | (1,0,0,0,0,0,0,0,0,0) | || a3 | (mj,temy) | false
v, |(0,0,0,0,1,0,1,0,0) | (0,0,1,0,0,0,1,0,0,0) | || a, | (my,ts,mg) | true
vg | (0,0,0,0,1,1,0,0,0) | (1,0,0,1,0,0,0,0,0,0) | || ag | (m3,tsmg) | false
vg | (0,0,0,0,1,0,0,0,1) | (1,0,0,1,0,0,0,0,1,0) ||| a5 | (mytemg) | true
ve |(0,0,0,0,0,1,0,1,0) | (1,0,0,1,0,0,0,1,0,0) | | | ag | (mg,ts,mg) | false
vy, | (0,0,0,0,0,0,0,1,1) | (1,0,0,1,0,0,0,1,1,0) | || ajy | (mgts,me) | false
vy, | (0,0,0,1,0,0,0,1,0) | (0,0,1,0,0,0,0,1,0,0) | || aj; | (mg,tz;my,) | false
vy, | (0,0,0,0,0,1,0,0,0) | (0,1,0,0,1,0,0,0,0,0) | || aj, | (mg,ts,myg) | false
vy | (0,0,0,0,0,0,1,1,0) | (0,0,1,0,0,0,1,1,0,0) | || aj3 | (my,t7,my;) | false
vy, | (0,0,0,0,0,0,0,0,1) | (0,1,0,0,1,0,0,0,1,0) | || @y, | (my,tsmy,) | false
a’15 (mi;,t;,m’m) true
a’16 (m’11,t5,m;) true
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aj; (myy,tsmy3) | false
ag (myy,ts,my,) | false
ajo (my3,te,myp) | true
Table A3.2 The nodes (a) and arcs (b) of Figure 3.7
v A

Vi m g; Ak (m;t,,m;) | atfi
vo | (1,0,0,0,0,0,0,0,0) | (0,0,0,0,0,0,0,0,0,0) ao (mo,t2,m;) | false
v; |(0,0,0,1,1,0,0,0,0) | (0,0,1,0,0,0,0,0,0,0) a; (mo,t1,m,) | false
v2 |(0,0,1,0,0,0,0,0,0) | (0,1,0,0,0,0,0,0,0,0) a; (mo,to,ms) | false
vs | (0,1,0,0,0,0,0,0,0) | (1,0,0,0,0,0,0,0,0,0) as (m3,ts,m4) | false
vs | (0,0,0,0,1,0,1,0,0) | (0,0,1,0,0,0,1,0,0,0) a4 (my,ts,ms) | true
vs | (0,0,0,0,1,1,0,0,0) | (1,0,0,1,0,0,0,0,0,0) a5 (m3s,t3,me) | false
vs | (0,0,0,0,1,0,0,0,1) | (1,0,0,1,0,0,0,0,1,0) a; (my,te,mg) | true
ve |(0,0,0,0,0,1,0,1,0) | (1,0,0,1,0,0,0,1,0,0) asg (me,ts,mg) | false
v | (0,0,0,0,0,0,0,1,1) | (1,0,0,1,0;0,0,1,1,0) ao | (mets;,my) | false
a1z | (mg,tz,mo) | false
a1z | (mo,ts,mo) | false

Table A4.1 The nodes‘and arcs of Figure 4.1

addPtoTarc
4 A

Vi m; a; ar | (mit,m)) | atfi

vo | (1,1,0,0) | (0,0,0,0) ao | (mo,tz,m;) | false

v: | (1,0,0,1) | (0,0,1,0) a; | (mo,t;,m;) | false

vz | (0,1,1,0) | (0,1,0,0) az | (mo,to,ms) | false

vs | (0,2,0,0) | (1,0,0,0) as | (mg,t;,m,) | false

v4 | (0,0,1,1) | (0,1,1,0) as | (my,to,ms) | false

vs | (0,1,0,1) | (1,0,1,0) as | (my,ts,ms) | true

ve | (0,0,0,2) | (0,1,1,1) as | (my,t,my) | false

az | (ms,ta,ms) | false

as | (my,ts,me) | false

as | (ms,ta,mg) | true

Table A3.3

The nodes (a) and arcs (b) of Figure 3.9
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addToken

v’ A’
u ] m | & || e mitm) e,
v | (1,1,0,0) | (0,0,0,0) ay | (mg,t;m;) | false
vy | (1,0,0,1) |(0,0,1,0) a; | (mg,tymy) | false
vy | (0,1,1,0) |(0,1,0,0) ||| a; | (mg,to,m3) | false
vs | (0,2,0,0) | (1,0,0,0) az | (my,t,my) | false
vy [(0,0,1,1) |(0,1,1,0) ||| ay | (m,toms) | false
vs [(0,1,0,1) [(1,0,,0) ||| ag | (my,tsmy) | false
ve [ (0-1,0,2) [ (0,1,1,1) ||| a5 | (m3,tsms) | false
v, | (00,01) |(0101) ||| ag | (mytsmg) | false
vg | (0,0,0,2) |(1,0,2,0) ||| @y | (my,tsm;) | false
ay, | (ms,t;,mg) | false
Table A3.4 The nodes (a) and arcs (b) of Figure 3.11
v A
vi| m o; a | mito,m)) | atfe
Yo | (1,1,0,0){(0,0,0,0):| || o | (Mo,t>,m;) | false
v1|(1,0,0,1) [(0,0,1,0) f|1"a: |(mgt:;,m,) | false
v2|(0,1,1,0) | (0,1,0,00:f{1'@> | (mo;to,ms) | false
vs3|(0,2,0,0)1(1,0,0,0) [1""as"| (mi,t;,m,) | false
v4|(0,0,1,1) | (0,1,3,0) ||| @4 |(mi,toms) | false
vs | (0,1,0,1) | (1,0,1,0) as | (my,t;,my) | false
a; | (ms,t;ms) | false
Table A4.2 The nodes and arcs of Figure 4.2
4 A
Vi m; o ax | (myty,m)) | atfi
vo | (1,0,0,0) | (0,0,0) ao | (mo,to,m;) | false
v: | (0,1,0,0) |(1,0,0) a; | (mg,t,m;) | false
v2 | (0,0,1,0) |(1,1,0) a; | (myta,ms) | false
vs | (0,0,0,1) |(1,1,1)
Table A3.5 The nodes (a) and arcs (b) of Figure 3.13
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addTrans

v’ A’

i m | & ||[ @ | mtem) [ at;
vy |(1,0,1,0) [(0,00) ||| ag | (mg,to,m;) | false
vy 1(0,4,1,0) [ (1,0,0) ||| a) | (my,ty,my) | false
v, 1(0,0,2,0) | (1,1,0) ||| ay | (my,tsms) | false
v'3 (0,0,1,1) | (1,1,1) a'3 (mé),tz,mil) false
v, [(1,001)](00,1) ||| a, | (my,t;ms) | false
vs  |(0,1,0,1) | (1,0,1) ||| a5 | (m3,tmg) | false
ve |(0,00,2) |(1,1,2) ||| ag | (my,tems) | false

a, | (ms,t;,mg) | false
Table A3.6 The nodes (a) and arcs (b) of Figure 3.15
v A

Vi mi a; ax | (myta,my) | atfk
vo | (1,0,1,0) |(0,0,0) do | (Mo,to,m;) | false
vi |(0,1,1,0) {(3,0,0) | || a; [(ms,t,m,) | false
v2 | (0,0,2,0) | (1,1,0) a; | (myt,ms) | false
vs | (0,0,1,1) |(1,1,1)

Table A4.3 The nodes and arcs of Figure 4.3

4 A
Vi m; a; ar | (mit,m)) | atfi
vo | (2,0,0,0) | (0,0,0) ao | (mo,t;,m;) | false
v: | (1,0,1,0) | (0,1,0) a; | (mo,to,m;) | false
v2 | (1,1,0,0) | (1,0,0) a; | (my,t;,ms) | false
vs | (0,0,2,0) | (0,2,0) as | (mg,to,m,) | false
vs | (0,1,1,0) | (1,1,0) as | (myts,m,) | false
vs | (0,2,0,0) | (2,0,0) as | (my,to,ms) | false
ve | (0,0,0,1) | (1,1,1) as | (Mg tz,me) | false
Table A3.7 The nodes (a) and arcs (b) of Figure 3.17
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Vv’ A
v, m, o a, (m;,tn,mj’) atf,
vy | (2,0,0,0) | (0,0,0,0) ay | (mg,tymy) | false
vy |(1,0,1,0) | (0,1,0,0) a; | (mg,to,m,) | false
vy |(1,1,0,0) | (1,0,0,0) ||| ay | (my,t;,m3) | false
vs |(0,0,2,0) | (0,2,0,0) as | (my,tomy) | false
vy |(0,1,1,0) | (1,1,00) ||| a; | (myt,my) | false
vs |(0,2,0,0) | (2,0,0,0) as | (mytoms) | false
ve | (0,0,0,1) | (1,1,1,0) ||| ag | (myt,mg) | false
v, (1,0,0,1) | (0,0,0,1) ||| a; | (mg,tsm;) | false
vg | (0,0,1,1) | (0,1,0,1) ||| ag | (my,tsmg) | false
vy | (0,1,0,1) | (1,0,0,1) ||| ag | (my,tsmg) | false
V5o | (0,0,0,2) | (0,0,0,2) | || ayo | (m7,t5,my,) | false
a’11 (m},tl,mg) false
a’12 (m},to,m;) false
Table A3.8 The nodes (a) and arcs (b) of Figure 3.19
v A
Vi m; I, O | (mpt.,m;) | atfk
vo | (2,0,0,0):(0,0,0,0) ao | (mo,t;,m;) | false
vi | (1,0,1,0) | (0,1,0,0) ai | (mo,to,m;) | false
v» | (1,1,0,0) | (1,0,0,0) a | (ms,t;,ms) | false
vs | (0,0,2,0) | (0,2,0,0) az | (ms,to,my) | false
v+ |(0,1,1,0) | (1,1,0,0) as | (ma,t;,my) | false
vs | (0,2,0,0) | (2,0,0,0) as | (ma,to,ms) | false
vs | (0,0,0,1) | (1,1,1,0) as | (my,t;me) | false
Table A4.4 The nodes and arcs of Figure 4.4
delTtoParc
Vv A
Vi m; a; ak (mj, tn,m;) atfx
vo | (1,0,0,0,0,0,0,0,0) | (0,0,0,0,0,0,0,0,0,0) ||| a0 | (mo,tsm;) | false
v: |(0,0,0,1,1,0,0,0,0) | (0,0,1,0,0,0,0,0,0,0) ||| a; | (mo,t;,m;) | false
v, | (0,0,1,0,0,0,0,0,0) | (0,1,0,0,0,0,0,0,0,0) ||| a> | (mo,to,ms) | false
vs | (0,1,0,0,0,0,0,0,0) | (1,0,0,0,0,0,0,0,0,0) ||| a5 | (myts,ms) |false
vs | (0,0,0,0,1,0,1,0,0) | (0,0,1,0,0,0,1,0,0,0) ||| as | (myts,ms) | true
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vs | (0,0,0,0,1,1,0,0,0) | (1,0,0,1,0,0,0,0,0,0) ||| a5 | (msts,ms) | false
ve | (0,0,0,0,1,0,0,0,1) | (1,0,0,1,0,0,0,0,1,0) ||| as | (mate,ms) | true
v; | (0,0,0,0,0,1,0,1,0) | (1,0,0,1,0,0,0,1,0,0) ||| a; | (mstsme) | false
vs | (0,0,0,0,0,0,0,1,1) | (1,0,0,1,0,0,0,1,1,0) ||| as | (msts,m;) | false
vs | (0,0,0,1,0,0,0,1,0) | (0,0,1,0,0,0,0,1,0,0) ||| as | (ms,t;,ms) | false
v1o | (0,0,0,0,0,1,0,0,0) | (0,1,0,0,1,0,0,0,0,0) ||| az0 | (M7, ts,ms) | false
vi: | (0,0,0,0,0,0,1,1,0) | (0,0,1,0,0,0,1,1,0,0) || | azz | (mi1,t,me) | false
vi2 | (0,0,0,0,0,0,0,0,1) | (0,1,0,0,1,0,0,0,1,0) ||| a2 | (M2 ts,mio) | false
aiz | (mgt;;mig) | true
a4 | (mg,ts,m;) | true
ais | (mo,ts,m1;) | false
aie | (Mio,ts;m12) | false
aiz | (mig,te,mg) | true

Table A3.9 The nodes (a) and arcs (b) of Figure 3.21

Vv’ A
v; m; o a, | (myt,m) | atfy
vy | (1,0,0,0,0,0,0,0,0) | (0,0,0,0,0,0,0,0,0,0) | [|* ay | (mg,tzm;) | false
v; |(0,0,0,1,0,0,0,0,0) |40,0,1,0,0,0,0,0,0,0) | | | ‘w; | (mg,t,m;) | false
v, |(0,0,1,0,0,0,0,0,0) |40,1,0,0,0,0,0,0,0,0) | || a, | (mg,to,m3) | false
vs | (0,1,0,0,0,0,0,0,0) | (1,0,0,0,0,0,0,0,0,0) | |I' a3 | (my,ts,m,) | false
v, |(0,0,0,0,0,0,1,0,0) | (0,0,1,0,0,0,1,0,0,0)'| | | a5 | (m3,ts;ms) | true
vs |(0,0,0,0,1,1,0,0,0) | (1,0,0,1,0,0,0,0,0,0) ||| a; | (ms,ts,mg) | false
vg | (0,0,0,0,1,0,0,0,1) | (1,0,0,1,0,0,0,0,1,0) | || ag | (ms,tr,m;) | true
v, 1(0,0,0,0,0,1,0,1,0) | (1,0,0,1,0,0,0,1,0,0) | | | ag | (mg,t7,mg) | false
vg | (0,0,0,0,0,0,0,1,1) | (1,0,0,1,0,0,0,1,1,0) | || ajg | (m7,ts,mg) | false
vy | (0,0,0,0,0,1,0,0,0) | (0,1,0,0,1,0,0,0,0,0) | || aj, | (my,ts,myy) | false
vy, |(0,0,0,0,0,0,0,0,1) | (0,1,0,0,1,0,0,0,1,0) | || ajg | (Myg,tsmyy) | false
aig | (my,ts,my,) | false
a’19 (m;,tg,m;z ) | true

Table A3.10 The nodes (a) and arcs (b) of Figure 3.23

v A
Vi m; a; [e] (mito,m;) | atfy
vo |(1,0,0,0,0,0,0,0,0) |(0,0,0,0,0,0,0,0,0,0) ||| ao | (mo,tzm;) | false
v; |(0,0,0,1,0,0,0,0,0) |(0,0,1,0,0,0,0,0,0,0) ||| a;: | (mo,ti,m,) | false
v> |(0,0,1,0,0,0,0,0,0) |(0,1,0,0,0,0,0,0,0,0) ||| a> | (mo,to,ms) | false
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vs | (0,1,0,0,0,0,0,0,0) |(1,0,0,0,0,0,0,0,0,0) as | (mgyts,my) | false
vs | (0,0,0,0,0,0,1,0,0) | (0,0,1,0,0,0,1,0,0,0) as | (mst;ms) | false
vs |(0,0,0,0,1,1,0,0,0) |(1,0,0,1,0,0,0,0,0,0) a; | (ms,ts,mg) | false
vs | (0,0,0,0,1,0,0,0,1) |(1,0,0,1,0,0,0,0,1,0) ag | (mst;,mjy) | false
v; | (0,0,0,0,0,1,0,1,0) |(1,0,0,1,0,0,0,1,0,0) ag | (me,t;,mg) | false
vs | (0,0,0,0,0,0,0,1,1) |(1,0,0,1,0,0,0,1,1,0) ai | (myts,mg) | false
v | (0,0,0,0,0,1,0,0,0) | (0,1,0,0,1,0,0,0,0,0) asz | (myts,myp) | false
vs2 | (0,0,0,0,0,0,0,0,1) | (0,1,0,0,1,0,0,0,1,0)
aie | (Mio,ts,ms,) | false
Table A5.1 The nodes and arcs of Figure 5.1
delPtoTarc
74 A
Vi m o} ax. [ (myt,m;) | atfi
vo | (1,1,0,0) 1(0,0,0,0) Qo | (mo,t3,m;) | false
v: | (1,0,0,1) {(0,0,1,0) a;-| (mg,t;,m;) | false
vz | (0,1,1,0) | (0,1,0,0) as | (mg,to,ms3) | false
vs | (0,2,0,0) | (1,0,0,0) as | (my,t;,my,) | false
v4 | (0,0,1,1) | (0,1,1,0) as | (mg,to,ms) | false
vs | (0,1,0,1) | (1,0,1,0) as | (my,ts,my) | false
vs | (0,0,0,1) | (0,1,0,1) as | (ms,t;,ms) | false
vy | (0,0,0,2) | (1,0,2,0) ay | (myts,mg) | false
ag | (ms,t;,m7) | false
Table A3.11 The nodes (a) and arcs (b) of Figure 3.25
v’ A’
v m | o ||Le ] mptm) | ar,
v, | (1,1,0,0) | (0,0,0,0) ay | (mg,tzmy) | false
v; | (1,0,0,1) | (0,0,1,0) a; | (mg,t,my) | false
v, | (0,1,1,0) | (0,1,0,0) a, | (my,toms) | false
vs | (0,2,0,0) | (1,0,0,0) az | (my,t,my) | false
v, | (0,0,1,1) | (0,1,1,0) a, | (my,toms) | false
vs | (0,1,0,1) | (1,0,1,0) as | (my,tmy) | false




delToken

v ((0,0,0,2) | (1,0,2,0) ||| ag | (m3,tzms) | false
a; (my,tsms) | true
ag (ms,tom;) | false
a; (m;,,tg,m;) true

Table A3.12 The nodes (a) and arcs (b) of Figure 3.27

v A

Vi m; g; ax | (mtn,m)) | atfi
Yo | (1,1,0,0) | (0,0,0,0) ao | (mo,t2,m;) | false
vs | (1,0,0,1) | (0,0,1,0) a; | (mo,t;,m;) | false
v> (0,1,1,0) | (0,1,0,0) az | (mo,to,ms) | false
vs | (0,2,0,0) | (1,0,0,0) as | (my,t,my) | false
vq | (0,0,1,1) | (0,1,1,0) a, | (my,to,ms) | false
vs | (0,1,0,1) | (1,0,1,0) as | (my,ts,my) | false

as | (ms,t;ms) | false
v7 1(0,0,0,2) | (1,0,2,0) a7, | (my,ts,ms) | true

ag | (ms,to,m;) | false

Table A5.2 The nodes (a).and arcs (b) of Figure 5.2

v A

Vi m; o} ag | (m,t,m)) | atfy

vo | (1,0,1,0) | (0,0,0) ao | (mo,to,m;) | false

v: | (0,1,1,0) | (1,0,0) a; | (mg,t;,m;) | false

v2 | (0,0,2,0) | (1,1,0) a; | (myta,ms) | false

vs | (0,0,1,1) | (1,1,1) as | (mo,to,my) | false

v4 | (1,0,0,1) | (0,0,1) as | (mg,to,ms) | false

vs | (0,1,0,1) | (1,0,1) as | (ms,to,me) | false

vs | (0,0,0,2) | (1,1,2) as | (Mmy,to,ms) | false

ay | (ms,t;,ms) | false
Table A3.13 The nodes (a) and arcs (b) of Figure 3.29
v’ A’
v | m | o || ] tmitem) |atf,
vy | (1,0,0,0) | (0,0,0) ay | (mg,tomy) | false
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delTransition

vy |(0,1,0,0) | (1,0,0) a; | (mj,t,my) | false
v, |(0,0,1,0) | (1,1,0) a, | (myt,ms) | false
v; [(0,00,1) | (1,1,2)

Table A3.14 The nodes (a) and arcs (b) of Figure 3.31

v A
v m; g/ ax | (m;ta,m)) | atfi
Vo | (1,0,0,0) (0,0,0) | || go | (motom,) | false
v: |(0,1,0,0) |(1,0,0) a; | (my,t;,m,) | false
v2 |(0,0,1,0) |(1,1,0) az | (my,t;,ms) | false
vs | (0,0,0,1) |(1,1,1)
vs | (1,0,-1,1) | (0,0,1)
vs | (0,1,-1,1) | (1,0,1)
vs | (0,0,-1,2) | (1,1,2)
Table A5.3 The nodes'and arcs of Figure 5.3
74 A
Vi m o; ar | (mpt,m;) | atfi
vo | (2,0,0,0) | (0,0,0,0) ao | (me,t;,m;) | false
v: | (1,0,1,0) | (0,1,0,0) ai | (mo,to,m;) | false
vz |(1,1,0,0) | (1,0,0,0) a; | (mgt,ms) | false
vs | (0,0,2,0) | (0,2,0,0) as | (mgto,my) | false
v4 | (0,1,1,0) | (1,1,0,0) as | (myt,my) | false
vs | (0,2,0,0) | (2,0,0,0) as | (myto,ms) | false
ve |(0,0,0,1) | (1,1,1,0) as | (myt;me) | false
vz | (1,0,0,1) | (0,0,0,1) a; | (mo,tsmjy) | false
vs |(0,0,1,1) | (0,1,0,1) as | (mytsmg) | false
ve |(0,1,0,1) | (1,0,0,1) as | (mytsme) | false
vio | (0,0,0,2) | (0,0,0,2) aio | (myz,ts,myo) | false
a1 | (myt;,mg) | false
ax | (myte,ms) | false
Table A3.15 The nodes (a) and arcs (b) of Figure 3.33
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v’ A
u | m | & | |[a | mptem) |atf,
vy | (2,0,0,0) | (0,0,0) ay | (mg,t;,m;) | false
vy |(1,0,1,0) | (0,1,0) a; | (mg,tom,) | false
v, |(1,1,0,0) | (1,0,0) a, | (my,t,ms) | false
vs |(0,0,2,0) | (0,2,0) az | (mj,tomy) | false
vy |(0,1,1,0) | (1,1,0) a, | (my,t,my) | false
vs | (0,2,0,0) | (2,0,0) as | (my,to,ms) | false
ve |(0,0,0,1) | (1,1,1) ay | (myt,myg) | false
Table A3.16  The nodes (a) and arcs (b) of Figure 3.35

v A
Vi m; a; ak | (mjt,m;) | atfk
Yo | (2,0,0,0) | (0,0,0) ao | (mo,ts,m;) | false
vi |(1,0,1,0) | (0,1,0) a: | (mo,to,m;) | false
vz |(3,1,0,0) | (1,0,0) g, | (my,t;,ms) | false
vs |(0,0,2,0) | (0,2,0) az | (my,to,ms) | false
va |(0,1,1,0)7 (1,1,0) ag | (my,t;,m,) | false
vs | (0,2,0,0) | (2,0,0) as | (mgto,ms) | false

V6 (0101011) (11111) de (m4r‘t21m6) False

Table A5.4 The nodes and arcs of Figure 5.4

delPlace

4 A

=%

Vi m; 0; ax | (myt,my) | atfy
vo | (1,0,0,0,0,0) | (0,0,0) ao | (mo,tz,m;) | false
v: | (0,1,0,1,1,0) | (1,0,0) a; | (mg,to,ms) | false
v» | (0,1,0,0,0,1) | (1,0,1) az | (mg,ts,m)) | false
vs | (0,0,1,2,1,0) | (1,1,0) as | (my,to,my) | false
v41(0,0,1,1,0,1) | (1,1,1) as | (ms,to,my) | false

Table A3.17 The nodes (a) and arcs (b) of Figure 3.37
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mergePlace

v’ A

i 1 ! !

m; o, a, | (mutam) | atf;

vy | (1,0,0,0,0) | (0,0,0) ay | (mg,t;m;) | false

v; | (0,1,0,1,0) | (1,0,0) a; | (mj,toms) | false

v, | (0,1,0,0,1) | (1,0,1) a, | (my,t;my) | false

vs | (0,0,1,1,0) | (1,1,0) as | (my,tomy) | false

v, | (0,0,1,0,1) | (1,1,1) ay (mlg,tz,mil) false

Table A3.18 The nodes (a) and arcs (b) of Figure 3.39

v A

=%

Vi m; g; ax | (mit,,my) | atfi
Yo | (1,0,0,0,0) | (0,0,0) ||| o | (mo,t2,m;) | false
v: |(0,1,0,1,0) | (1,0,0) a; | (m,to,ms) | false
v2((0,1,0,0,1) | (1,0,1) az | (my,tsm,) | false
vz | (0,0,1,1,0) | (1,1,0) as | (my,to,my) | false
v4 |(0,0,1,0,1) |i(23,1,1) | | | a4 | (m3,t2,m,) | false

Table A5.5 The nodes(a)andarcs(b) of Figure 5.5

4 A

ot 3

Vi m o; oc | (myt,m)) | atfy

Vo (11010111010) (0101010) o (m01t21m1) false

Vi (11010101110) (0101110) az (m01t01m2) false

V2 (01110111010) (1101010) az (m11t31m3) false

V3 (11010101011) (0101111) as (m11t01m4) false

Vs (01110101110) (1101110) a4 (m21t21m4) false

Vs (Ololllllolo) (1111010) as (m21t11m5) false

Ve (01110101011) (1101111) s (m3lt0Im6) false

V7 (01011101110) (1111110) az (m4lt3lm6) false

Vg (Ololllololl) (1111111) as (m4ltllm7) false

as | (ms,t;,m7) | false

a1 | (Mg, t;,mg) | false

aiz | (my,t3,mg) | false

Table A3.19 The nodes (a) and arcs (b) of Figure 3.41
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Vv’ A

v, m, o a, | (m ,tn,mj’ ) | atf,
vy | (1,0,0,1,0) | (0,0,0,0) ay | (mgt,my) | false
v, |(1,1,0,0,0) | (0,0,1,0) a; | (mg,tomy) | false
v, |(0,1,0,1,0) | (1,0,0,0) a, | (my,t;ms) | false
vs |(1,0,0,0,1) | (0,0,1,1) ||| a3 | (my,tomy) |false
vy |(0,2,0,0,0) | (1,0,1,0) a, | (myt,my) | false
v; (0,0,1,1,0) | (1,1,0,0) a’s (m;,tl,mg) false
ve |(0,1,0,0,1) | (1,0,1,1) ||| ay | (m3tomg) | false
v, 1(0,1,1,0,0) | (1,1,1,0) ||| a; | (mytsmg) | false
vg |(0,0,1,0,1) | (1,1,1,1) ||| ag | (myt,m,) | false
vy | (1,0,1,0,0) | (0,1,1,0) ay | (ms,t,m,) | false
vy | (0,0,0,1,1) | (1,0,0,1) ||| ajy | (mg,timg) | false
vy, | (0,0,0,0,2) | (1,0,1,2) ||| aj; | (m7,tsmg) | false
v'12 (0,0,2,0,0) | (1,2,1,0) a'12 (m;,tl,m;) false

a;; | (my,ts;my) | false

a'14 (mg,to,m;) | false

a'15 (m;,,t2mg) | false

a'16 (mg,t;,m;,) | false

a,, | (m,,t,m),) | false

Table A3.20 The nodes (a)andarcs.(b) of Figure 3.43

v A

Vi m; o ax | (mita,my) | atfy
vo | (1,0,0,1,0) | (0,0,0,0) ao | (mo,tz,m;) | false
vz | (1,1,0,0,0) | (0,0,1,0) a; | (mo,to,m;) | false
v2|(0,1,0,1,0) | (1,0,0,0) a; | (mg,t;,ms) | false
vs | (1,0,0,0,1) | (0,0,1,1) as | (mg,to,my) | false
vq | (0,2,0,0,0) | (1,0,1,0) as | (myts,my) | false
vs | (0,0,1,1,0) | (1,1,0,0) as | (my,t;,ms) | false
vs | (0,1,0,0,1) | (1,0,1,1) as | (ms,to,ms) | false
v7|(0,1,1,0,0) | (1,1,1,0) ay; | (mgts,me) | false
vs | (0,0,1,0,1) | (1,1,1,1) ag | (mg,t;,m;) | false

as | (ms,t;my) | false

aio | (Me,t;,mg) | false

a1 | (my,t3,mg) | false

Table A5.6 The nodes and arcs of Figure 5.6
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