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Abstract Engineering frameworks are currently required
to support the easy, low-cost, modular and integrated devel-
opment of manufacturing systems addressing the emer-
gent requirements of re-configurability, responsiveness and
robustness. This paper discusses the integration of 2D/3D
digital software tools with Petri net based service-oriented
frameworks to allow the design, configuration, analysis, val-
idation, simulation, monitoring and control of manufactur-
ing systems in a virtual environment and its posterior smooth
migration into the real “physical” environment. An experi-
mental case study was implemented to validate the proposed
concepts, using the Continuum platform to design, compose,
analyze, validate and simulate the Petri nets based service-
oriented manufacturing control system, and the Delmia Auto-
mationTM software suite to support the rapid prototyping and
the easy simulation of the designed control solution. The
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experimental results prove several aspects of the proposed
approach, notably the smooth migration between the design
and the operation phases, one of the main objectives of the
work.
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Introduction

The current global and customized markets require the use of
new paradigms and technologies to enable the development
of low cost, modular, flexible, intelligent and re-configura-
ble manufacturing systems. Service-oriented architectures
(SoA) (Jammes and Smit 2005a) is a suitable paradigm to
address the described challenges, based on the idea of encap-
sulating the resources functionalities as services that can be
offered, searched and used by other entities (Melzer et al.
2007), without knowing their underlining implementation.
For this purpose, service providers publish the services they
want to offer in a service registry, and the service request-
ers search the services they want to use through the help of
discovery methods. Such systems are mainly characterized
by providing encapsulation, modularization, interoperability,
composition and reusability. The SoA paradigm was origi-
nally applied in electronic commerce and business systems,
using the Web services technology, but is being progressively
adopted by other fields. The project SIRENA (Jammes and
Smit 2005b) has contributed for the visibility of the SoA-
based automation by providing an extension of the SoA par-
adigm into the realm of low-level embedded devices, such
as sensors and actuators. Since then significant research is
going on covering the engineering of such systems, includ-
ing the modeling, semantic description and collaboration,

123



2552 J Intell Manuf (2012) 23:2551–2563

namely the research project EU FP6 SOCRADES (http://
www.socrades.org/).

In service-oriented systems, particular challenges are the
description of the processes that regulate the system behav-
ior and the synchronization and coordination of the execution
of the services offered by distributed entities to achieve the
desired behavior. A possible solution is the use of the Busi-
ness Process Execution Language (BPEL) (OASIS 2007) but
it was not designed for automation-specific problems, is too
complex for embedded devices, does not include validation
features and cannot be used for the internal logic of soft-
ware components. Other alternative is based on IEC 61131-3
languages (IEC 61131-3 2003) with the objective of adapt-
ing industrial standards to SoA, but amongst others it also
misses the formalization and validation issues. The use of
the Petri nets formalism (Murata 1989; Zurawski and Zhou
1994; van der Aalst 1998) for the process behavior descrip-
tion and control in service-oriented manufacturing systems,
allows a rigorous specification of the system behavior and
also the formal analysis and validation, taking advantage of
its powerful theoretical foundation.

The framework for reconfigurable manufacturing systems
proposed by Mendes et al. (2008) and refined in Mendes
et al. (2009b) is based on distributed control systems and
service-oriented design paradigms, with the inclusion of a
Petri net-based language for the process description of intra-
and inter-coordination activities. The proposed integrated
approach permits the modeling, analysis, validation, simu-
lation and execution of the manufacturing control system,
covering completely the system development life-cycle.
However, the design and implementation of such collabo-
rative and re-configurable manufacturing systems and their
supervisory control systems are complex, time-consuming
and very expensive tasks, with the design correctness only
validated during the system operation. A challenge to over-
come this problem is the consideration of virtual prototyping
to support the easy and user-friendly design and validation of
manufacturing systems, allowing the detection of misunder-
standings and mistakes during the design phase, i.e. before
to go into implementation. In fact, the use of virtual reality
in simulating manufacturing environments gives to designers
the opportunity to play a pro-active role in identifying flaws
and optimizing the design (Ramaswamy and Yan 1998). Note
that in spite of the potential benefits provided by the Petri nets
formalism in the analysis, validation and simulation of the
dynamic system behavior, the direct analysis of the Petri nets
models and their token-games is not an easy task and requires
a certain level of expertise.

The main objective of this work is to specify an engineer-
ing framework for the development of reconfigurable manu-
facturing systems supporting the smooth migration between
virtual and physical manufacturing environments, by using
SoA principles and the Petri nets formalism. For this purpose,

the Petri nets based service-oriented manufacturing sys-
tems framework will be integrated with 2D/3D digital tools,
allowing the advanced engineering of modular, flexible and
re-configurable manufacturing systems, with the 2D/3D dig-
ital tools operating as front-end of the engines running the
Petri nets behavior models. In other words, it allows the
virtual design, validation and simulation of manufacturing
systems before to go into operation. One important fea-
ture of this approach is the reduction of the effort and
cost associated to the migration between the virtual/simula-
tion environment to the real “physical” system, without any
changes in the system configuration and using the same con-
trol models (only the device services need to be changed).
Moreover, the paper presents an industrial proof-of-concept
demonstrator that illustrates many of the desired features
of the proposed approach: development of autonomous and
cooperative smart devices, easy system configuration and
development of the control structures, and straightforward
virtual-to-real migration of the control model.

The reminder of the paper is organized as follows: first,
section “A Service-oriented approach for manufacturing sys-
tems using Petri nets” introduces the Petri nets based service-
oriented approach for reconfigurable manufacturing systems
and section “The Continuum development tools” overviews
the Continuum platform developed to support the design
and implementation of such service-oriented applications.
Section “Towards a virtual environment for the service-ori-
ented manufacturing engineering” describes the advanced
topics and features of using 2D/3D digital software tools to
achieve virtual manufacturing systems and the mechanisms
to support the smooth migration between virtual and real
environments. An experimental demonstrator was used and
explained in section “Experimental case study” to test the
proposed approach. Finally, section “Conclusion” rounds up
the paper with conclusions.

A service-oriented approach for manufacturing systems
using Petri nets

An engineering framework was designed to face the challenge
of supporting modular and re-configurable manufacturing
systems, based on distributed control systems and service-
oriented design paradigms, with the inclusion of the Petri
net-based language for the process description of intra-
and inter-coordination activities. The proposed methodology
permits the modeling, analysis, validation, simulation and
execution of the system in an integrated manner. Addition-
ally, besides the service-enabled embedded controllers run-
ning Petri nets orchestration engines, appropriate tools are
required to configure the system. One of the possibilities that
is being researched is the inclusion of virtual environments
to design, configure and test manufacturing systems, with the
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migration to the “real” system performed without significant
changes in the system configuration.

Service-oriented smart embedded devices and system
architecture

The service-oriented manufacturing system approach, pro-
posed by Mendes et al. (2008) and refined in Mendes et al.
(2009b), is built upon a set of distributed components, each
one providing a set of services that encapsulates its internal
functionalities. These components are designated as smart
embedded devices and are responsible of several tasks in
the system, namely coordinating the operation of industrial
machinery, integrating shop-floor equipments into the ser-
vice network, exchanging information with other devices and
computing systems, taking decisions about different possi-
bilities attending current criteria and synchronizing the inter-
device operations. In combination with the machinery and
other shop-floor equipments, the smart embedded devices,
connected together via the network, form the distributed con-
trol system (DCS) of the shop-floor (see the lower part of
Fig. 1).

The smart embedded devices follow an anatomical-like
structure, comprising several functional modules, to provide
a modular and event-driven design and deployment (see the
bottom-right side of Fig. 1). The communication module is
responsible to handle the interaction with the other compo-
nents, requesting and providing services. The orchestration
engine defines an interpreter for the coordination of services
and other actions based on a workplan, and the decision sup-
port module provides decision support for conflict resolution
and unexpected situations. The device interface permits the
access to the physical device, such as setting outputs or read-

ing inputs. These modules may be implemented by using
different technologies. As an example, the inter-entity com-
munication can be implemented using the SoA for Devices
(SOA4D) implementation of Device Profile for Web Ser-
vices (DPWS) (OASIS 2009) or using any other communica-
tion technology such as Common Object Requesting Broker
Architecture (CORBA) or OPC (OLE for Process Control)
Unified Architecture (OPC-UA).

Complementing the activity of smart embedded devices
and especially for their configuration, engineering tools
are needed as well. These elements are the basis to sup-
port an operational DCS and can be integrated into the
Manufacturing Execution System (MES) level. A MES sys-
tem is responsible to guide the product execution, pro-
viding information about how to execute the products
based on the product and process models. Smart embed-
ded devices can dynamically request information to MES
to support the decision-making about production execu-
tion (e.g. to which machine a pallet of products should
be transported). A more extended integration can be fol-
lowed with the Enterprise Resource Planning (ERP) layer
for the resource planning and usage, as well attending busi-
ness strategies (see Qiu and Zhou 2004; Gibson et al.
1999).

In between, service-orientation is a deal when the cross-
and intra-layer integration are done via SoA. The SoA
approach permits not only the communication between the
parts in the system, but also defines rules that makes possible
the conjunct interoperability and distributed coordination of
activities and tasks. A common service technology (e.g. Web
services) and standard protocols are fundamental to achieve
the vision of a SoA-enterprise, as well as engineering and
orchestration solutions.

Fig. 1 SoA for manufacturing
systems using smart embedded
devices
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Service engineering and orchestration with Petri nets

The behavior description and orchestration in service-ori-
ented systems can be performed by using several languages,
such as WS-BPEL (Puttonen et al. 2008), IEC 61131-3
(Mathes et al. 2009) and Petri nets (Mendes et al. 2009b). If
the technology and the application domain are avoided, these
languages are quite similar (nothing more than a mathemati-
cal abstraction to design the digital logic, computer programs
and work-plans). The complexity of the language may affect
its implementation, and as such, a simple but powerful exten-
sible basis fits the needs for this work. Therefore, Petri nets
formalism is used not only as a language for the description
of service workflows, but also for their analysis, composition
and execution (Mendes et al. 2010).

Petri nets are a mathematical and graphical oriented lan-
guage for the design, specification, simulation and verifi-
cation of discrete systems. It is well-suited for systems in
which communication, synchronization and resource shar-
ing are important characteristics. Therefore, Petri nets and
their extensions are widely used for modeling of dis-
crete event dynamic systems including production sys-
tems and networks (Tsinarakis et al. 2005). On one hand,
as a graphical tool, Petri nets can be used as a visual
communication aid similar to flow charts, block diagrams
and networks. On the other hand, as a mathematical tool,
the system behavior is represented by means of alge-
braic equations and other mathematical models (Murata
1989).

The language used in this work for the process behavior
description and execution is Petri net derived, concerning
the introduction of service calls, responses and events. Petri
nets models have “access” to their environment by associat-

ing transitions to input events and output actions, e.g. setting
actuators or reading sensors. Moreover, time consideration
(Baccelli and Canales 1993), parallel execution and coordi-
nation of Petri net branches and conflict management are also
considered. An important factor for flexibility is the modu-
larization inherited from the Petri nets formalism: Petri nets
models may be connected via specific ports to permit their
composition. Ports are not only used for the connection of
models, but also defined as a set of service operations that
can be used externally for means of interoperability control
between different models. In fact, ports can also be associated
to the equipment that is modeled (e.g. a lifter or a conveyor),
representing the logical input/output for the physical system
(e.g. input and output of pallets to/from the lifter are repre-
sented by ports in the models that can be connected to other
models).

The use of the Petri nets formalism introduces several
advantages in the development of flexible service-oriented
manufacturing systems:

– Makes easier the system modeling and understanding by
using a graphical and mathematical notation, and simpli-
fies the analysis, validation and simulation of the system
before its deployment into real controllers.

– Aggregates and composes behavior models in a modu-
lar way and makes easier the detection of conflicts and
unexpected situations that require decision support.

– Drives and synchronizes the run-time behavior of the
components, achieving a powerful and effective control
mechanism.

– Adapts interfaces to the real physical I/Os and services
via the description of transitions elements.

Fig. 2 Petri nets -based
orchestration for a
service-oriented shop-floor
system
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The Petri net based orchestration engine for smart embed-
ded devices was implemented to interpret this type of Petri
net language. In fact, the architectural components, partic-
ularly smart embedded devices with orchestration engine,
may have advanced control capabilities by considering Petri
nets orchestration engines that interpret and run Petri nets
behavioral models.

Figure 2 illustrates a smart embedded device with a
Petri net orchestration engine (the coordinator) that coor-
dinates/synchronizes the services offered by the distributed
resources according to a Petri nets process behavioral model.
Note that the orchestration engine was deliberately separated
from the smart embedded devices in a new component (coor-
dinator) to simplify the comprehension of the figure.

The objective here is to synchronize the operation of two
conveyors and one centered robot that may pick and place
objects from one conveyor to another or may execute a drill
operation (represented as a conflict in the model). The ser-
vices are provided by the smart embedded devices repre-
senting the conveyors A and B (i.e. Transfer services), and
by the robot (i.e. the Pick&Place and Drill services), and can
be requested by the coordinator. The coordinator offers the
aggregated service Produce that is the composition of the
individual ones according to the Petri nets model. The con-
flict in the model can be solved with the support of the MES
system, based on the production information.

For more detailed information on this language, please
consult (Mendes et al. 2009b). The Petri net approach was
also used in the SOCRADES project, not only for modeling,
but also as an executable language for a real industrial system
using embedded devices (Mendes et al. 2010).

The Continuum development tools

The Continuum development tools (CDT) (Mendes et al.
2009a) is being developed with the objective to facilitate the
design, analysis, validation and control of distributed service-
oriented automation and manufacturing systems, by using
Petri net structures for the process description and execution.
It considers the need to integrate several software packages,
especially for the configuration of smart embedded devices
with distributed Petri net orchestration engines.

The main component of CDT is the Continuum Devel-
opment Studio (CDS), illustrated in Fig. 3, which is based
on an extensible document/view framework and allows the
visual and formal design, validation and discrete simulation
of Petri nets models, besides using them as a control mecha-
nism for service-oriented systems. The CDS supports the edi-
tion of individual Petri net models representing the behavior
of automation devices and/or system processes considering
a hierarchical perspective, i.e. allowing the stepwise refine-
ment of the control models to introduce detailed information.

A Petri net model can be configured to contain the logic
to choreograph the messaging of provided and requested ser-
vices, i.e. the model can be associated to service interactions
following the logic represented by the Petri net. The elements
that are extended with additional DPWS properties are the
transition elements. For this, it is possible to import Web
Service Description Language (WSDL) files and associate
services to the transitions of the modeled Petri net. Tran-
sitions are configured with a type of message (i.e. request,
response, event and node role), a type of action and operation
parameters that are processed/generated by the orchestration

Fig. 3 Modeling of Petri nets
models using the Continuum
Development Studio
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engine. When the orchestration engine is running a Petri net
model, the enabling mode of transitions is used as guard for
external events, such as incoming service requests, responses
and event notifications. The firing mode of transitions is used
to emit messages, such as send service requests, responses
to requests and send event notifications to subscribers.

A main characteristic included in the CDS tool is the abil-
ity to analyze a Petri nets model, verifying its correctness.
The following analysis and validation modules are available
in the CDS tool:

– Structural and behavioral analysis, allowing extract-
ing conclusions about the operation of the system, such
as the existence of deadlocks, the bounded capacity of
resources, and the existence of structural and behavioral
conflicts in the system.

– Place and transition invariants analysis, extracted from
the incidence matrix, allowing confirming mutual exclu-
sion relationships among places and functions, and the
identification of work cycles. This information consti-
tutes valuable information to support decision-making
services.

– Performance evaluation, performed by means of the sim-
ulation of the temporized Petri nets models, reflecting
the temporal sequence of the system operation. It allows
answering to pertinent questions, such as which states
have been reached, which activities or functions have
been performed and which is the history of the evolution
of the system.

Another important feature regarding distributed systems
is the ability to aggregate elementary devices, in this case
connecting and synthesizing individual Petri net models.
The Petri nets Composer (PNC) tool, included in the CDT
tool, synthesizes automatically individual Petri nets models
according to a layout configuration file that describes the
connections among the system’s components. The compo-
sition tool can be avoided if connections are known or the
composition of models is unneeded.

Finally, smart embedded devices have to be configured
with the information specified in the CDS tool. This can
be done with the configuration and deployment tools pro-
vided by the Continuum platform. The configuration gener-
ator creates deployment files from the system models (i.e.
the designed Petri net models with the layout information),
the WSDL(s) files and the device description files, to cre-
ate the direct connection between binding reference names
used in the models and the real DPWS devices/services. The
deployment manager loads the generated deployment files
into a target device (e.g. a Telemecanique Advantys STB
device), which must host a Petri nets orchestration engine.
Once the configuration files are received, the orchestration
device is ready to lookup for the required services (expressed

in the Petri net model) and orchestrates them according to the
logic described in the Petri net.

In spite of all the tools included in the CDT, a virtual
environment representing the physical manufacturing system
that supports the testing of the developed models is missing.
Additionally, the information provided by the virtual envi-
ronment can be used for the composition of models (e.g.
machine 1 connects to machine 2 via a specific port) and to
simplify the migration from the PC-engineering systems to
the factory shop-floor.

Towards a virtual environment for the service-oriented
manufacturing engineering

The use of the Petri nets formalism is an important contri-
bution to support the life-cycle development of service-ori-
ented manufacturing systems. However, the understanding
and visualization of the results from the formal Petri nets
analysis, validation and simulation is not an easy task, espe-
cially for those unfamiliarly with the Petri nets concepts. In
this way, and aiming to achieve a truly and complete vir-
tual environment for the development of such applications, it
is crucial the integration of 2D/3D digital software pack-
ages, such as ARENATM or Delmia AutomationTM. The
integration of such platforms contributes for the achieve-
ment of an engineering framework covering the complete
life-cycle engineering of service-oriented manufacturing sys-
tems, namely allowing the design, configuration, analysis,
validation, simulation, control and monitoring of the pro-
duction system in a 3D environment.

This section analyzes the several contributions resulted
from the integration of digital software platforms.

Design and configuration

The engineering of manufacturing systems requires tools
supporting their design and validation contributing for an
easy and fast system reconfiguration. The basis for the prop-
erly configuration of the manufacturing system is the infor-
mation about the physical positioning of the automation
components and their inter-logic connections. Using a digital
software tool, the users can design the system in a graphi-
cally, intuitive, virtual and user-friendly manner, by picking
and placing 2D/3D models of the manufacturing devices,
such as machines, robots and conveyors.

The description of the connections among the different
system’s components, which can be derived from the spatial
position of components, their arrangement and their connec-
tion provided by the virtual environment, may use a XML-
based document. As an example, the XML file for describing
the connections between two conveyors, where the conveyor
A is the client and the conveyor B is the server, looks as
follows:
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Fig. 4 Virtual manufacturing environment using digital software tools and Petri nets development platforms

<?xmlversion = “1.0′′ encoding = “UTF− 8′′? >

< connections >

< connection

resource1 = “ConveyorA′′ port1 = “out′′

resource2 = “ConveyorB′′ port2 = “in′′

/ >

< /connections >

In the example, only one connection is included, but mul-
tiple connections can also be defined. For this purpose, a new
<connection/> tag must be defined inside the <connections>
tag. If the conveyor B would be connected to a conveyor
C on the right, then this information is represented by one
additional <connection/> tag.

In the proposed approach, the information about the sys-
tem components, their layout and inter-logic connections,
provided by the 2D/3D design tool through the XML files, is
basically used for composing the Petri nets control models
representing the behavior of individual automation compo-
nents. The composition of Petri nets models can be done
offline, generating a synthesized Petri net model that is the
composition of several individual ones, or online, where indi-
vidual Petri nets models are maintained and executed in their
distributed devices and synchronized together on the fly via
the network (Mendes et al. 2010).

The offline composition comprises the generation of a new
Petri net model based on the connection of two or more indi-
vidual ones, representing a new inter-logic model. The basic
idea is to match two transitions from different models by
connecting them via a place (and corresponding arcs). This
approach, besides to simplify the development of bigger and
more complex models, also facilitates the synchronization of
models viewed as individual entities. The offline composi-
tion can be performed by using the PNC tool that allows the
user to create simplified individual models and then connect
them together into a global model. In the proposed approach,

illustrated in Fig. 4, the PNC loads the Petri nets models from
a component’s Petri nets control model repository for the
respective manufacturing components and synthesizes the
manufacturing system model. Connecting the Petri nets con-
trol models of the different manufacturing devices according
to the information provided by the digital software tool, and
considering the port service concept to connect individual
behavioral models (Mendes et al., 2008a), a complete logic
Petri nets model is created to represent the complete system.

The complete model constitutes a virtual manufactur-
ing system that can be analyzed, validated and simulated,
amongst other introspections of the system, to guarantee the
correct behavior of the system. Using Petri nets to represent
the logic control models, formal analysis, validation and sim-
ulation of the complete system can be performed based on
the functional analysis theory and linear algebra. However,
this approach is independent from the use of the Petri nets
formalism, which means that the exported connection infor-
mation can be used by other tools, such as reasoning engines
that build up semantic models of the manufacturing system.

Online composition means that each model runs sepa-
rately in its own orchestration engine and they are synchro-
nized via a connection logic, achieving a truly distributed
manufacturing system through the distributed orchestration
and the synchronization thereof. In this case, the connection
logic represents a service-based communication act, where
services and their operations are described in Petri net mod-
els. The online composition requires that Petri nets models
have information on how to invoke and represent services to
synchronize with the other models, which is done by describ-
ing transitions in the Petri net model. A transition willing of
sending a request/response or an event must be enabled, and
the action is done when it fires. In the other hand, a transition
receiving a message from a request, response or event, will
only fire if it is enabled and the message is there.

Offline composition is used to limit the use of devices,
network traffic, but introduces more complex models to
be orchestrated (considering the limitations of embedded
devices), while online composition focus in the distributed
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Fig. 5 Simulation of service-oriented manufacturing systems using the virtual environment

orchestration. The correct division and use of the compo-
sition strategies depends always on the available resources,
the optimization strategies and the layout of the system, but
orchestration models can be individually developed without
knowing this information.

Analysis, validation and simulation

The analysis and validation of systems is crucial, not only
to prove that they are free of errors, but also to test if they
perform the desired specifications.

Simulation has been commonly used to study the behav-
ior of real world manufacturing systems to gain better
understanding of underlying problems and to provide rec-
ommendations to improve those systems (Ali et al. 2005).
Being the observation of real systems very expensive and
sometimes cumbersome, a simulation model is an easier way
to identify bottlenecks and to enhance system performance
in terms of productivity, queues, resources utilization, cycle
times and lead times (Ali et al. 2005). The digital software
tools can also be used in the engineering of flexible manufac-
turing systems to support the analysis, validation and simula-
tion of the designed control systems before deploying them in
the shop floor. Integrating the 2D/3D tools with the Petri nets
based service-oriented engineering framework, the complete
development life-cycle is established, offering the possibility
to analyze and experiment the manufacturing system in a vir-
tual environment, helping to achieve maximum production
efficiency, lower cost, better quality and short time to mar-

ket. Production strategies can be easily verified in the virtual
manufacturing system environment, as also small changes in
the configuration of the manufacturing systems, e.g. adding
or removing devices or changing the connections between
the devices.

In the proposed approach, the structural analysis of the
control system models is performed in the Continuum plat-
form, allowing verifying its structural and behavioral prop-
erties, extracting conclusions about the functionality of the
system, using the features associated to the Petri nets formal-
ism provided by the CDS described in the previous chapter.
Namely, it allows the verification of the existence of dead-
locks, the bounded capacity of resources, the conservative-
ness, the possible control sequences (through the extraction
of the T-invariants) and the existence of structural and behav-
ioral conflicts in the system. Similarly, the simulation of the
system behavior is performed in the Continuum platform,
through the execution of the token-game, allowing checking
the system compliance with specified performance indexes,
such as the manufacturing lead time, the throughput of the
system, the percentual use of the resources and the manufac-
tured parts per time units. However, the visualization of the
simulation through the token-game may be not easily under-
standable and require the usage of more user-friendly digital
environments.

In the proposed approach, as illustrated in Fig. 5, the
2D/3D simulation provided by the digital software tools is
driven by a Petri nets based logic control engine provided
by the Continuum framework. This is possible due to the
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inclusion of a Web service framework in the simulation soft-
ware, so that the virtual equipments can expose services, sim-
ilar to those exposed by the real equipments, to be used by the
Petri nets orchestration engine. In this scenario, the virtual
environment behaves like the real system offering valuable
testing scenarios. For the control system it is indistinguish-
able to be connected to the virtual environment or to the real
system.

The advantages of using the virtual environment to sim-
ulate the service-oriented control system are mainly the fol-
lowing:

– A complete virtual factory automation system model can
be built, including the logic control that can be simulated
before to implement in the physical factory plant.

– The complete system or partial pieces of the system (e.g.
lines, cells or equipments) can be debugged and validated
without the need to use the (real) physical devices.

– The reproduction of abnormal conditions or scenarios
that are impossible or cannot be easily created in real
world is an easy task. Especially, dangerous tests in the
real world can be done safely in this virtual world.

– The control strategies can be validated/improved/opti-
mized under the different “what-if” scenarios that can
occur in the real world and before its practical realiza-
tion.

– The data can be reused for operator training and mainte-
nance, and the simulations can be repeated as many times
as necessary to the correct understanding and tuning of
the system control or as a feasible study to reuse logic
control to other systems.

Using the proposed approach, the development process
ranging from the design to validation of the system may be
iterative, till reaching the correctness of the control system
behavior. In fact, errors and mistakes detected in the design
phase can be easily corrected before the deployment into the
real shop floor controllers.

Control and monitoring

After the complete verification of the correctness of the
manufacturing system behavior performed during the design
phase and using the virtual environment, the service-oriented
control solution should be deployed into the real controllers
distributed in the shop floor. In the Continuum platform, the
deployment and configuration into Petri net-enabled orches-
tration controllers is done by generating deployment files
representing the information of services behavior, namely
the Petri nets models and service interfaces. Once a control-
ler is discovered in the network, the upload of this deployment
information is possible.

The monitoring of the execution of the real production
system allows tracking the real-time production execution,
providing production indexes, supporting the tuning of the
system configuration and the adjusting of control strategies,
and introducing model changeovers and scheduling mainte-
nance operations. In this case, the digital software tool is used
to monitor in a graphical manner, using event-based mecha-
nisms, the runtime synchronization of the virtual production
system with the real production system. This allows showing
the actions that are being performed by the real components
at the virtual environment.

The proposed approach can simultaneously handle ser-
vices provided by the real devices situated in a service-ori-
ented production system and services provided by the 2D/3D
engineering environment, making the so-called virtual ser-
vices also available to the real production system. This is only
possible because the real and the corresponding virtual ser-
vices (components) are exposing the same service interface
and are sharing the same communication infrastructure.

Experimental case study

The experimental case study is a material handling system
based on a flexible electromechanical assembly cell provided
by FlexLinkTM, originally implemented as an industrial dem-
onstrator of the results obtained in the EU IST FP6 SOC-
RADES project. It comprises a system of virtual and real
autonomous DPWS-enabled smart devices (Cachapa et al.
2007), representing conveyors, cross-tables and end lifters
arranged in a closed-loop configuration, as illustrated in Fig.
6a. The virtual system was specified in the Delmia Automa-
tionTM tool, as illustrated in Fig. 6.b and the layout of the
system with the numerated modules and the possible paths
for the pallets is shown in Fig. 6c.

The objective was to develop a service-oriented control
application for the experimental system using Petri nets for
the process behavior description, composition and coordi-
nation. The virtual representation in Delmia AutomationTM

tool permits the simulation and definition of the system’s
layout, which can be exported and used for the connection
of individual Petri net models.

Build up and simulation of the virtual manufacturing system

The devices in this manufacturing system share a common
goal: to transport a pallet from one place to the other. These
similarities allow us to abstract the individual characteristics
of each device into a common set of high-level operations
that enable the user to simply order transfer operations from
one device to the next one with the same interface, regardless
of the devices being accessed. For this purpose, the Transfer
Service is used, describing the operations required to move
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Fig. 6 Representation of the experimental manufacturing system

Table 1 Operations and events implemented by the transfer service

Operations Events

TransferIn(port) TransferCompleted

TransferOut(port) Failure

TransferStop

GetStatus

the pallets between devices and the events necessary for the
synchronization. Table 1 illustrates the operations and events
implemented by the Transfer Service.

These operations, implemented as a self-contained Web
service interface, are connected to the device’s underlying
logic control, which interacts with the device’s hardware
in order to achieve the expected functionality. This layered
architecture hides the complexity associated with the imple-
mentation of the machine code from the consumer of the
service. It also harmonizes the interfaces for all the devices
of the same functional nature, i.e. all of the devices capable
of transporting work-pieces implement the Transfer Service,
regardless of their physical and functional differences.

The service-oriented control system was developed using
the Continuum platform, with the behavioral models of each
device, i.e. lifters and unidirectional and cross conveyors,
being described using Petri nets. The behavior of each equip-
ment module is represented by an individual Petri net, which

uses the transfer service of a module to synchronize its activ-
ity. This approach simplifies the design, because models may
be reused for similar equipment and also the engineer does
not need to think about the full system at the beginning.

A synthesized Petri nets behavioral model has been com-
posed from the individual behavioral models according to
the layout of the virtual production cell, using the informa-
tion about the device connections provided by the Delmia
AutomationTM tool. The connection of the models is done
through specific interfaces (ports), which, when connected,
drive the correct collaboration between the two connected
components. For this, each model has connection informa-
tion, so that the PNC tool can compose individual Petri nets
control models to reach the whole control model. Another
option is to use Web services for the synchronization of dif-
ferent models. The configuration of the models with DPWS
properties allows the embedded Petri nets engine to discover
and invoke services that are available in both virtual and real
environment.

The final models can be uploaded into a Petri nets con-
trol application running in a PC or embedded in an industrial
controller. Once the services are available, the Petri nets con-
troller can be used to coordinate the activity of the services
according to the predefined composed models. Figure 7 rep-
resents the controller managing the services of modules C1–
C3 and others, depending on how the composition was done
and how many controllers are used. Since the same service
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Fig. 7 Petri net controller for services

layout is presented in both real and virtual systems, the con-
trol approach of Fig. 7 can be used in the real-time operation
of the equipment as well as in the simulation performed in
the Delmia AutomationTM tool.

The achieved virtual system offering virtual services com-
bined with the Petri nets control models constitutes the virtual
manufacturing system that can be simulated. When the simu-
lation starts, each virtual device will automatically initialize,
launching and configuring an unique Web service interface
and start waiting for control commands. At this point, ser-
vices are available and any compliant application can search
in the network and use them. The execution of the simulation

is performed by running the Petri nets models, i.e. running the
token game. A pallet representing the work-piece is added to
the system so that the model can react to control commands
and changes in the environment.

Figure 8 shows the system in operation using the different
engineering tools. The Petri nets based approach for compo-
sition and coordination of service-oriented production sys-
tems has been implemented and tested with “virtual” services
that were hosted by Delmia AutomationTM engineering tool
(Fig. 8a) and the “real services” by the production cell (Fig.
8b). When executing a Petri nets model inside the Contin-
uum platform, its status is made visible in the graphical Petri
nets editor, giving information about the current marking,
the enabling- and the firing-modes of the executed Petri nets
model (Fig. 8c). The Delmia AutomationTM engineering tool
can also be used for monitoring the activity of the system by
capturing events that are sent and thus updating the 3D rep-
resentation of the system (Fig. 8a). Due the inclusion of the
service framework into Delmia AutomationTM, it can also be
independently tested and simulated with the Petri net control-
ler. The Materna Service Explorer (Fig. 8d) can be used to
see the discovered services in the system and also to call their
operations by the user.

At this stage, alternative tests can be performed in the sys-
tem by changing its parameters, introducing the degradation
of the conveyors and including more pallets that leads to
the increase of the traffic congestion. Besides the execution

Fig. 8 Operation of the system using the different tools: a Delmia AutomationTM, b physical system, c Continuum, d Materna Service Explorer
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in the virtual environment, through the representation in the
Delmia AutomationTM, the control solution was also applied
and executed in the real physical system.

Analysis and discussion

In spite of being an early prototype experimentation, some
important concepts were observed, namely, that complex sys-
tems can be easily modeled, analyzed and simulated in a
truly virtual environment, that combines 2D/3D simulation
software tools and Petri nets computational environments.
A demonstration video including this approach can be seen
at www.youtube.com under “IP SOCRADES Demonstra-
tion of Service-Oriented Architecture integrating Real and
Virtual Devices in the Electronic Assembly Scenario” and
“SOCRADES Introducing a Service Oriented Infrastructure
for Industry”.

The availability of a functionally identical virtual model
of the real production system enables the design phase to be
conducted almost entirely under a virtual production environ-
ment. The plug-and-play nature of the virtual devices, when
integrated with the functionality offered by the virtual engi-
neering tool contributes greatly towards simplifying the work
necessary to move from a pool of disconnected autonomous
devices to a functional manufacturing system. This technique
allows the fast prototyping the system’s layout and validat-
ing the process control on the virtual manufacturing system
without the timely and costly efforts required when dealing
with production hardware. As the design phase reaches its
end, the virtual devices can start being replaced for real ones
as necessary, until the production controller is running the
complete physical production cell.

The preliminary results achieved in this work have been
analyzed in Mendes (2010) and Taisch et al. (2010) from a
quality perspective. In spite of a formal performance anal-
ysis of the system has not been performed at this point, the
real-world experiments show no visible penalties between
the virtual and real worlds, or even as between the proposed
approach and a more traditional one. These results have,
however, presented some limitations of the current proposal.
First of all, it is currently unclear how scalable is the SoA-
based manufacturing system. It is expected that the decoupled
nature of smart devices may allow an easy scalability, but it is
currently untested how the more demanding network require-
ments of the SoA platform may affect a large-scale produc-
tion network, since they are mitigated by a lower message
ratio due to the substitution of polling for events. Moreover,
smart devices are meant to be reusable, but currently they
need to be completely developed from scratch. Even if this
is true once for each device type, it still means an extended
ramp-up time before the initial simulation is possible.

Another limitation is related to the simulation environ-
ment itself. Due to the way the Delmia Automation platform

works, physical interactions that are not pre-programmed,
are not taken into account during the simulation operation
(e.g., a pallet does not move over a conveyor due to the rota-
tion of the conveyor band if it is not pre-programmed to do
so). This situation results in an increase of the complexity in
the development of the virtual smart devices, as well as unin-
tuitive situations in the presence of logic or simulation bugs.

In spite of the described limitations, the establishment
of an engineering framework covering the complete devel-
opment life-cycle of service-oriented manufacturing sys-
tems, by the integration of digital software tools, allows the
achievement of important improvements, namely in terms
of smooth migration, re-usability, reduction of development
efforts, time and costs, and reduction of mistakes and errors of
developed control solution. Especially important to this work
is the reference that the migration from the virtual to the real
system is done in such a way that the control models, previ-
ously analyzed and tested in the virtual environment, remain
the same, being not necessary the re-engineering of the con-
trol system. Moreover, the use of Web services between the
control applications and the virtual/real equipments facili-
tates not only the communication, but also the integration of
these virtual/real scenarios. Any control approach using the
service-oriented principles would trigger similar behavior in
the virtual and real system. In addition, Petri nets are well
known for the analysis, and if the same control approach is
used in virtual environment, similar conclusions can be made
for the control of the physical system. This allows testing a
control logic in the simulation before applying it to the real
system. These observations allow concluding, in a prelim-
inary stage, that the control solution is smoothly migrated
from the virtual environment to the real environment.

Conclusions

The paper proposes the integration of 2D/3D digital engineer-
ing tools with a Petri nets based service-oriented framework,
to establish an engineering framework for the easy design,
configuration, validation, simulation, control and monitoring
of modular and reconfigurable manufacturing systems. Sys-
tems can be modeled using the combination of 2D/3D objects
and their layout/connection information, while the develop-
ment of the control logic using Petri nets models can take
place in parallel with modeling. The simulation and analysis
of the final control solution can be done in a virtual envi-
ronment by using the developed 2D/3D model, before its
deployment into real devices. The proposed approach allows
a smooth migration from the virtual environment to the real
“physical” system, without any changes in the manufacturing
control system configuration, representing a solid contribu-
tion for the development of reconfigurable manufacturing
systems.
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An experimental demonstrator was setup to prove several
aspects of the proposed approach, from the methodology to
the application, namely the use of Petri nets to drive the sys-
tem’s behavior (both virtual and real systems/devices), the
easiness and less effort in the migration from the design
and analysis phases to the operation and useful real-time
monitoring capabilities demonstrated by the tools. Of special
importance is the fact that the transition to the real system
is done in such a way that the same control models (previ-
ously designed and analyzed) are used both in virtual and
real systems, thus not requiring re-engineering of the control
system and reaching a smoothly migration. The experimental
tests proved the applicability and correctness of the proposed
approach, and showed that it contributes for the reduction of
design and configuration phases with the possibility of “off-
line” and “online” analysis and evaluation, based on the same
service layout and control logic for both virtual and physical
systems.

Future work includes the development of more user-
friendly engineering tools to improve the connection between
the digital engineering software tools and the Petri nets engi-
neering platforms, and to enhance an even smoothly migra-
tion from the virtual scenario to the real system. Namely,
important issues are related to importing information related
to the system layout and devices connections, simulating the
system behavior and monitoring the real-time system opera-
tion. Additionally, special attention should be devoted to the
performance analysis of the composed models or distributed
system, as well the analysis of some system properties, such
as scalability and reusability.
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