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Abstract-The expected behavior of industrial automation
systems can be defined and modeled, but since not every event is
predicted at design time, additional care has to be taken during
the operation to handle situations such as exceptions, failures
and new production orders. Another remark is also the
limitation of modeling languages used in the control to permit
the intervention of higher grade decision mechanisms. This
paper discusses the application of decision support system for
Petri net based processes to control automation components and
devices. The decision mechanisms are used for path planning,
production scheduling and preventive maintenance, to support
the description of processes in Petri nets formalism. As such, the
same Petri nets designed for the control are also used as
analytical information input to the decision support system and
for the detection process options that require decision. The
solution provides a dynamic complement to the static modeling
and operational flexibility. Experiments were done in a real
service-oriented industrial factory-cell to prove the specified
approach.

I.

INTRODUCTION

Tomorrow’s production systems will face challenges which
are even tougher than those present today. New business
forms emerge, such as the movement towards strong
collaboration within the supply network [1]. Therefore, from
the careful planning to the operation, processes are used to
specify the system’s behavior according to the planned
objectives. They may be local to devices used as the control
mechanisms or represent interoperability relations between
distributed components. Processes are described manually
using some representation or language (e.g. Ladder logic,
Petri nets, C programming) or dynamically and automatically
created by intelligent software entities.
At design time, the system is modeled by specifying the
expectations in terms of how the system should be controlled
and how processes are executed. But complex manufacturing
systems are dynamic and stochastic (i.e., new orders arrive
over time, machine break-downs happen, or the priority of
customer orders may change) [2], and not all parameters can
be considered in the beginning at design time. Additionally, a
system should not only be defined by a single path of
operations but also permit having different branches and
choice possibilities. In any case, processes must become more
flexible in order to cope with constant product changes and
increasingly volatile demand [3], besides permitting some
elasticity for real-time decisions that can not be done before.

The systems that are targeted in this work face also the
same problems concerning process definitions, distributions
and decisions. These systems are characterized by the
adoption of decentralized distributed automation, with
manufacturing resources composed of intelligent modules
that can be easily reconfigured to suit evolving application
needs. This collective functionality distributed across many
mechatronic system devices and machine controls replaces
the logical programming of manufacturing sequences and
supervisory functions in traditional production systems [4].
Especially for automation systems guided by serviceorientation [4], processes should be created manually or
automatically considering the possibility to choose the best
available service for a current situation, simplification and
aggregation of services, besides others.
One form of describing behavior by a formal language is
Petri nets [5]. Petri nets present an alternative choice to the
traditional IEC 61131-3 languages, by having a wide
applicability and, based on a strong mathematical foundation,
they can be used for the analysis of models and processes and
the rules for their execution. In industrial service-oriented
automation, Petri nets are used to describe processes that
represent behavior of system elements and relationships
between provided services.
All these complex situations at runtime require a
complement mechanism to decide over the application and
execution of processes, in a form of Decision Support
Systems (DSS). It is now a matter of question where the
decision supporters should be employed. Global deciders may
have the full view of the system, but introduces also
hierarchical dependencies and thus reduces
the
reconfiguration capabilities. Local deciders that complement
the control of a device are more concerned with lateral
collaboration with other similar companions, enhancing the
autonomy and the systems flexibility. A mix of both
approaches can be used to balance the values of the several
parameters, and contribute to the overall system’s
performance and flexibility.
The current work describes a decision support mechanism
to complement the execution of Petri nets for distributed
devices and software components. The outline of the paper is
the following: After the introduction, section 2 describes the
used approach of the decision support system for Petri nets,

section 3 introduces the application of the methodology for
the used case study scenario and finally the paper is closed
with the conclusions and future work.
II. A DECISION SUPPORT SYSTEM FOR PETRI NETS
The following paragraphs presuppose that the reader is
familiar with the basic concepts of Petri nets. Petri nets and
their several extensions (designated as High-Level Petri nets
[6]) are used to model systems where concurrency, resource
sharing and information flow are important. Being a fixed
way to represent a system, it includes mechanisms to
introduce some flexibility. Decision points, alternative ways
and other conflicts are characteristics that can be modeled in
Petri Nets. A conflict can be viewed as a resource or state that
is to be taken by more entities than its capacity or transitions
that activate from the same state leading to different paths.
Both of the two situations requires mechanisms that should
pro-actively detect conflicts and resolve them [7]. The
existence of conflicts does not strictly mean that there are
design problems in our system, but should be also understood
as an opportunity of applying decision to a more flexible
system. Other appointment for advanced handling of Petri
nets is the movement of the information along a net
(represented by tokens), that has an extended meaning in
colored Petri nets [6].
Such features require the intervention of decision
mechanisms that extend the indirection of the static and
predicted control. This is especially valid when considering
that automation systems are inherited dynamically and not
fully controlled; sometimes there are unexpected
circumstances that a simple executed Petri net can not handle:
operation’s delay and canceling, synchronization among
individual workflows, unexpected situations, unaccomplished
operations, dynamically adding new operations, etc. In these
situations, a DSS provides support to resolve them.
The following topics describe where additional help is
needed in terms of decision, to increase the power of Petri
nets:
– Selection of the firing transition between several ones
that are in conflict (resolution of conflicts);
– Petri nets analysis to support decision, including
behavioral and structural analysis, path finding and
simulation;
– Selection of the best service or operation to execute
when the associated transition is enabled or firing;
– Management of the Petri net: decide when to run, stop,
and reset a Petri net;
– Automatic composition and aggregation of Petri nets.
The degree of complexity associated to the decisionmaking instance can range from simple algorithms to
complex cognitive systems, such as multi-agent systems,
neural networks and genetic algorithms. There may be
different ways to make a DSS more intelligent; the most
frequently suggested method is to integrate a DSS with an
expert system [8]. Although, in order to create a distributed
system and considering that the DSS is going to be

implemented in embedded devices, we must be aware that
this kind of systems are strictly restricted in terms of memory
and processing power [9].
A general architecture of a service-oriented device or
component with a DSS is depictured in Fig. 1. The DSS
provides two kinds of decisions to the Petri net controller.
The most basic one, the passive decision, is requested by the
Petri net itself (for example, several transitions in conflict) to
the DSS and awaits an answer. From the other hand, the
active decision is pro-actively provided by the DSS in several
situations (e.g. analyzing parameters that are over a
determined threshold, such as temperature, and intervene as
necessary). The DSS can be decomposed in three parts, as it
will be described later on this section. In terms of behavior
analysis, a simple architecture can be described as a device
with a predicted control (from the Petri net) and an
unpredicted control (from the DSS). Therefore, the
combination of the two advance mechanisms were thought to
enhance the autonomy of the component. This approach is
also used to enable the component to interoperate with other
components in the system, by providing and requesting
services, in a form of mutual collaboration. Overall, it helps
in the systems flexibility to respond and adapt to new
situations, and consequently reconfigure as necessary.

Fig. 1. General specification of decision mechanisms to support the
application of Petri nets.

Even though the device is autonomous enough with its
DSS to find its own services, it does not have any topology
knowledge in order to know which services are also available
through the rest of the system. Avoiding the enormous
volume of messages to find the available services in a
reactive manner and avoiding a static configuration where the
inclusion or exclusion of other devices would need a total
reconfiguration of the system, the DSS contains
Neighborhood Knowledge (NK). The NK means that every
time a new device is included in the system, it broadcasts a
message to all others devices with its connections to the
others and the available services. Since the topology of the
system will only change each time a device is introduced or
removed from the system, the messages exchange will only
need to take place in that specific time. This way is possible
to have a type of “plug&play” based service-oriented devices
in a distributed and flexible system.

The ability to make use of the systems flexibility and to
retain flexibility itself is a primary requirement for the
decision tools to be effective [10]. Based on that, the
proposed architecture for a DSS has the primary objective to
represent reality as simple as possible but as detailed and
flexible as necessary, i.e. without ignoring any serious real
world constraints [11]. The following subsections describe
the application topics of the decision support system that are
considered in this work.
A. Path Planning
Knowing that service-orientation is basically a paradigm
that defines mechanisms to publish, find and bind services
[4], one of the goals of the DSS is to know how to reach
required services at a given moment. In order to do so, and
aware that each device in this case also integrates a Petri Net
controller, the DSS module needs to have knowledge of the
paths of the system. With the Path Planning, it is possible to
return the best path for e.g. a pallet to go from its current
position to the place where it can execute the next service.
With this approach, it would be possible to receive e.g.
“request_service” from a pallet, find out which is the best
way to get to the needed service, and forward the next
position the pallet should take.
In order to implement this architecture, the path planning
needs to extract the following information from the Petri Net:
Market place – A place market as being part of a path means
a physical spot where a pallet can be. A place may also
describe a service that can be executed; Transition – A
transition means a possible move from one place to the other;
Path – A path is a group of places and transitions that can
route the pallet from one physical spot to another, without
any conflict in the Petri net (meaning that during the path the
Petri Net is able to route the pallet all the way through it).
This implementation also implies the need of one and only
one transition to connect two places, and that one transition
can only connect to one place, although a place can connect
to one or more transitions. With this architecture, we ensure
that a transition can only be assigned to one path, meaning
that a service will only exist in one path.
To initialize the path planning, the DSS needs to receive
two matrices that correspond to the input and output relations
of transitions with the places of the Petri net. In order to
create all possible paths, it is necessary to generate a structure
with all the different kind of places that are considered in this
method: Start place – A place that is not output of any
transition. This means that this place is going to be a start
place of one path at least; Termination place – A place that is
not input of any transition. This means that this place is going
to be a finish place of one path at least; Join place – A place
that is output of more than one transition. If this place is
output of n transitions, than it is going to be the finish place
of n paths; Conflict place – a place that is input of two or
more transitions. If this place is input of n transitions, then it
is going to be the start place of n paths. With this approach
the path planning already has all the places (joints and

conflict or just conflict) where a decision support is going to
be necessary.
An example of the creation of the path planning can be
seen in Fig. 2, where the original Petri net is transformed into
a simplified one with just the required places. Here just the
places p4 (join place), p5 (join and conflict place), p7 (join
and conflict place) and p8 (conflict place) where preserved.

Fig. 2. Creation of the path planning from a Petri net with join and conflict
places.

Although the identification of the joint place does not look
necessary, the next sub-section will explain how its inclusion
will prevent the system from deadlocks.
B. Production Scheduling
After the successful implementation of the path planning,
the DSS will start a scheduled update of the system –
Production Scheduling, by getting the state of the system
each time a complete evolution in all the transitions of the
Petri net occurs. With the NK, the DSS knows the services
that can provide and which services are available in the rest
of the system. Every time a pallet is in a conflict place, the
Petri net will question the DSS which transition should be
activated. Although the DSS knows all the ways (the meaning
of way here corresponds to a sequence of one or more paths)
for the next service, multiple possibilities can occur. The
question is: Which way is the best one?
In order to choose the best way, the DSS will need more
information on the paths: Availability – Means how many
places are still available in the path; min_time – Will
correspond to minimum time that a pallet took to pass

through the path; mean_time – Will correspond to the mean
time that a pallet takes to pass through the path; last_update –
The information kept here will correspond to the last time the
information “mean_time” was updated.
Although this information is sufficient for the DSS to
choose the best way to route a pallet, a detailed explanation
on how to use this data is needed. If the requested service can
be achieved by multiple ways (which is the case where this
information will be needed), then the path planning will
retrieve a list with all possible ways. The availability
information will narrow down the choices to the ways where
the first path after the current position of the pallet has
positive availability. Then the best way will be the one that
has the lowest total time. Since each way may have more then
one path, the total time must be the sum of the mean time of
all paths in that way. Finally, after the best way chosen, the
DSS can find which transition should be activated by
searching the one that makes the connection to the first path.
Even though this approach seams feasible, a problem may
occur: If a path increases it mean time, due to some technical
problems or simultaneous request of the same service, it may
not be chosen again in the future. That is where the
“last_update” information will be useful, meaning that if the
mean time of one path has not been updated for a long time,
then the DSS will start decreasing its mean time until the path
is chosen again or until it reaches its minimum time.

Fig. 3. Example of a possible deadlock resolution in place p3 provided by
the DSS.

With the path planning not only it is possible to know
which services are available in the other devices/components,
it is also possible to know which transitions connect the
current device with the others. Those transitions will be
described as ports. The ports can be input or output and those
that are connected to other devices must store their names or
IDs. Each time a pallet passes by one of those transitions, a
message must be sent to the other device with all the
information about the pallet. This way, each time a new pallet
enters the other device by a port, the device’s DSS will
receive a message with the information about the pallet. If an
external device introduces a new pallet in the system, it must

use the same type of message and send it the correspondent
device’s DSS.
With the aim of improving the system performance and
avoiding possible deadlocks the DSS must also be able to
stop a pallet one place before a joint and conflict place. This
must be done every time the next path of the pallet is full,
otherwise that pallet could stop all others pallets from routing
though that place, and even stop the entire system. An
example is depictured in Fig. 3, where the pallet in place p1
must be stopped, otherwise it would obstruct the place p3,
which can still route pallets from the place p2, to the other
paths.
C. Preventive Maintenance
Even though the path planning and the production
scheduling in the DSS can provide an increase of autonomy
and distributed working system, nothing has been done when
it comes to diagnosis.
In past projects, little attention has been paid to diagnosis
[12]. Nonetheless in future assembly systems an effective
diagnosis infrastructure can represent a competitive
advantage increasing the overall robustness of the system,
reacting timely to unpredictable situations and allowing the
optimization of maintenance cycles. In order to achieve that
next step, the Preventive Maintenance has been included in
current DSS. Each time the production scheduling updates the
system, this component must check if something out of the
ordinary happened.
The unpredictable situations and its resolution are those
that follow:
– A new pallet appears in a non-input port: In this case the
DSS will send a message asking for information about
the new pallet. If the DSS does not receive any feedback
then the pallet is routed through a default path in order
to not stop the system;
– A pallet disappears in a non-output port: In this case the
DSS will send a warning message informing the
situation;
– A pallet jumped through more than one place: If the
pallet skips one place routing through one path, then a
warning message is sent informing the situation (for
example: One place sensor is not working).
– A service that does not exist in the system: Even though
the DSS has NK, that may not be extended to the entire
system (in order to reduce the complexity), meaning that
a pallet may request a service that is not listed in the
DSS. If that happens, the DSS will send a message
requesting for another service. To continue the system
properly, the answer that the DSS should receive is the
port where the pallet should be routed to execute the
desired service. Once again, if the DSS does not receive
any feedback then the pallet is routed through a default
path, so that the system does not stop.
The maintenance cycle is done by introducing new
information into the device: Tolerance – It will be the
maximum percentage accepted by the time a pallet takes to

pass through one path relatively to its minimum time. This
means that a device that has a tolerance of 35% and a path
with a minimum time of 40 seconds cannot exceed 54
seconds in that path. Each time that this situation happens, a
warning message will be sent in order to alert the user or to
update a monitoring system.
One improvement of the system would be to allow the
subscription of events (i.e. informing an ERP – Enterprise
Resource Planning – hourly the mean time of each path, or
how many pallets have passed by each path or even which
services where required and when).
Implementing these maintenance schemes allows:
eliminating unnecessary maintenance, reducing production
lost due to failures, reducing repair parts in inventory,
increasing process efficiency, improving product quality, etc.
Cutting costs, maximizing the profit, is therefore one of the
main reasons for embedding diagnosis capabilities in future
production systems [12].
III. APPLICATION OF THE DSS FOR A CASE STUDY SCENARIO
The flexible production system used to illustrate the
application of the DSS for Petri nets in the case study
scenario consists in a FlexLink® Dynamic Assembly System
(DAS) 30. The DAS 30 transfer system combines floworiented production control and modular automation with
ergonomic manual assembly solutions, providing flexibility
and versatility. The system is composed of several conveyors
that route the pallets, two workstations that can be used by
operators or robots (providing the services) and two lifters
responsible for the boundary between an upper and lower
level of the main line [13].

Fig. 4. Layout of the case study scenario.

After the decomposition of the DAS 30 into the several
components (Fig. 4), the next step is to map the system into a
Petri net and extract the information to create the path
planning (Fig. 5). The approach used here to create the Petri
net from the DAS 30 is described in Mendes et al. [13].
Although the conveyor devices can be Unidirectional or
Cross types, for the DSS it does not make any difference
since it will be built from the Petri net. In order to create the
DSS properly the Petri net must also specify the available
connections (ports) to the other devices, this can be seen in
Fig 5 where the place 1 has an input port and place 6 has an

output port, resulted from the external access in the conveyor
4 and 8, respectively, depictured in Fig. 4.

Fig. 5. Path planning information from the case study scenario.

The coordination of processes and services, depending on
the flexibility that the system reveals, requires the decisionmaking and conflict resolution at runtime, because a system
model does not describe a fixed sequence of actions, but
rather all possible combinations thereof. On the other hand, it
may also be necessary to choose from different available
services that result from a filtered discovery matching
specific criteria.
In order to successfully implement the case study scenario
it is still required to deploy the Petri net of each device in
each DSS. It would be possible to decompose each device in
one physical component, but since it would require a lot more
devices and it would not bring any advantages, it was decided
to decompose the system in three devices (two of them with
services available and another one just responsible for
routing). The system does not have only one way to be
configured and another approach would have given the same
results, it is up to the user to decide the best approach for his
system (granularity vs. devices cost).
For example, if a pallet arrives at device 5 that must be
routed out, either to device 6, device 9 or stay for some time
at device 5. This represents a conflict in the Petri net and the
control will report this event to the DSS and await an answer.
Considering that the answer is device 6, the Petri net
controller activates the corresponding transition (t3 in Fig. 5)
to synchronize the operation of both devices 5 and 6, and thus
move the pallet accordingly.
As it was described in the previous section, the DSS needs
to have neighborhood knowledge. With that in mind, there
are two ways of deploying the Petri net in the DSS. The first
one is to deploy the entire Petri net of the system to the DSS,
with a property in each transition and place that specify to
which device it does corresponds. This way the DSS will
create the path planning from the transitions and places that
belong to it and it will build the NK from the services that are
available in the other devices (Fig. 5). The second way is to
divide the Petri net for each device a priori, and then deploy it
to the DSS. This way the DSS will start without any NK, and
each time a new device is introduced in the system, it must

broadcast a message (with its current position and services
available) to all other devices in order for them to update their
NK. This approach is exemplified in Fig. 6, where the device
2 (the conveyor box represented in Fig. 4) starts without any
NK, and after receiving the messages from device 1 and
device 3, it is able to update its NK being aware of the other
services available in the system.

net based controller for embedded devices, specific for this
work is to enhance the decision support system with
experimental neural networks for pattern classification and
other mechanisms that can help the decision. Not to avoid is
the intrinsic analysis of Petri nets, specially the structural
analysis that can be used to gather information about
sequence of transitions/services for a specific path and also
places/resources with mutual exclusion. Since the focus is a
distributed environment, it is also important to research in the
way of distributed or collaborative intelligence to support the
manual planning by automation engineers.
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