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Structure of the text

First part Chaptes 1-5) introduces the framework andmodelling language ofNet
Condition/Event SystemsNCES as follows. Chapter 1 introduces the formal
verification framework Chapter 2starts with providingnformal introduction into the
formalism of Signal/Event nets. Chapt&introduces modlar Signal/Event nets called
Net Condition/Event SystemsChapter4 discusses some challenges to the S/E net
semantics lmught by the modularity of NCESand Chapter 5 adds time to the
Signal/Event nets.

Second partGhapters 612) preserdg basics of modlling automation systems and
technique of their formal verification in the Visual Verification Framework as follows.
Chapter6 introduces the framework of closémbp modelling and verification, Chapter 7
presents some basic techniques for modelling tbpead physical processes (plant) using
NCES, Chapter8 introduces basic NCES elements to be used in controller models, such
as models of variables and operations over thehapter9 discuses some challenges
arising from the need to combine purely detenistic and synchronous objects
(controller) with asynchronous and ndaterministic processes (planithapter 10
presents an example of a simple automation system modelled and verified in the
presented framework. Chapter 11 considers the use &fisi@l Verifier tool in more
detail, and Chapter 12 presents more details on the properties to be verified.

The third part Chaptes 13-15) presents some additional techniques and factisand
structured as follows: Chapter #iBscusses specifics of distributedntroller modelling.
Modelling of Programmable Logic Contrelis is exemplified in Chapter 1&hapter 5
is devoted tosystematic modelling of plantChapter 16 introduces the ideas of
hierarchical model composition in NCES.

Annex 1 provides examples XML representation of NCES models.
Annex 2 contains more rigorous definitions of NCES.
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1 Introduction: modelling and verification of
cyber-physical systems

In computer scienciormal verificationis an act of proving the correctness of programs

by usng mathematical methods and modéian be used as automatic alternative to

the simulationbased testing and debugging, improving dependability and reliability of
automation systems. Unlike testiag simulation, the formal verification can expldte

compl ete set of S y s t reathénsaticallythat tn@eundsspadle er and pr
dangeroudehaviour occursThis canreduce the effort spent on validation the same time

increasing its quality which especially important in safety critical apptioati Formal

verification be also very helpful in provingthe compliance with various certification

requirements

Cyberphysical systemis a novelview on embedded systems that takes into account
the dynamics and the structure of the environment wherenthedded device works. In
many control and monitoring applications this view has proven to be beneficial as
compared to a more narrow focus only on the computing hardware and software

In particular, in control systems, usually the control software is ténrget of
verification. This software is further referred to esntroller, and it is the essential part of
the embeddedontrol deviceconnected to thelant undercontrol. Plant and controller
form the interconnected closémbp control system.For exampe, in industrial
automation, hie controller codeusually is a variable part of the system, whitbe
hardware remains unchangebhe controller can be programméd one of general
purpose or specialized programming languages, e.g. follothimtEC611313 standard
[39].

1. The closedoop system is modeled using an appropriate fisigee or hybrid
formalism, e.gfinite state machines, Petri nets, elit.closedloop modelingthe
model of the planheeds to be present expligitlt has to be designed manually by
control engineers, while the model of the controller can be built automatically given
the code.In openrnloop modeling only the controller part is verified under some
assumptions about its inputs.

2. The desired or forbideh behavior of the plamontroller system nesdto be
described in form of gecifications i.e. the properties to hold or to avoid. The
specifications have to be formalized using a formal language compatible with the
description of the model.
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3. Given the nodel and a number of formal specifications, it can be formally checked
whether the specifications hold with respect to the model. This process is called

modelchecking
The results of the modehecking have to be interpreted in terms understandable by

4,
the engineers. For this purpose, allvectional mapping from the original system to

its model and back has to be provided.
This text presents a framework for modelling and verification which is based on the

formalism of Net Condition/Event Systems (NCES).

1.1 Supporting Tool Framework
To facilitate the use of NCES by engineers, the formalism is supported by tools and

methodologiesThe framework is presented kigurel.
Model Generators: = ;_;

'for PLCs - e T4 s
f-»:-.n(..'* co(?eé and_'E{: 614 99 =3 ‘—':7 :J o e T

program ! .
b cmm— co———
ST hornchi

S — | ‘_ '. |
ViVe

Closed loop model of ' : !
interconnected v v Tranglation
plant/cantrolier system ) __'_ et -re
Basic Composite SNS A | i,-ﬁ,_.,m : _External
models models in pia riﬂodel-checker

text format SESA

Figure 1. Tool framework for modeltig and verification

The functions of the tools are as follows:
9 Visual NCESeditor (VIEd) providing full graphical authoring and editing of the

models Its manual is provided in a separate document;
10
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1 Visual Verifier (ViVe) T an integrated tool that contaim model builder (assembler),
a translator to the flat format for subsequent matieicking, interfaces to several
modetcheckers, and the means for analysis of scenarios (e.g. their visualization in
form of state/time diagrams), or even system simulationg the selected scenarios.

1 The model checke6BESA allows for efficient modethecking of fairly complex
systems (millions of discrete states);

1 The application methodologies are represented as libraries of standard model
elements and by the wddased doumentation;

The NCES modelling languagés openi an XML based data format allows the
development of addns to the existing tools, for example medeherators for particular
programming languages which the controllers are programmed.

The graphical atbr provides full graphical authoring and editing of the models. The
editor uses an open XMhased data format for basic and composite NCES models. The
data format of composite model blocks intentionally was made identical with that of
IEC61499 function locks, supported by tooFBDK).

The integrated environmeWisual Verifier inputs the model type files given in XML and
is capable of:

1 Assembling a composite, hierarchically organized model from modules contained in
different libraries. The component neldypes are instantiated into NCES modules.

T Translating the model into a dAflato NCES
transitions. The intemodule connections are converted into event and condition arcs
between places and transitions. Thus thedule boundaries are removed and the
modetchecking tools can be applied. In particular, the translator generates files in the
input format of SESA model checker.

To enjoy the benefitef graphical formalismshe model authoring and maintenance have
to besupported in a visual intuitive way. The evolution of graphical tooteseribed in
the following section.

1.2 History of NCES developments

The first version othetool for editing Timed NCES (TNCES) favas implemented
atthe University of Halle, (Germay) as a template tWisio universal graphic editor. The
editor supported only the ndgped approach which did not allow for convenientise
of previously developed model components. The whole model needed to be developed

11
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from scratch and the nése waspossi bl e only by #dAcut and
elements.

JFe I M Veut T e Wam Wi e alfle

LR/ UFEER "= el KVACA
T MR R F LRI AU UNERY JALON
< o ™ o BT o ST STI L BT ST £

Figure 2. Visio TNCES Template

The need to reise models pushetie development ofin open XML-based data format

for basic and composite NCES models. The data forrhatomposite blocks was
intentionallymade identical with that of IEC61499 function blocks, supported by tools
[17, 18]. Then the export to the XML format was added to the editor in order to create a
model type out of a single NCES module. This way the éoMisio-based editor could

be used for populating the library of basic model types, while FBDK could be used for
creating complex model types.

However, FBDK is lacking convenience in dealing with module connections. Besides
the use of three software tegust for editing models is too complicated. For this reason
another editor(ViEd) was conceived that integrates editing of basic and composite
models in fully intuitive visual way.

The model of a controller can be generated by the MOVIDA NCES GenéFagor
10). The generator takes as an input source code of controllers in several PLC
programming languages (for example OmMYrLD project represented as a textual file),
converts it into TNCES, and saves the data in XML based format. The opennesi$-and se
explanatory XML representation simplifies the development of the tools that may work
with TNCES.

12
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Figure 3. MOVIDA NCES Generatar

13
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2 Signal/Event Nets

2.1 Introduction

In this chapter we give informal definition of Signal/EventsnéS/E nets)A more

formal definition is presented in Annéxandint he document #dBwerd!| yzi ng

Net 2lp [

The formalism of Condition/Event systems, suggested by Sreenivasan and Krogh in

(1990), provides aconvenent framework for modularmodelling of discreteevent

systems. Internal content of modules can be different: so far finite state and hybrid

automata [34], as well as Petri ndike formalisms [7] have been studied in this role.

The Condition/Event modec an ser ve t o Inerfaceeabsgactions,s y st e ms

internal structure antiehaviourof single elements. This model can be easily mapped
then onto IEC6149%nction blocks 23], thanks to many similarities, namely eventla
data interfaceand SateChartdefinition of functionality of single modules.

2.2 Syntax

A SignalEvent net is a place/transition model similarRetri nets[4-11]. Basic
artefacts of the place/tansition moded are places which can bear tokens (net)
transitions and arcs connectingplaceswith transitions and transitionwith places
known astoken flowarcs S/E nets in addition have two types of amgent arcdrom

transitions to transiti@(e.g. (t2, t4)), and condition arcs from places to transitions e.qg.

(p2, t5).The model in Figure 1 isneé5/E net.

A state of a place/transitiormodel is determined by marking of its places.
allocation of tokens across the placéso k e n s ¢ &om sfate tostaté in some
di screte moments according to the set

of

Ajumpo of tokens | eadandiscalleastaedransiton at e o f

It is said that net transitions céire and transfer heby tokens from a place to place.

14
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hn

Figure 4. A Signal/EventNet (book/examplel)

2.3 Semantics

The £mantics ofSignalEvent nets is defined by the firing rulesndttransitions. There
are several conditions to be fulfilled toadxhe anettransition to fire.

First, as inthe ordinary Petri nets, an enabled transition has to have a token
concession. That means that all-ptaces have to be marked with at least one t@sen
shown inFigure 5 (or, in caseof weighted arcs, with as many tokens as the weight of the
corresponding arc from ¢hpreplace to the transition.)

Figure 5. Token concession of transitiom) transition t has token concession; b) there dstaken

concession

In addition to the flow arcs from places, a transition in S/E net may have incoming
condition arcs from places and event arcs from other transitions. A transition is enabled
by condition signals if all source places of the conditiomas are marked by at least
one token(more rigorouslyi as many tokens as the capacity of the flow,are) f more
than one condition arc is connecteda placethe overall influence of the condition arcs
is decided by th& A N Dfteach single arc ebleness, as shown kigure 5.

15
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O ® E
V , O

Figure 6. If more than one condition arc is connected placethe overall influence of the condition arcs
is decided by thé@ A N ftheeachsinglearc&nableness

Another type of influence on the firing can be described by event signals which come
to the transition from some other transitions in the Yath respect to incoming event
arcs a transition can have either OR or AND mageiit signal sensitivitynode).The
default event signal sensitivitpodeof transition is ORas shown irfrigure 7.

Figure 7. The cefault event signal sensitivity function of forced transition is OR.

Transitions having no incoming evearcs are callethdependentotherwiseforced
A forced transition is enabled if it has token concession and it is enabled by condition and
event signals.

transition

independent forced
has incomang
Fverd ares

spontaneous greedy

Figure 8. Firing mode of transition

16
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Several & nettransitions can fe simultaneouslyA set of such simultaneously
firing net transitionss calledstep

A step is formed by first picking up a nonempty subset of enabled spontaneous
transitions, and theby adding as many as possible of enabled transitions which are
forced to fire by event signals produced by the transitiainsadyincluded in the step.
Such a step is calladaximalwith respect to its forced transitions.

2.4 Conflicts and non-determinism

~

A conflict in classicPetri nets occurs when the number of tokensame places s fino't
sufficient to fire all transitions connected to timeby flow arcs This situation is
exemplifiedin Figure 9, a

Marking
veclior

/@\_ {1 \{2

a) b) T 1T

Figure 9. Conflict (a) and reachability gpdn (b) (book/simple_conflict)

In case ofconflict, not all transitions can fire simultaneously. The reachability graph
in Figure 9,b shows that there are two ste&figebledin this state of the modeftl} and
{t2}. Since boh these steps can happen, it is said that the choice 4daterministic. In
case if such a model is used for simulation either of this transition steps can happen. In
the reachability graph, however, both options are included.

17
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2.5 Condition arcs

Tokens do ot flow through condition ar¢sso one place with a single tokemit can
enable many transitions and no conflict will arise, as illustratédgare 10 for the place
p3.

|
p: () P O ps

Figure 10. Single token in B is sufficient to enable transitions t1,t2 and t3, so no conflict is observed in
this situation.

2.6 Arcs with capacities(weights)

The bken flow and condition arcs can have capacities determining the number of
tokens that will flow through the arc (forken flow arcs), or needed to enable the
corresponding destination transition (for condition arcsd.dburce place hdsss tokens
than isrequired then the transition would not get the concession. A net with arc capacities

is illustrated inFigure11.
22 Ps
2 2
'
[

L,

R}

l)'_‘ él)-l él)<

Figure 11. S/E Net with arc capacities

18
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For example, the flow arc from p1l to t1 has capacity 2, and the condition arc from p3 to
t1 has capacity 1. Both places pl and p3 have 2 tokens, so the trarisisoenabled.

The transition t2 is enabled because it has only one flow arc from p3 and there are enough
tokens in p3. The transition t3 is enabled becgqisbas as many tokens as required (1)
and p3 has as many tokens as requiredN@de, that only oa token moved from p1l to

p2 and one gdobst since the capacity of tlaec(t1, p2)is only 1.

Also note, that in the next state transitionw®uld not be enabled although p8ll has
one token. This is due to i niswatfelbcitemd omanmbi
arc (p3,t3) which has capacity 2.

2.7 State and reachability

A state ofan S/E net is defined by marking afl places. A tuplevi=<Z,R,$> denotes
the reachability structure of a S/E net, wh&res a finite set of reachable stat&sis a
finite set ofstate transition and gis an initial state.

A state trajectory is a sequence of statgs €, s;, &€,, € , dovemdh pairh at
S, S+1 1 Z there ist I R such thats; is reachable frong by the transitiont (in
mathemadtal terms denoted &g [t> S+1) . Figure 12 presents the reachability graph for
the S/E net fronfrigure4.

1 Note the fundamental difference betwewn transitionandstate transition
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Figure12 Reachability graph of the model frdfigure 4.

Nodes of thegraph correspond to the states wlilte arcs correspond to the state
transitions. The arcs are marked with their respective steps of net transitions.

2.8 State transition modes

There are threways to generate the transition step.t. spontaneous transitians

1. Include all possible combinations of spontaneous transitions (this was illustrated in the
previous section ifrigurel?);

2. Include only one spontaneous iatap(The corresponding reachability graph is shown
in Figure 13, a),

3. Include maximum number of spontaneous transitftires reachability graph is shown
in Figure 13, b);
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<1010> <1010>

/ N

(s, h

i3 | // ; \/L?’

hagl . 124] {3}fl / 3
1y / fq1} 4?1

I. A
/ “ \

& Y YL
S 15 (5.) (S,)
<0110> 121 <0101> S S~
31 <0110> <0101>
i

<1001>

a) b)

Figure 13. Reachability graphof the modekorresponding to a) single spontaneous transition; b) maximal
set of spontaneous transitions

In all cases forced transitions are includedstepsaccording to the principle of
maximal set of forced agstussed in the previous section.

2.9 Synchronous transitions

There are special means provided for description of both asynchronous and
synchronous behawvio in the same netwhich areespecially useful fomodeling of
interconnected plant/contlter systems This is achieved either by introduction of
synchronousransitions firing whenever they are enabled, or by timing.

If a transition is marked witlthe synchronous (or greedy) attribute, it fires always
when enabled. Synchronous transitions should noé f@eoming event arcs. When a
firing step is formed, these are treated as spontaneous, with exception of that all enabled
greedy transitions are always included in the step.us illustrate the work of greedy
transitions on the example figure 14.
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Reachability Graph

S
Model P G
g . %
S f
{2,3} .
S 4 [ S
N
/‘-f/ B Q\
&/
n \r\:\
S,

Figure 14. Reachability graph ahe model with all spontaneous transitions.

As one sees, t hiaclude® all @dssibte combiratEorsitloand t2
with t3 and t4.

This example is provided in the Visual Verifier set of samples as
TestSimple2Spont.xmCheck it with the options: Maximal set of greedy transitiand
Combinations of spontaneous transitions as illustratdeigare 15. The selected firing
mode implies thatall greedy transitions will be included in the step and all possible
combinations of enabled spontaneous transitions will be added. If the set of Greedy is not
empty, then the combination with empty spontaneous set will be also considered.
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Boptor EEE
GESA settings  Firing Rules l\-’iew ] Reachab 4| *
Max Size
Greedy Mode

&l greedy

™ Combinations
Spont Mode

" Single

f* Combinations
" Maximal

[v todel Timed
[~ Recursive Model Checking

Figurel5. Selection othefiring modes inthe VisualVerifier.

In the next exampleF{gure 15, TestSimplelSpontlGreedy.Xtivo transitions are
left spontaneous, while two others are made greedya Aesult, some trajectories have
disappeared from the reachability graph.

Reachability Graph

Model
ri(e) =
(2.3) -
,. S, ) 14 1S,
5 " i
\L/i /

Figure 8. In case iftwo transitions arespontaneous antiwvo othes are greedythe possible step
combinationsare limited to those wheegreedytransitionis always includedn the step

{1.3)
.G'\

{r'a)

If there is more than one greedy transitions enabled in the moment, they are included into
step similarly ® spontaneous transitions, i.eteps are formed from all possible
combinations of greedys shown idrigure16, where all four transitions are greedy
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Reachability Graph

Mode! S,

2 AT
S
{(1,3)

b

Figure16. All transitions are greedy

Note: Ther diggdi nesso of transi titimedsnodela A be

similar concept can be achieved in timed models by using syndisrmseduced later in
Chapterl4.2.

2.10 Transitions without incoming arcs

A transition withoutanyincomingarcs is always enabled

2.11Priorities

In placetransition modelling formalisms a priority is an integer attribute of a transition
determiningpreferenceof its firing with respect to otheenabletransitions. Only the
transitions with the highest priority (from the set of currently enabled transitions) are
included in the executable step. To avoid ambiguitiesS/E Netspriorities can be
assignednly to spontaneous transitions.

2.12Firing rules

Visual Verifier supports several firing rule$he set of firing rules c6ESAIs a bit
different The reasamfor having different firing rulesre in the history of these tools.
However, having several firing rulemvailable may better fit to particular details of
different models.

Thefiring rulesof the Visual Verifierare as follows:

- single spontaneous can fire

- all combinations of spontaneous transitions will be consigered
- only themaximal combination of spdaneougan fire.
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Certainly for each set of spontaneous transitions as many as possible forced
transitions are added toformastgghi s i s call ed Amaxi mum st enp

In SESA two firing rules are supported:
- single spontaneous can fire ;

- all combinations ofspontaneous transitions will be considered to form the
maximum steps on their base;

I n addition, t he Agreedyo transitions a
differently from SESA.

In ViVe two options are provided:
- fire all enabled greedy transihs together or
- consider all combinations of the greedy;

This is applied 6éon topd of the spontaneou
In SESA greedy transitions are treated as normal spontaneous transitions.
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3 Modular S/E Nets = Net Condition/Event
Systems

The formalism of NeCondition/Event Systems (NCES) was introduced by Rausch
and Hanisch ifRausch and Hanisch, 199&hd further developed through the last years,
in particular in(Hanisch and Luder, 1999)

3.1 Encapsulation of models into modules

The general ideaf Net Condiion/Event systems suppoitse way of thinking of and
modeling a system as a set of modules with a particular dynamic beihand their
interconnection via signals. An illustrative example of the graphical notation of a module
is provided inFigurel7.

)
Lt LU R AT TR

1 e
i COPNIIT IO
Rl e

A module .~

- |}
flow are

Figure 17. Graphical notation of a module.

Once designedhe modules can bee-used over and over again. Each modhés
inputs and outputs of two types:

1.Condition inputs/outputs cafing information on marking of places in other
modules and

2. Event inputs/outputs carrying information firing transitiors in other modules

Conditionandevent inpus are connected witeometransitions inside the moduley
condition and event arcRlaces of the module can be connected to the condition outputs
by condition arcs, and transitions can be connected to the event outputs by event arcs.
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This concept provides a basis for a compositional approach to build larger models
from smaller componest The "composition" is performed by "ging" inputs of one
module with outputs of another modulesh®wnin Figurel8.

Figure 18. Modular composition.

The esult of the composition of twWNCES N and N is an NCES Nobtained as a
union of the components and which can be represented as a new module. Inputs and
outputs of the "composition" are unions of the components' inputs and outputs, except for
those which are interconnected to eaclentlnd hereby "glued”, i.e. substituted by the
corresponding condition and event arcs, as shoviigure 19. By the way, the resulting
module is equivalent to the S/E frdfigure 4.

Figure 19. Result of the modular composition.

3.2 Model type definition

In the version of NCES implemented\fisual Verifiera modelmustbe encapsulated
in a module. A module is defined by itderface andcontent The interface contairs
model name and names of event and condition inputs and outputs. The content can be
either a placagransition model, i.e. consist of places, transitions and arcs as described in
the previous section (such model types are cdiesic), or be a network omodules
interconnected via event and condition arcs (such models are aathgdieX).
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Once defined and placed in the library, a module definesdel type The module
name serves as the type identifier. Type instances can be used over and over hgain in t
complex models (strictly speaking, the modules forming the complex models have to be
instances of other modules).

As a consequence of the above definition a model can have a hierarchical structure as
the one presented Figure20. The hierarchical structure can be transformed into a plain
S/E Netby instantiation of a model types.

Figure 20. A hierarchical NCES model

Dynamic models of complex objects usually consist of models of dosistituent
components interconnected by event and condition signals. They may also include an
addi tional mo d el t hat i ntegrates and coordir
can also take care about infuttput behaviour of the composite model.

3.3 Typed NCES
Further in this text we are using only the typed N@&@&lelling This approach is based
on the following postulates:

1. All NCES models are encapsulated into modulemddulehasinterfacethat is
defined by event and condition inputs and owtpAtmodular model, stored in a
separate file, definesraodel typehat can be latanstantiated

28



V. Vyatkin © 20072011

2. NCES models can Heasicor composite

3. A basic NCES model type consists pfaces transitionsand arcs It cannot
have any nested modules.

4. A composite NCES model type consists ofmodule instancesand arcs
connecting AOs of the modules to each other and to the interface elements of the
model. The instances are obtained by instantiation of the model types, basic or
composite, existing in a storage mediargdry).

The process of model development can follow both-down and bottorup
approach. In the former case you may create new module interfaces and as needed
specify them and store as model types in the library. After that you can reuse the models
overand over again.

In the latter case you start with development of most basic model elements and save
them as basic model types in the library. More complex models can be created as
composite types using instances of the basic ones. This way you can @eathical
models of arbitrary complexity always remaining flexible and reusing the repetitive sub
models.

3.4 Capacitiesof condition arcs

Condition arcs between NCES modules, or between a module and inputs/outputs of
another module where its instance iglimed, can have capacitiethat are integer
numbers >= 1.

The capacities betweemodules can differ from the capacities of arcs within
modul es. When the modules are fAgluedo into
condition arcs are calculated the minimum capacity of the segments forming them.
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Module ,

- e >§’
~-rE

Module .,

Figure 21. The capacity of the condition arc (p25) is obtained as the minimum of capacities of the arcs
forming its segments within modules and between modules.

3.5 Benefitsof NCES

There are twomain reasons to prefer pladensition formalisms to many others
formalisms, e.g. finite automata. The first is their fmmerleaving semanticgi.e.
possibility of firing several transitions simultaneoushyhich better fits to mdelling of

distributed processes and of their interaction.
Concurrent state machines

;

‘ Stoke §_1 = Stofe 602 { Srale A_2
3

Place-transition net (NCES)

Figure 22. Model of two processes as parallel composition of state machines or NCES.
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The secondeasoris the more compact reachability space, explained as follows.

Modelling of complex distributed systems with automata usually ends up in many
concurrent automata models communicating via common variables, as illustretgek in
23, left, where two state machines A and Barecamned under Afasynchron
operatoro. Thus, t he ¢nmnadictafthécomppreentauomatey d e | [
and to do model analysis it is necessary to build the -gma&gBict consisting in this case
of 9 states, as one sees in the right pathe Figure.

A;B, A;B,

Figure23. Modelling of two communicating processes by means of concurrent state maidnideir crosproduct
automaton

Alternatively, in Signal/Event Nets state ofa model is determined bghe marking of
model places, so amglobal state of a distributed systemjust one state of the model.
This is shown irFigure 24 where the same model is implemented in Signal/Event Nets
with places(p:-ps) corresponding tcstates of the automata A or B (in thebvious
manner) (Find it in theconcurrent.xml file)
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®

§

Figure24. The ame modeimplemented usinglacé transition net¢S/E Net)and its reachability graph.

In the given initial state theeachability space of the model consists of only 4 states.
The same behaviour obviously will be shown by the automata mod®juiaz3 (the
outlined path ABzY Ale\"( AszY Ang\"( AgBlv Ang), but to get it the whole
crossproduct automata needs to be built.
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4+ Semantics of Modular Models

The modularityof NCES d@snot bring any extra semantic issues if compared to S/E
nets since the module boundaries are remaltgthg the flattening process. However,
some At r i c KEyesand BIGES sesnantics ne&d to be discussed.

4.1 A condition/event input of a module is not assigned

When an input is not assigned as showrFigure 25 there are several possible
interpretations.

Module 1 Module 2

Figure 25. Not assigned input of a module.

The one shown ifrigure 26 removes the event areif, t;) making the transition,
spontaneous.

Module 1 Module 2

[ S
coy ci

Figure 26. First interpretationthe event arc is removed, transition t2 in
theModule 2 becomes spontaneous.

However, this interpretation might not always reflect the intentions of the developer
of the module 2, as the presenof the incoming event arc might indicate the forced
nature of the transitioty. Thus, the absence of any input arcs to the inguhay mean
thatt, should not fire at all. This can be implemented as shoviigare 27 by adding a
module (Module 3) with a transitioty) that never fires, connectedtimf Module 2.
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Module 3
7
.- =0
Module 1 o Module 2

Figure 27. Second interpretatioran always dead transition

42 Mul ti ple arc assignments to a modul

Multiple arc connections to inputs and outputs of modules as those shévgure
28 were not allowed in the previous versions of NCES due to ambiguities in
interpretation.

Module 1 Module 2

Figure 28. Multiple assignments of arcs to 1/Os.

However, since the signal arcs eventually influetineefiring of transitions, we can
shift the semantic load to the definition of the firing function of transitions, and interpret
the concentration of arcs at inputs and puis by connecting places/transitions in the
resulting $EN with an arc if a connected path exists from the corresponding source
place/transition to the target transition in the original NCES. This is illustratedyime
29.
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Figure 29. Signal arcs in & N as a result of multiple arc resolution in NCES.

4.2.1 Condition ac weights between modules
ViVe provides two options for resolving the weight of the condition arc appeared as a
result of sructural composition (Options/NCES tab).

Intermodule condition arcs

{* Minimum capacity on the path

(" Maximum capacity on the path

Thus, if the first option is selectediet arc withthe minimum weight determines the
weight of theresultingarc aftetheassembly.
Module | Module ,

Figure 30. Multiplicity of the resulting condition arc.

4.2.2 Several condition arcs originating in the same place

In process of assembly there could be a situation of several condition arcs ending in the
same transition and originating in the same place.
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Module

Figure 31 Two condition arcs originating in p2 end in t5.

There are two options to resolve this situation. The first option is to take the
maximum capacity across all paths leading from p2 to t5. The result in this case would be
as shown irFigure32.

Figure32. Maximum path capacity is taken (1 in this case).

Another option is to assign the cumulative capacity to the resulting arc.

Figure33. Sum of @pacities is taken.

4.2.3 Visual Verifiersupport of norassigned module inputs

Ambiguous issue Support in Interpretation
VivVe

Non assigned event input | Supported The destination transitions are connec

to the fAal ways dea
Non assigned conditiol Supported The destination transitions are connec
input to the fAal ways emp
Multiple arcs to an even Supported The destination transition is connected |
input or output the transitions where the arcs are
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originating from.
Multiple arcs to acondition | Not supported
input/ output
Module
Module

Figure 34. Prohibited condition connections.
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5 Timed models

5.1 Discrete timing

The concept of discrete timing is applied to the S/E nets as follows: to eveaycpet]

of the transitio t we attach an interval,[h] of natural numbers with 0 k< h <a. The
interval is also referred to agermeability interval. If a prearc has no explicitly
designated permeability interval, it is assumed to bea[0,The interpretation is as
follows. Every placep bears a clocki(p) which is runningff (if and only if) the place is
marked n(p)>0), andis switched off otherwise. All running clocks run at the same speed
measuring the time the token status of its place has not been changed. Ifteafisitgpn

t removes a token from the plag®r adds a token tp, the clock ofp is turned back to O.

A (markingenabled) transitiohis time-enabledonly if for any preplacep of t the clock

at placep shows a timeu(p) such that(p,t) <u(p) < h(py).

An example is given ifrigure35.

Subsequent states

Ps Discrete time

0 1 2 3

Figure 35. Timed S/E net and firing of its transitions.

Thus, in timed NCES state is characterized by the markingltzfcesplus thevalues
of local clocks at the places.

A state is calledleadif no transition is timesnabled and no transition would become
able to fire after any increments of the clocks.

There are two slightly different interpretations of time in different NCES
implementatios. Let us consider illustration Figure 36, a.
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In one interpretation (implemented in SESA model checkerg delay is an attribute
of the state where the transition originatésin state S; there is such a minimum
incrementpthat some of the transitions become enabled after elapsing it, then it is said
that the state transitiodS'Y Sh as a ¢§ Goaeraglypit can be interpreted as the
stateS has a i gthat specifiesrthe time increment of the clocks of ttate
required to make the transition enabl&b, first the time elapses, and then state
transition occurs. This is illustrated Fiigure 36,b.

a) b) c)

Figure36 An example of timed S/E nand reachability graphs for two time interpretations.

Another interpretation (implemented Misual Verifier) uses the concept of time
increment. This attribute belongs to the state where the state transition leads to. The
reachability graph generatedoal with this interpretation is irFigure 36,c. This
interpretation allows interpret the elapsed time as an (implicit) attribute of the state
transition.

Although in this example, the number of states in both reachability giapte
same, in general it can be different.

5.2 Firing rules in TNCES

At a given state all (tim¢ enabled steps have to be computed and placed into the list
of enabled steps. Firing of each step brings one more state successor to the current state.
Repetitve application of this procedure to every subsequent state forms the reachability
space of the model. Tirenableness is a required but not sufficient condition to include
transition to the firing step. The interpretation of the timing intervals is debyeithe
timing firing rule.
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