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Verification of Use Case with Petri Nets in
Requirement Analysis*

Jingiang Zhao'*? and Zhenhua Duan'-**

! Institute of Computing Theory & Technology, Xidian University, Xi’an, 710071,
P.R. China
% State Key Laboratory of Software Engineering, Wuhan University, 430072,
P.R. China
jgzhao1985@gmail.com, zhenhua_duan0126.com

Abstract. Requirement analysis plays a very important role in reliabil-
ity, cost, and safety of a software system. The use case approach remains
the dominant approach during requirement elicitation in industry. Unfor-
tunately, the use case approach suffers from several shortcomings, such
as lacking accuracy and being difficult to analyze and validate the dy-
namic behavior of use cases for concurrency, consistency, ete. This paper
proposes an approach for overcoming limitations of the use case approach
and applies the approach in Model Driven Development (MDD). Timed
and Controlled Petri Nets are used as the formal description and ver-
ification mechanism for the acquired requirements. Use cases are used
to elicit the requirements and to construct scenarios. After specifying
the scenarios, each of them can be transformed into its correspondent
Petri-net model. Through analyzing these Petri-net models, some flaws
or errors of requirements can be detected. The proposed approach is
demonstrated by an E-mail client system.

Keywords: use case; Model Driven Development; Petri net; requirement
analysis.

1 Introduction and Related Works

Software development usually consists of the following stages: requirement analy-
sis, design, code and testing. Many research studies have shown the considerable
influence of early requirement analysis on the reduction of the unnecessary costs,
confusion and complexity in the later phases of software development [1].

Therefore, high quality of requirement analysis can most likely reduce some
potential risk occurred in later phases of software development.

* This research is supported by the NSFC Grant No. 60433010, NSFC Grant No.
60873018 jointly sponsored by Microsoft Asia Research Academy, Defence Pre-
Research Project of China No. 51315050105, SRFDP Grant 200807010012 and
SKLSE20080713.

** Corresponding author.
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Implementing Coloured Petri Nets
Using a Functional Programming Language

LARS MICHAEL KRISTENSEN* Imkristensen @ daimi.au.dk
SOREN CHRISTENSEN schristensen @ daimi.au.dk
Department of Computer Science, University of Aarhus, Aabogade 34, DK-8200 Aarhus N, Denmark

Abstract. Coloured Petri Nets (CPNs) are a graphically oriented modelling language for concurrent systems
based on Petri Nets and the functional programming language Standard ML. Petri Nets provide the primitives for
modelling concurrency and synchronisation. Standard ML provides the primitives for modelling data manipulation
and for creating compact and parametenisable CPN models.

Functional programming and Standard ML have played a major role in the development of CPNs and the CPN
computer tools supporting modelling, simulation, venification, and performance analysis of concurrent systems.
At the modelling language level, Standard ML has extended Petri Nets with the practical expressiveness required
for modelling systems of the size and complexity found in typical industrial projects. At the implementation level,
Standard ML has been used to implement the formal semantics of CPNs that provide the theoretical foundation
of the CPN computer tools.

This paper provides an overview of how functional programming and Standard ML are applied in the CPN
modelling language and the supporting computer tools. We give a detailed presentation of the key algorithms and
techniques used for implementing the formal semantics of CPNs, and we survey a number of case studies where
CPNs have been used for the design and analysis of systems. We also demonstrate how the use of a Standard ML
programming environment has allowed Petri Nets to be used for the implementation of systems.

Keywords: distributed and concurrent computation, implementation techniques, programming environments
and tools, Coloured Petri Nets, high-level Petri Nets, Petri Nets

1. Introduction

An increasing number of system development projects are concerned with concurrent sys-
tems. Examples of these range from large scale systems in the areas of telecommunication
and applications based on WWW technology, to medium or small scale systems, in the
arca of embedded systems. The development of such systems is complex, a main reason
being that the execution of a concurrent system consisting of a number of independent
but co-operating processes may proceed in many different ways, e.g., depending on mes-
sages lost, the speed of the processes involved, and the time at which input is received

i 1o 1. i
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What are the drawbacks?

CPN was designed to improve semantic analysis but not to fit together with classic PN analysis.

Automation of the analysis of some structural and behavioral properties was lost.

Improve the design approach but detach from control and direct implementation.

Prof. José Reinaldo Silva

Escola Politécnica da USP PMR5237

13




Requirements

System

l

|

Formalizing

Modeling

!

!

Property Specification (¢)

System Model (M)

Model Checker
(ME$)

Counter-example

|

Simulation

.

l

Prof. José Reinaldo Silva

14

PMR5237




Matching by construction

(W

W= 0

. Create the set of places used for the net model.
. Design constraints describing the behaviour and the structure of the so-

lution, which ensure at least the safety properties of the specification.

. Add all transitions that do not violate the constraints.
. Prove the dynamic properties.

O O /r
el
By

Petri Nets

for Systems Engineering

Prof. José Reinaldo Silva
PMR5237

15




Escola Politécnica da USP

2018 |EEE International Conference on Software Quality, Reliability and Security Companion

Modeling and Analyzing Cyber Physical Systems Using High Level Petri Nets

Xudong He
School of Computing and Information Sciences
Florida International University
Miami, USA
hex@cis.fiu.edu

Abstract— Cyber physical systems (CPSs) are pervasive in
our daily life from mobile phones to auto driving cars. This paper
presents an approach for modeling and analyzing cyber physical
systems using high level Petri nets. We provide several patterns
for modeling various behavioral features including discrete,
continuous, synchronous, and real-time. Our modeling approach
starts with modeling individual system components as agent nets
using the patterns, and then weaving the agent nets incrementally
using the aspect-oriented idea to obtain an overall system net.
The approach is introduced and discussed through an airplane
fuel tank system and is applied to an airplane landing detection
controlling system in the case study section. Three
complementary analysis techniques including simulation,
reachability analysis, and model checking are used for analyzing
high level Petri net models. Our approach is supported with a
tool chain for model construction and analysis.

Keywords— high level Petri nets, modeling, simulation, model
checking, hybrid systems, cyber physical systems

I INTRODUCTION

Cyber physical systems (CPSs) are indispensable in the
functioning of modem society and daily life, and will become
the next computing revolution [1]). CPSs consisting of
computation and physical processes are inherently complex
and demonstrate many sophisticated behaviors including
synchronous, asynchronous, distributed, real-time, discrete,
and continuous [2]. While fundamental new technologies are
needed to develop CPSs, incremental improvements of existing
technologies including formal verification, simulation,
software engineering processes, and design pattemns are
necessary tools [3].

To completely model and analyze the complex behaviors
of CPSs, multi-domain modeling languages and tools are
needed [4). However, it requires tremendous effort to leam a
complete multi-domain modeling language and the associated
tools. Such a commitment is not an easy decision when there is
not a clear choice. In many cases, we are only interested in
some key behavioral properties of CPSs and can use some
well-established existing formal method to study them without

executeability of Petri nets further facilitates model level
simulation and formal verification. In this paper, we show how
to hamess the expressive power of high level Petri nets to
model various behavioral features of CPSs and leverage
existing techniques to analyze important properties. Our new
contributions include (1) several patterns for modeling key
structural and behavioral features, (2) an agent oriented
approach for modeling individual physical and computation
processes, (3) an aspect-oriented approach in integrating
individual agent models incrementally, (4) several
complementary analysis techniques for analyzing system
properties, and (5) a tool environment supporting the above
modeling and analysis capabilities.

II.  RELATED WORK

In the past decade, many research works have been
proposed to study CPSs. In the following sections, we briefly
review some of the most relevant works.

A. Formal Methods

Hybrid automata (6] were first proposed to study hybrid
systems using both discrete and continuous state variables.
Hybrid automata extend state machines with differential and
algebraic equations to define the state changes. General
principles for using extended state machines to model various
behavioral features of CPSs were discussed and demonstrated
with examples in [2], however no particular application
method and tool were provided. Furthermore state machines
are inheritably sequential and only capture global states, and
are not well suited for modeling concurrent and distributed
systems.

Continuous and hybrid Petri nets were first proposed in late
80s and early 90s (7, 8), where low level Petri nets were
extended with continuous concepts including continuous
places with real valued tokens and continuous transitions.
These low level hybrid Petri nets lack of modeling power and
do not support complex data structures and functional
processing. Several hybrid high level Petri nets were proposed
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Formal verification of complex business processes based on @C_
rossMark

high-level Petri nets

Ahmed Kheldoun®, Kamel Barkaoui"~, Malika loualalen®

* MOVEP, Computer Science Department, USTHB, Algiers, Algeria
U CEDRIC-CNAM, 292 Rue Saint-Martin 75141, Cedex 03 Paris, France

ARTICLE INFO ABSTRACT
Article history: The Business Process Modeling Notation (BPMN) has been widely used as a tool for busi-
Received 23 October 2015 ness process modeling However, BPMN sufters from a lack of standard formal semantics.

Revised 28 November 2016

This weakness can lead to inconsistencies, ambiguities, and incompletenesses within the
Accepted 31 December 2016 )

developed models. In this paper, we propose a formal semantics of BPMN using recursive
Available online 31 December 2016 .

ECATNets. Owing to this tormalism, a large set of BPMN features such as cancellation, mul-
Keywords: tiple instantiation of subprocesses and exception handling can be covered while taking into
Business process modelling account the data flow aspect. The benefits and usetulness of this modelling are illustrated
BPMN through three examples. Moreover, since recursive ECATNets semantics is defined in terms
RECATNets ot conditional rewriting logic, one can use the Maude LTL model checker to ventfy several
Conditional rewriting logic behavioral properties related to BPMN models. The work presented in this document has
Maude language and tool been automated through the development of a first prototype.

@ 2016 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Overview and motivation

The standard Business Process Modeling Notation (BPMN) | 19] has been established as the de-facto standard for modeling
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An Automated Framework for Formal Verification of
Timed Continuous Petri Nets

Marius Kloetzer, Cristian Mahulea, Member, IEEE, Calin Belta, Member, IEEE, and Manuel Silva

Abstract—In this paper, we develop an automated framework
for formal verification of timed continuous Petri nets (ContPNys).
Specifically, we consider two problems: (1) given an initial set of
markings, construct a set of unreachable markings and (2) given
a Linear Temporal Logic (LTL) formula over a set of linear predi-
cates in the marking space, construct a set of initial states such that
all trajectories originating there satisfy the LTL specification. The
starting point for our approach is the observation that a ContPN
system can be expressed as a Piecewise Affine (PWA) system with
a polyhedral partition. We propose an iterative method for anal-
ysis of PWA systems from specifications given as LTL formulas
over linear predicates. The computation mainly consists of polyhe-
dral operations and searches on graphs, and the developed frame-
work was implemented as a freely downloadable software tool. We
present several illustrative numerical examples.

Index Terms—Discrete-event systems, formal analysis, piecewise
affine (PWA) systems.

I. INTRODUCTION

ISCRETE Petri nets (PNs) are a powerful mathematical

formalism with an appealing graphical representation,
suitable for modeling, analysis and synthesis of discrete-event
systems. Their main feature is the capacity to graphically
represent and visualize primitives such as parallelism, synchro-
nization, and mutual exclusion. Petri nets are successfully used
in multiple complex automated and distributed systems, such
as manufacturing systems [2]-[7], energy or railway transport
networks [8], and petrochemical plants [9]. Such complex
systems have to satisfy a broad area of objectives, including
safety and liveness requirements. Formal methods provide rich
specification languages, such as temporal logics, to express
such requirements, and algorithms, such as model checkers,

Manuscript received October 14, 2009; revised March 08, 2010: accepted
April 27, 2010. Date of publication May 27, 2010; date of current version
August 06, 2010. This work was supported in part by Grant NSF CNS-0834260

n [ Iniversi ( CYT — FEDER DPI0N6-15390 from

to verify the satisfaction of the specifications. Despite its use-
fulness from a conceptual point of view, formal verification of
Petri nets is, in general, a hard problem, mainly because most
“realistic” Petri nets have very large state-spaces.

A general approach when dealing with state explosion prob-
lems is to use abstraction techniques for constructing computa-
tionally manageable quotients. In the case of discrete PN with
a time interpretation, the construction of a state space abstrac-
tion using the concept of “state-classes™ have been introduced in
[10] and [11]. This technique allows to represent the state graph
of a timed PN, while preserving marking and complete traces,
and therefore it is suitable for reachability analysis and model
checking. Another way of tackling the state explosion problem
in discrete systems is the approximation by fluidification [12],
[13], which leads to a so-called fluid Petri net. This approxima-
tion technique is not new and has been applied in many other
discrete formalisms such as queuing networks leading to fluid
queuing networks [14]-[16]. The fluid model has the advan-
tage that many design and analysis techniques based on integer
linear programming problems correspond to linear program-
ming problems, hence they have polynomial time complexity.

Although fluidification proves its advantage by reducing the
computation complexity in problems of practical interest [13],
[17], even basic properties of timed continuousnet models are
undecidable [18]. For timed continuous PN, two firing seman-
tics are mainly encountered in literature: finite and infinite server
semantics [12], [13], [19]. The problem of formal verification
of fluid PN was considered in the case of finite server seman-
tics [20]. However, it was recently proven that continuous Petri
nets systems with infinite server semantics provide, in general, a
better approximation of the underlying discrete net [21]. Since
a ContPN is a subclass of hybrid systems, it can be modeled
as a discrete hybrid automaton [22]. However, for better ex-
ploiting the structural properties of Petri nets (e.g., continuous
vector field at the region borders), we limit our attention only to
ContPN systems instead of considering general hybrid systems.
On the other hand, this implies that the obtained results cannot
be extended to any hybrid system.
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@ 15909-1: Estabelece uma definicao unica de rede
Place/Transition (P/T) e de rede de alto nivel (HLPN)
[ISO/IEC 2004]

Redes Simétricas

@ 15909-2: Define um formato de transferéncia para o
intercambio de modelos em RdPs (PNML) [ISO/IEC 2011]

@ 15909-3: Serd dedicada a padronizacao das extensoes
das RdP, incluindo a hierarquia, o tempo e as funcionali-
dades estocasticas [Hillah et al. 2006]

Redes Orientadas a Objetos
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for Systems Engineering

Three approaches are used, namely giving a formal basis to an object-
oriented language or methodology, extending Petri nets by the use of complex
data types for tokens, and using object-oriented concepts directly in the Petri
net formalism. Petri nets lack structuring facilities and this makes them less
suitable for handling large distributed systems. Each of the three approaches
aims to bridge that gap. Another immediate benefit is the enhancement of
object-oriented methodologies with a formal method for verification and with
prototyping aspects, since Petri net based models can be simulated and ani-
mated.
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Static Part

Dynamic part

Tagged Petri net

A tagoed object coulol be used to
represent places, transtitions
and arcs Ln a Petrl net.
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Object Petri Nets
Using the Nets-within-Nets Paradigm

Riidiger Valk

Universitat Hamburg, Vogt-Kélln-Str.30, D-22527 Hamburg, Germany
valk@informatik.uni-hamburg.de

Abstract. The nets-within-nets paradigm provides an innovative mod-
elling technique by giving tokens themselves the structure of a Petri net.
These nets, called token nets or object nets, also support the object ori-
ented modelling technique as they may represent real world objects with
a proper dynamical behaviour. Between object nets and the surrounding
net, called system net, various interaction mechanisms exist as well as
between different object nets. This introduction into the field of object
Petri nets starts with small examples and proceeds by giving formal se-
mantics. Some of the examples are modelled within the formalism of the
Renew tool. Finally the differences between reference and two kinds of
value semantics are discussed.

1 Nets within Nets

Tokens in a Petri net place can be interpreted as objects. In place/transition nets
(P/T nets), in most cases these objects represent resources or indicate the state
of control. More complex objects are modelled by typed tokens in coloured Petri
nets. Object-oriented modelling, however, means that software is designed as the
interaction of discrete objects, incorporating both data structure and behaviour
[1]. From a Petri net point of view it is quite natural to represent such objects
by tokens, that are nets again. We denote this approach as the “nets-within-nets
paradigm”.

In many applications objects not only belong to a specific environment but
are also able to switch to a different one. Examples of such objects are agents,
including the classical meaning of persons belonging to a secrete service, as well
as software modules in the context of agent-oriented programming. In Fig. 1a)
the current environment of agent X is denoted as “location A”, which may be
a logical state or a physical site. The arrow represents a possible transition to
location B. A structurally similar situation is given with a mobile computer
switching between “security environments” A and B (Fig. 1b). In Fig. 2a) the
object is a task to be executed on a machine A together with a plan for the exe-
cution procedure. As before, they can move to machine B. Finally, in Fig. 2b) a
workflow is with an employee A, moving to employee B afterwards. Note, that

in all Af thaca avamnlacs aloa tha intarnal otata Af tha nhiart e chanmad whan
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e RFID System: Automatic Identification Data
Capture
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e Middleware

— Standard Application
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Shipping (SSCC), Assets (GRAI, GIAI) and Services (GSRN)
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" From the complete net model one can derive the protocol, which is often

too complicated to be of any value. However, after abstracting from internal
communication, retaining only a few essential actions, the system often has
to satisfy a simple protocol. The notion of branching bisimilarity can be used

_ 1o verify that the complete system obeys this protocol. 5
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Abstract

In this paper a hybrid top-down/bottom-up method that can be viewed as an extension of the
traditional dynamic modeling technique using Petri Nets and Parametric Design is presented as
an approach to the design of Flexible Manufacturing Systems. The resulting method supports
a clear separation of functionality among the design objects by using the ADV/ADO object-
oriented design framework. Thus, the designs as well as the general functional models can be
reused. Comparing the method described in the paper with the object-oriented architecture intro-
duced and employed in the PEER object-oriented database system suggests an implementation

approach which can support the object clustering properties of ADV’s and ADO’s.

Keywords

0O-design, Flexible Manufacturing Systems, Petri Nets, Abstract Data Views, design reusability
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Decomposing a system (stepwise) means defining
subsgstems (evewtuaLLa Lwolepewolewt sgstems) and
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Old and new challenges to System Modeling
(with Petri nets)

Model based system development

« One way to approach the challenges posed by
concurrent systems is to build a model.

« A model is an abstract representation which can be
manipulated by means of a computer tool.

= Using a model it becomes possible to investigate how
the system will behave and the properties it will
possess.

Coloured Petri Nets
Department of Computer Science
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The design challenge and the proposed method
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Reinforcing dynamic design: design becomes a permanent
activity
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