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Abstract. During the last 30 years Petri nets have shown a continuous popularity and durability as process
modelling language. While some process modelling languages were crossed with others or even disappeared,
Petri nets are continuously used as modelling language addressing various purposes in the context of
business processes. In this paper, we refer to the success of Petri nets and describe business process
modelling extensions as well as approaches for process modelling, simulation, execution and evaluation
relying on Petri nets. The variety of Petri net-based extensions shows that Petri nets can be adapted to
changing requirements for which these extensions, modifications or variants have been proposed.
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1 Introduction

Process modelling is an important activity that sup-
ports all phases of the business process life-cycle,
from the early identification of the need for a busi-
ness process through subsequent phases of design,
execution and monitoring. Business process mod-
els support the common understanding of the kind
of business activities underlying a business pro-
cess, including their mutual relationships. Plenty
of modelling languages exist to design business
processes with different representations (e.g., text
vs. graphic) or using a different design paradigm
(e.g., imperative vs. declarative). The decision in
favour of a specific modelling language depends
on the requirements that the chosen modelling
language should meet (Oberweis 1996). Possible
requirements might be the appropriateness and
adequacy of modelling constructs (i. e., express-
iveness) or an easy learnability of the language
(i.e., simplicity). Certainly, the decision in favour
of a process modelling language might also be
made based upon its practical acceptance, case
studies or the cognitive effectiveness of the visual
notations (Figl and Recker 2016). Currently, the
Business Process Model and Notation (BPMN) is
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mostly used for process modelling although the
language has shortcomings with respect to a com-
prehensive support of the whole business process
lifecycle (Radloff et al. 2015). The Event-Driven
Process Chain (Niittgens and Rump 2002), which
was for quite long time the standard language
for business process modelling, has lost popular-
ity. Retrospectively, a continuous durability as a
process modelling language can be attested only
to Petri nets (Reisig 2013). This certainly can
be explained due to the “mathematical analysis
techniques allowing for analytical verification of
many relevant properties of systems’ behaviour”
(Desel et al. 1998).

Since the doctoral thesis of Carl Adam Petri
entitled "Communication with Automata" (Petri
1962) in 1962 there exist also numerous variants
for Petri nets addressing various purposes in the
context of business processes or system dynamics
in general (e. g., different variants of high-level
Petri nets). In this paper, we refer to the success of
Petri nets and describe business process modelling
extensions or approaches to process modelling,
simulation, execution and monitoring relying on
Petri nets. We will show that Petri nets are capable
of expressing changing requirements for which
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these extensions or variants of Petri nets have been
proposed.

The paper is structured as follows. Section 2
summarizes common languages for business pro-
cess modelling and sketches their current status as
modelling language. Section 3 presents exemplary
extensions of Petri nets or approaches relying on
Petri nets and classifies them according to the
business process life-cycle. In each phase we also
point to future directions of process modelling,
execution and evaluation. The paper ends with a
summary in Section 4.

2 Business Process Modelling Languages

The most common language to design business
processes are the Business Process Model and
Notation (BPMN), Event Driven Process Chains
(EPC), Petri nets and the Unified Modelling Lan-
guage (UML). Technical issues of business process
models are rather tackled by orchestration and cho-
reography languages such as XML Process Defin-
ition Language (XPDL), the Web Services Busi-
ness Process Execution Language (WS-BPEL),
ebXML or WS-CDL.

BPMN is a graphical modelling language that
does not only support business process modelling
but also process implementation. Accordingly, the
modelling language has primarily been designed
with the intention to make the notation easy to
understand for all user groups (e.g., analysts cre-
ating the first drafts or the technical developers
responsible for the implementation). BPMN is
divided into five basic categories: Flow Objects,
Data, Connecting Objects, Swimlanes and Arte-
facts. Figure 1 shows a BPMN diagram with three
different flow objects, which are events (circles),
activities (rectangles) and gateways. The stand-
ardization by the OMG in 2005 has certainly led
to the high popularity of BPMN and has contrib-
uted to BPMN becoming the de-facto standard for
business process modelling.

EPC is a graphical, semi-formal modelling lan-
guage aiming to provide a simple and intuitive way
to visualize business process models. There are
numerous proposals in the literature formalizing

Task 2
invalid

Figure 1: Example BPMN diagram

the EPC language (Kindler 2006; Mendling and
Aalst 2006). EPC received a widespread adop-
tion after their integration with the SAP reference
model (Niittgens and Rump 2002) and due to its
part of the so-called ARIS house. The main con-
structs of an EPC are events, functions, and join
operators (XOR, AND, OR). Numerous variants
of the EPC can be found in the literature such as
the extended EPC (eEPC) allowing to define or-
ganizational units and input and output parameters.
Figure 2 visualizes an eEPC diagram.

| event 1 :|

h J

function 1 . |

nput

organization
unit

k. J
< avent 2 > < event 3 > < event 4 >

Figure 2: Example eEPC diagram
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Due to the lack of standardization through an
appropriate organization the popularity of EPCs re-
cently significantly decreases (Karhof et al. 2016).

Petri nets are used in many ways today, for
example to model, simulate, analyse and monitor
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business processes. In doing so, sequential, mu-
tually exclusive and concurrent activities can be
modelled with three modelling elements. Petri
nets consist of places, which are represented as
circles, and of transitions, which are visualized
as rectangles, see Figure 3. Places and trans-
itions are linked by arcs representing relationships
between both elements (Reisig 2013). Places
represent static aspects, such as documents, data
or resources. Transitions are used to represent
dynamic aspects (i. e., state transitions). Petri nets
combine the advantages of a simple graphical rep-
resentation of business processes with the formal
semantics of the uses notation.

(e —— )
AN .

Figure 3: Example Petri net diagram

There have already been many discussions
about the theoretical investigations of Petri nets
in the academic sector and the practical needs of
business process modelling languages in business
applications (Desel et al. 1998). In spite of all
these discussions Petri nets are the only language
that “survived” the last 50 years of modelling
and thus a continuous popularity can be definitely
attested to Petri nets (Reisig 2013). One vari-
ant of Petri nets, which is capable to represent
e-Business or web service based aspects are XML
nets. XML nets are a variant of high-level Petri
nets (Lenz and Oberweis 2003). They have formal
semantics, graphical nature, and the strength in
exchanging XML-based structured data. In XML
nets markings of the places are given as XML doc-
uments and places are considered as containers
for the documents. The flow of XML documents
is defined through occurrences of transitions.

3 Extensions and Approaches relying on
Petri nets

In the following we discuss extensions and ap-
proaches relying on Petri nets according to the
business process lifecycle (Weske 2012) (see Fig-
ure 4). The design & analysis phase tackles the
creation and validation of business process mod-
els. The configuration phase within the lifecycle
is about technical realization of a process model,
including setting specific parameters to tie imple-
mentation details to the higher-level model. The
enactment phase is related to the monitoring of
process models. In the business process lifecycle
the evaluation phase addresses the evaluation of
process models using business activity monitoring
and process mining techniques.

Evaluation:
Process Mining
Business Activity Monitoring

Evaluation
Design:

Enactment Administration Eli:s"ﬁssrrm?
- Design & entification an
Operation Enactment and A Ig : Modaling
Monitoring Stakeholders nalysis
Maintenance Analysis:
Validation
s ¥ Simulation
Configuration Verification

Configuration:
System Selection
Implementation
Test and Deployment

Figure 4: Business process lifecycle

Process mining refers to a set of techniques that
analyze (mostly historical) event logs of IT systems
in order to derive a model of the process (i.e.,
mostly a Petri net) that corresponds to these logs.
For a process model to be created from such log
files, the event log must (at least) store the sequence
of events. Figure 5 shows a log file with two traces
to which process mining algorithms were applied
in order to derive a Petri net (Drescher et al. 2017).
Consequently, one can observe that Petri nets also
play an important role in the evolving field of
process mining.
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Figure 5: Process mining applied: generating a Petri
net from an event log

The next section summarizes Petri net based ap-
proaches related to the design and analysis phase.

3.1 Extensions for the Design and
Analysis Phase

There are many discussions regarding the model-
ling approach (i. e., imperative versus declarative
modelling) (Fahland et al. 2009), the support of
modellers and automatic creation of process mod-
els from log files (i.e., process mining). With
respect to modelling methods and in particular
the understandability of Petri net based models,
research has been conducted on how novice mod-
ellers are constructing process models. In this
area, it is well known from empirical studies that
novice modellers struggle to create “good” pro-
cess models since they tend to forget important
model elements. One approach that supports
modellers aims at reducing the entry barrier to
process modelling by providing an on top layer
to process models (Koschmider et al. 2015). It
is a lightweight approach to modelling. Partic-
ularly, the approach presented in (Koschmider
et al. 2015) discusses variables of how to best
design diagrams consisting of graphical or textual
elements The approach adds an abstract model
level (“Layer 0) that can be represented both
depictively (iconic) or descriptively (symbolic)
with the possibility to seamlessly switch between
them. The abstract layer should enable a quick
and comprehensive view of the underlying (Petri
net-based) process model and in addition should
expose basic modelling capabilities. With this
layer modelling should be accessible for a larger
audience. From the viewer’s perspective: both
representations allow the process model’s viewer
to get a quick and comprehensive view of the
underlying process model. If the viewer is further

interested in the fine-grained representation of the
process model he/she can navigate through the
process model hierarchy. From the creator’s (i. e.,
process modeller’s) perspective: the concepts of
this layer abstract from common process model-
ling languages, and thus, it is expected, that the
creation of process models even for inexperienced
persons is simplified. Such approaches on top of
business process models may pave the way for the
detailed specification of requirements and elicita-
tion of further design options and choices. Figure
6 shows the approach allowing an abstraction and
concretion from depictive and descriptive models
to Petri nets.

Layer 0
“
S

Graphical Abstraction

Texual Abstraction

|

Figure 6: Two modalities of the abstraction layer
(“Layer 0”)

The design of business process models
(for novices) can also be supported with a
recommendation-based modelling support system
(Koschmider et al. 2011). Such a system suggests
how to finish appropriately a partially developed
but incomplete business process model. The
user can invoke the modelling support either
via a query interface or s(he) can use a function
automatically suggesting appropriate (Petri net
based) process model fragments by unveiling the
modelling intention of a user at process modelling
time. Additionally, a social software-based ex-
tension was added to the recommendation-based
modelling support in order to take into account a
process builder’s modelling context and the model-
ling history of a community of users (Koschmider
et al. 2010). The system also suggests (Petri net
based) process model parts to the user, that may
help him achieving an individual modelling goal.
Such features potentially improve the modelling
process and, as such, the modelling outcome, that
is, the quality of the process model. To support
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location- and device-independent modelling a
Petri net based tool has been suggested (Alpers
and Hellfeld 2016). The pne.fzi.de tool supports
continuous work on a business process model
through intelligent synchronization mechanisms,
even when changing devices. The list of Petri net-
based extensions addressing the design phase can
be completed with approaches addressing security
and privacy issues or sustainability aspects in
business process models (Betz et al. 2017). Petri
net-based approaches for simulation were sugges-
ted in (Li and Oberweis 2009) and (Eichhorn et al.
2009). The approach proposed in (Eichhorn et al.
2009) tackles a 3D support for graphical business
process simulation. A risk-aware simulation based
on XML nets is presented in (Betz et al. 2011).
In the future, process modelling languages should
be capable of providing links to bind connected
devices enabling sensing, (re-)acting, collecting
and exchanging data via various communication
networks including the Internet. So far, the
design of business processes was dominated by a
so-called Model-Enact paradigm, i. e., the process
has been depicted as a (graphical) process model
that afterwards could be executed by a Business
Process Management System (BPMS) (Janiesch
et al. 2017). The Internet-of-Things paradigm
requires approaches that tackle the whole stack
from sensor data to event data to process activities.
Physical devices sense their environment and
produce events that have to be correlated in order
to distil complex events. Complex events are
then used as input for process mining algorithms.
Benefits and challenges of the integration of IoT
into business process modelling are discussed in
(Janiesch et al. 2017) and (Soffer et al. 2018). The
list of future research fields can be complemented
by the blockchain technology and the combination
of augmented or virtual reality and business
process modelling. 3D technologies open up new
possibilities for modelling business processes.
They provide higher plasticity and eliminate some
deficits of conventional 2D process modelling
such as the limitation of the amount of inform-
ation to be integrated into a process model in
an understandable way (Betz et al. 2008). The

next section sketches approaches for the business
process configuration phase relying on Petri nets.

3.2 Languages for the Configuration
Phase

Technical realization of a process model is tackled
by orchestration and choreography languages. WS-
BPEL is the widely-used standard for this phase.
It lays the foundation for a process engine automat-
ing the execution of business processes specified
as (web) services. BPEL provides an XML nota-
tion and semantics for describing the behaviour of
business processes. XML net based approaches
were suggested since XML nets allow formal veri-
fication for the composition of services (Che et al.
2009). Particularly, with XML nets messages
can be modelled and manipulated as place tokens
for message passing, and the labels in arcs can
be used to model constraints for web service dis-
covery and selection. A further XML net based
extension for web service composition was presen-
ted in (Koschmider and Mevius 2005) and (Lenz
and Oberweis 2004). The paper (Koschmider and
Mevius 2005) introduces so-called Web service
nets allowing a process model driven deduction
of BPEL. Web service nets describe control flows
of web services and derive the description of
web services including behavioural, functional,
and interface-based information. For this pur-
pose, four different types of flow structures are
distinguished. Figure 7 shows the sequence, the
alternative, parallelism and synchronization of
activities. For instance, by the use of alternative,
one branch of a set of choices can be selected.
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Figure 7: Flow structures of Web service nets
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The execution of a business process might also
depend on location constraints. A Petri net based
method for defining location constraints in busi-
ness process models was suggested in (Decker
2009), which is suitable for mobile business pro-
cesses. Location constraints restrict the place
where a process activity must be executed (pos-
itive restriction) or is not allowed to be executed
(negative restriction). Figure 8 allows the execu-
tion of the activity “record order” only within the
local instance “Berlin”.

record
B order
/7 7\ <psd> <psd> /7 O\
\\\/,/ \\\,//‘
L
(=)
7
|
/ /

/ Berlin /

/

Figure 8: Location constraints of mobile business
processes

One stream of future research for business pro-
cess execution might stem from digital platforms,
which require software architectures being capable
of quickly adopting to changing conditions. In the
future we will see research exploiting benefits of
microservices for business process model execu-
tion. Microservice “...is an approach to develop-
ing a single application as a suite of small services,
each running in its own process and communic-
ating with lightweight mechanisms” (Lewis and
Fowler n.d.). In the context of Business Process
Management (BPM) microservices could com-
plement or even replace WS-BPEL for business
process model execution. Contrary to WS-BPEL
the characteristics of microservices allow execut-
ing highly distributed business process models
without any centralized management. Particu-
larly, process model activities or events could be
specified as a microservice addressing its own

technology stack. Challenges of a microservice-
based business process execution are discussed in
(Koschmider 2017b).

The next section sketches a Petri net-based
approach for the enactment phase.

3.3 Languages for the Enactment Phase

One issue common to business process monitoring
is the inability to link the business process schema
to the information gathered during relevant phases
(Mevius 2008). Therefore, (Lenz et al. 2005)
presents an XML net based approach for process-
oriented business performance management. In
particular, the approach allows analysing poten-
tial exceptional states of performance indicators
and matches counter measures in target-oriented
simulation scenarios. Performance indicators are
represented by XML schemas. Places that are
typed by a performance indicator schema are inter-
preted as containers for the performance indicator
value. The calculation of the performance indic-
ator value is modelled by parts of an XML net and
performance indicator violations can be described
with alert or repair transitions. Figure 9 depicts
the alert transition. An alert occurs if the ratio
falls below a critical value.

m alertRFd
R
77N
( \
)
(7] () N
A RDAT
ratio too low o
performance ™\ TN
/ \ / \
measurement } ( | ratio
 E— |
system [\ J RFT>RFd "\ ) final orders (daily)

Figure 9: Alert transition to describe performance
indicator violations

3.4 Languages for the Evaluation Phase

The evaluation phase is dominated by approaches
for business activity monitoring (Friedenstab et al.
2012) and process mining (Aalst 2016).

The paper (Koschmider 2017a) describes a
novel approach for clustering event traces by their
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behavioural similarity. Existing process mining
algorithms reportedly generate spaghetti mod-
els from event logs of flexible processes, which
are largely incomprehensible. The technique
presented in (Koschmider 2017a) can compare
the control-flow of event traces rather than de-
riving a unique process model encompassing all
traces. The comparison is related to time, duration
and further exogenous factors such as temperat-
ure. The clustering technique is based on two
algorithms, which classify behaviours and allow
us to identify behavioural shifts. The improved
classification of event traces makes the technique
superior to existing approaches, allowing more
efficient identification and analysis behavioural
deviations (Koschmider 2017a). In the future pro-
cess mining approaches are required allowing to
combine heterogeneous sensor and event types.

4 Conclusion

In this paper we sketched business process mod-
elling approaches relying on Petri nets. The ap-
proaches were classified following the business
process life-cycle. Petri net based approaches for
the modelling phase support modellers location-
and device-independently in the construction of
process models. The support ranges from tools
that add an on top layer, to process models or
automatically suggest process model parts for the
completion of a process model editing activity.
Approaches for the configuration phase use XML
nets, a variant of high-level Petri nets, for web
service-based compositions and executions of pro-
cess models. Location constraints restricting the
execution can also be defined. An extension of
XML nets was also presented for the enactment
phase allowing to describe performance indicator
violations. Our contribution to the evaluation
phase is a novel clustering technique for event
traces.

In the future, process modelling languages
should be capable of providing links to IoT devices
and thus considering IoT parameters in process
execution and evaluation (Janiesch et al. 2017).
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