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Process mining analyzes recorded behavior which is represented by event logs.
Traditionally, an event log is a multiset of traces, where each trace is a totally ordered
sequence of activities [2, 3, 5, 11]. The order of activities in a trace is typically based
on their temporal occurrences. However, this temporal order does not necessarily
reflect the actual causal order, as causally unrelated activities may also be ordered in
time [4]. Yet, the order of activities is crucial for producing high-quality outputs with
process mining algorithms. Consequently, there is a growing amount of work suggest-
ing the usage of event logs in which the activities are partially ordered [7, 8, 9, 13].

Using partial orders, we can explicitly express both uncertainty and concurrency
[12, 13, 14]. This allows us to remove total order relations for which there is insuffi-
cient or unreliable evidence, such as those based on inaccurate or incomparable
timestamp information due to manual input or varying time granularities. Additional-
ly, partial orders enable us to model specific properties of the underlying activities,
like non-zero duration and timely overlap, which is not possible under the assumption
of a total order. Additionally, since a partially ordered trace can “summarize” the
behavior of multiple sequential traces, partially ordered logs often provide a more
compact representation of the recorded behavior. This compactification can improve
algorithm runtimes and reduce space complexity. Finally, partially ordered logs and
traces can help identify “use cases” of a process, facilitating (or enabling) user-
interactive exploratory process mining.

Up to this point, there is no common understanding of the terms “partially ordered
log/trace” within the process mining community, and they are used with very different
interpretations, strongly connected to the above-named reasons for use. For example,
there exist various different semantics of concurrency. The first semantic dimension
relates to certainty or uncertainty regarding the non-order of activities [13]. If we have
no evidence for a specific causal order between two or more activities, this could be
interpreted as indication that the activities are indeed concurrent, meaning the non-
order itself provides causal relation information. Alternatively, it could be interpreted
as missing information, suggesting that we simply do not know the order - or whether
an order should exist at all. This directly leads to the semantical relation between a
partial order and its sequentializations with respect to the represented behavior: Does
a process model allow the execution of a partially ordered trace only if it allows all its
sequentializations [7, 9, 10], or if it allows any one of its sequentializations [1, 15]?
Furthermore, we must distinguish if we are interested in the fact if a model can or
cannot execute certain behavior or if we are interested in counting percentages or
probabilities, e.g. how many of the sequential traces represented by a partially ordered



trace, or which fraction of a partially ordered log can be executed. Another dimension
is that activities can either be considered atomic or to have a certain duration, which
leads to different interpretations of concurrency with respect to an interleaving or an
overlapping of the activities [13]. Furthermore, there is the dimensionality of scope:
concurrency which is detected within one or several traces within an event log can be
interpreted to either be valid throughout the log, i.e., on an activity level, or to be
valid only at the point within a trace where it is detected, i.e. on an event level [6].

We must consider all these different dimensions when discussing, evaluating,
choosing and using methods and algorithms based on partially ordered input and
when using concurrency oracles. Obviously, there are different needs and considera-
tions depending on the process mining discipline, especially within discovery and
conformance checking. Thus, it is vital to precisely define and explain the semantical
interpretation of the term “partially ordered log” when used in an algorithm.

In this work, we define a partially ordered trace as a pair of a trace of length k and
a partial order < over the k positions of the trace. We define a partially ordered event
log as a multiset of partially ordered traces. We discuss various heuristics to add a
partial order on top of a sequential event log, called concurrency oracles. We imple-
mented a configurable concurrency oracle (“CCO”) tool as pm4py plugin [16]. In its
current version, it supports “alpha” and lifecycle-based concurrency detection on
event (log-wise) or activity (trace-wise) level, exporting the result as .xes-file with
additional partial order information per trace and event. It allows to either retain all
cases in the log, to reduce the log to one representative per sequential trace, or to one
representative per partially ordered trace and, thus, supports different levels of com-
pactification of the log, depending on the semantical relation between sequential and
partially ordered trace required in the specific target algorithm and use case.

We evaluate the generation of partially ordered logs with our “CCO” tool using
different combinations of parameters and several well-known BPI challenge logs,
which illustrate the importance of a configurable concurrency oracle tool and a clear
distinction of the purpose of the generated partially ordered log. If we have, for ex-
ample, an event log with atomic activities like the BPI 2019 log which models a pur-
chase order process, we have activities which are very likely to be concurrent in their
execution throughout the log like the recording of the reception of goods or services
and the recording of the reception of an invoice. Assuming that a partial order repre-
sents all its sequentializations, we may be interested in a compactification of the log.
In this case, we observe that the 251.734 cases of 11.973 sequential traces fold to-
gether to 5.851 partially ordered traces, i.e., about 50% reduction of variants. In this
example, it also makes sense to keep only one trace representative and, thus, have a
significantly smaller log for further analysis. However, if we have an event log with
lifecycle information like the BPI 2017 log modeling a loan application process, we
may mainly be interested in adding concurrency information on event level and keep
all trace variants, e.g. for conformance checking. Here, we observe that the 31.509
cases of 6.844 sequential traces fold together to 6.566 partially ordered traces due to
isomorphy, i.e., almost no reduction in size, but a qualitative enhancement. The CCO
allows us to experiment with different parameter combinations and pre-analyze the
detected concurrency, e.g. concerning differences, specific patterns or validity.
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The goal of process discovery is to automatically build a process model from
an event log [I,3]. In applications, business processes become more complex
and process discovery often generates spaghetti-like models [2]. This is why ex-
ploratory discovery enables a user to interactively filter the input and thus, alter
the generated discovery result.

Existing interactive discovery approaches generate either directly-follows mod-
els [§], or process trees [J]. In these approaches, we order traces of an event log
by their frequencies and move a slider to add or remove traces to the model.
Thus, we can ”"zoom-in” and ”zoom-out” of frequent behaviour. This feature is
so helpful that almost every commercial process mining tool provides a similar
feature to visualise an event log.

Using interactive discovery, we can discover both directly-follows models and
process trees very efficiently and, thus, organise and replay different cases of
a workflow. But if we only focus on the directly-follows relation, we generate
models with a high level of generalisation and a low level of precision. We argue,
in an interactive and exploratory setting, where we hand-pick a set of traces,
the resulting model should be precise. If we want to dig deep and analyse and
explore the control flow of a business process faithfully, we must use Petri net
like models.

In this work, we outline the key sub-tasks of exploratory discovery for Petri
nets. Such discovery has not been introduced yet, because it is hard to modify
the behaviour of a Petri net interactively. As a proof-of-concept, we present a
possible implementation, the &% Miner for Petri nets, available online at www.
fernuni-hagen.de/ilovepetrinets/zebra. We discuss the different sub-tasks of ex-
ploratory discovery and compare our implementation to the state-of-the-art ex-
ploratory discovery Directly-Follows Visual Miner [8]. The steps of interactive
discovery for Petri nets are as follows.

In a first step of exploratory discovery, we select a subset of traces and dis-
cover our initial model. For a directly-follows based approach, this operation
is inexpensive. We argue, if we select and hand-pick a sub-set of traces in an
exploratory setting, we are looking for a precise approach. In regular discovery,
being too precise and generating over-fitting models is a major disadvantage. If
we only consider a small subset of traces of some event log, the high run-time of
highly precise region-based synthesis approaches may not be so problematic.

In a second step, we validate if the process model is a precise representation
of the selected set of traces. A synthesised Petri net model is the best upper
approximation of the selected traces, therefore it may also contain traces of the
input log that were not selected by the user. This weakens the relation between
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the set of selected traces and the current model and can cause confusion. We
replay all non-selected traces by firing, as presented in [4], in the synthesised
model. We highlight the set of already enabled traces of the event log, as this
provides important information about the quality of the current model.

In a third step, we rate the current selection of traces using the current
process model as a reference. For directly-follows based models, we look for our
preferred balance between fitness and simplicity of the resulting model. For Petri
net models, we can additionally use structural and behavioural properties of the
model to help us judge, how well the selected traces align. For example, a precise
discovery algorithm will often produce unsound Petri net models. These unsound
models provide very good feedback on the currently selected set of traces. They
indicate that there may be other, not yet selected traces of the event log, which
complete the current, incomplete model. If a precise algorithm produces a sound
model, the set of selected traces fits together very well. Identifying these subsets
of traces in an interactive setting provides an in-depth insight into the structure
of the recorded behaviour.

The fourth and final step restarts the iterative exploratory procedure. We
adjust the current selection of traces based on information from the previous
step and wupdate the current process model accordingly. Directly-follows based
approaches can update the model very efficiently. For classical Petri net discovery
approaches, if we change the set of input traces, we must restart the synthesis
procedure. This adds a huge run-time cost and sabotages the interactivity of
exploratory discovery. For this reason, the & Miner implements discover and
update using a new region-based discovery technique based on the token trail
semantics for Petri nets [B,[]. We outline this Petri net region theory in [6]. Petri
net regions can synthesise a Petri net model from a set of labelled nets. Roughly
speaking, we can take two models and synthesise them into the most precise
upper approximation of their combined behaviour. Furthermore, we store inter-
mediate results to be able to remove traces later at no cost. This incremental
synthesis uses smaller inputs and so has a more favourable run-time. Our pre-
liminary experiments show it is possible to use this technique in an interactive
setting.

Adjusting the selection of traces, together with the current model as a ref-
erence, we can find our preferred balance between fitness and simplicity of the
resulting model. Furthermore, using an exploratory approach, we learn about
frequent and infrequent behaviour recorded in the event log. We either ”zoom-
in” on a precise, hopefully readable model of only the frequent behaviour, or
"zoom-out” to a more general, possibly more complex view. We want to gen-
erate precise models for a selected subset of traces, to uncover and explore the
structure of the recorded behaviour. A perfect use case for Petri net models.
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State Machines (In Modular Petri Nets)
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A modular Petri net is a composition of individual Petri net systems that
show both - individual internal behavior and synchronized interface behavior
[4] I [B]. The main benefit of modular Petri nets is the parallel interleaved
computation of the component’s state spaces [3] to counteract the state explosion
problem. As each component’s state space is calculated individually, we can
exploit the structure of the component for verification. By taking advantage of
the heterogeneity of the components we can accelerate the state space generation
and facilitate the verification process. In this work, we take a closer look at the
Petri net structure state machines and show how to exploit its characteristics in
the context of a modular Petri net.

Definition 1 (State Machine). A state machine is a Petri net system [N, my],
where every transition has exactly one pre- and one post place, i.e. ¥Vt € T : |ot| =

ol (p,t) € F}[ =1 and |te] = {p | (t,p) € F}| = 1.

A State Machine [N, mg] decays into SCCs {Kj,...,K,} where K; C P
for i € {1,...,n} induce state machines themselves. SCCs only have ingoing
and outgoing arcs from resp. to places: For SCC K; with ¢ € {1,...,n}, we
accumulate those transition as eK; = {¢ | (t,p) € F;,p € K;} and K;e = {t |
(p,t) € F,p € K;}. SCC K; is a predecessor of SCC K/ if (K;e) N (eK;) # ()
for 4,4 € {1,...,n}. With this we can introduce a partial order < such that
K; < K if K; is a predecessor of K;/, and K; < K;» if Ky < K;» and K; is
a predecessor of K. For SCC K; with ¢ € {1,...,n}, the backward cone R; is
the set of itself and all of its transitive predecessors, i.e. R; = {K; | Ky < K;}.
Backward cones of SCCs can be interleaved.

For a state machine, we can build the reachability graph as usual; let R =
[V, E] be the reachability graph of [V, mg] such that V' = RS({mo}) and (m,t,m’) €
E iff m Lom. Every marking m can be abstracted to an SCC-marking p that
contains the number of tokens in each SCC of [N, my).

Definition 2 (SCC-marking). For marking m, we define the according SCC-
marking p : m x {Ki,...,Kn} = N such that p(m,K;) = > . m(p) for
ie{l,...,n}.

The following statements follow directly from the state machine structure:
1. The number of tokens in every reachable marking is constant, i.e. Ym € V :

Zpe pm(p) = const. No Token cannot be created or vanished because all
weights are 1 and every transition has a constant in-out-ratio.



2. Let m be a reachable marking and p the according SCC-marking. Then, any
marking m’ with u(m/, K;) = p(m, K;) for all i« € {1,...,n} is reachable
from m. Within each K;, every distribution of tokens over places is possi-
ble because of the strong connectedness. So, the reachability of m’ can be
reduced to the reachability its corresponding SCC-marking .

3. Let m € V be a reachable marking and p the according SCC-marking.
Then, Marking m’ with pu(m’, K;) = Y cp, p(m, Ki) for all i € {1,...,n}
is reachable from m.

In General, reachability of markings depends on moving the right number of
tokens to the right SCCs without using tokens multiple times. The reachability
of marking m’ from marking m can be expressed as a linear system of equations
(ILP) II(m,m') that results in a solution vector & € N™™,

Theorem 1 (Linear System of Equations For Reachability Analysis).
Let m be a reachable marking of [N, mg]. Marking m’ is reachable from m, iff
ILP II(m,m') has an integer solution & > 0. The ILP has the form

wu(m, K;) + th- - inl = p(m/, K;) Vie{l,...,n} (1)
=1 =1
x; =0 Vl,ié{l,...,n} Zle¢Rl (2)

We can use this for the verification of properties in state machines. State
predicates serve as a base for the verification.

Definition 3 (State Predicate, Visible Places, Coefficient-Mapping).
Let [N, mg] be a Petri net system. An atomic state predicate ¢ is a comparison
of formal sum to an integer aym(py) - ... axm(px) < a where ay,...,ax,a € Z
and k < |P|. An atomic state predicate is satisfied in a marking, if the inequal-
ity is true. We call the occurring places p1,...,px in @ visible, defining a set
vis(p) C P. Given an atomic state predicate p, we can access the coefficient
for wisible place p with the coeflicient mapping «a(p,¢) = a. A state predicate
is a conjunction ® = ' A ... A9, where " is an atomic state predicate for
he{l,...,g9}. A state predicate is satisfied in a marking, if every atomic state
predicate is true. We set vis(®) = Upeqr,. g1 vis(ph).

We want to reduce the verification of a state predicate as well to solving
an ILP. Therefore, we need to introduce new variables: For each visible place
p € vis(P), we introduce variable p that is part of the solution of the ILP. A
solution assigning value v € N to p corresponds to a marking m where m(p) = v.
We build the ILP IT(mg,®) with reference to Theorem. || with little adaptions:
For every K; with i € {1,...,n}, u(mo, K;)+ >, @i — »_,; Ta relaxes to the
maximum bound for tokens on the visible places in K;, and every atomic state
predicate ¢" needs to be satisfied in one marking.

Theorem 2 (Satisfiability of State Predicates). Let ® = o' A ... A @9 be
a state predicate where p" is an atomic state predicate for h € {1,...,g}. State



Predicate @ is satisfiable in [N, mo), iff the following linear system of equations
II(mg,®) has an integer solution xp > 0:

l’h:OVl,ZG{l,,n} Zle¢RZ (3)
S o p<di+d wmi— Y waVie{l,...,n} (4
pEK;Nvis(P) =1 =1
> a(p,¢")p < a"Vhe {1,...,q} (5)
1=1 peK;Nvis(ph)

Furthermore, we can use the theory on state machines for verification of formulas
of the temporal logic CT'Ly C CTL only consists of state predicates that may be
extended with EF to express the possibility of satisfaction or with AG to express
the necessity of satisfaction. This is in style of the branching time logic L; from
[2] for 1-safe Petri nets; an extension of propositional logic with a possibility
operator ¢ and the necessity operator [J. As their theoretical foundation is the
same, L1 and C'T'L; provide the same seven equivalence classes of combinations
of the Operators:[], [EF], [AG], [EFAG], [AGEF], [EFAGEF|, [AGEFAG].
The goal is to reduce verification of properties of those classes to solving an ILP
as well. For example, with Theorem [2| we can verify properties of class [EF|
directly; State Machine N satisfies EF if and only if IT(mg, ®) has a nontrivial
integer solution. Our goal is to evaluate the verification of the other classes and
find a systematic approach that we can embed in our verification portfolio [5].

Finally, we want to adapt this knowledge on state machines to modular Petri
nets where some components are state machines. It is more likely that individual
components are a state machine than that the entire system is. It would also be
possible to modularize the Petri net system such that state machine instances
are created. State machines lead to twofold advantages here: In the building
process of the state spaces and in the verification of properties.
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A modular Petri net is composed of multiple individual Petri nets, the mod-
ules. Modules are composed by fusing their interface transitions. The behavior
of internal transitions is unrelated to other modules and is recorded in local
reachability graphs for each module.

Fusion wvectors describe which interface transitions of which modules need
to synchronize for their firing. This behavior is recorded in the synchronization
graph, linking the local reachability graphs together. For this, internal behav-
ior between two firings of interface transitions is abstracted to form segments.
A vertex in the synchronization graph collects segments for each module and
records the changes from synchronized interface transitions. The modular state
space [1] consists of the local reachability graphs and the synchronization graph.

The modular state space can be used to analyze the reachability of markings
in Petri nets. However, constructing the local reachability graphs for each module
can be highly inefficient because of the state explosion problem [3]. In this paper,
we show how the construction of the local reachability graph can be circumvented
if the given modules have a certain topology. We study for two different classes
of Petri nets how their structural properties can be used to construct a reduced
modular state space. The two classes are acyclic Petri nets and state machines.

In modular Petri nets with acyclic modules, the state equation is utilized
to bypass the construction of the local reachability graphs. This is because in
acyclic Petri nets, the solvability of the state equation is not only necessary but
also sufficient for the reachability of a marking [2]. Information about the local
reachability graph can therefore be obtained by solving a linear system of equa-
tions (ILP). As a result, all reachable markings of a module can be derived from
initial markings using linear algebra. In order to construct the reduced modular
state space, the interacting behavior of the modules must still be represented. Ac-
cordingly, all reachable markings that activate interface transitions are required
for each segment in order to correctly reflect the behavior in the synchronization
graph. We do not fully explore the segments, as we can deduce all reachable
markings that activate an interface transition with the help of the state equa-
tion. Processing segments in local reachability graphs of acyclic modules with
ILPs still leads to the complete and correct modular state space.

We develop a method for modular Petri nets with state machine modules
that avoids the construction of local reachability graphs. A state machine is
a Petri net system, where every transition has exactly one pre- and one post
place. These structural restrictions make it possible to decompose the set of
places of the net. The decomposition is performed using the strongly connected

10
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components (SCC), the equivalence classes of strongly connected places. Within
a single SCC, every distribution of present tokens is possible; therefore, only the
number of tokens per component is sufficient for further processing of a marking.
The backward cones of the individual components determine the way in which
the tokens can move within the net. This can be expressed as an ILP from a
given initial marking. As a result, statements can be made about the local state
space based solely on the distribution of the tokens of an initial marker without
having to construct it. Therefore, only the initial markings and the activating
markings for the interface transitions need to be stored for each segment in
order to reflect the behavior of the modular Petri net. The modular state space
is still represented correctly and completely by processing the segments using
these ILPs. The special case of strongly connected state machines allows us
to use only the number of tokens to represent a segment. This is because for
modules of this structure, any marking that has the same token count as the
initial marking is reachable.

We show how the reachability of markings can be verified in the reduced
modular state space of Petri nets with some modules of these considered net
classes.
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Abstract. A modular Petri net is composed of multiple individual Petri
nets, the modules. Modules are composed by fusing their interface transi-
tions. The behavior of internal transitions is unrelated to other modules
and is recorded in local reachability graphs for each module.

Fusion vectors describe which interface transitions of which modules need
to synchronize for their firing. This behavior is recorded in the syn-
chronization graph, linking the local reachability graphs together. For
this, internal behavior between two firings of interface transitions is ab-
stracted to form segments. A vertex in the synchronization graph collects
segments for each module and records the changes from synchronized
interface transitions. The modular state space 3] consists of the local
reachability graphs and the synchronization graph.

Model Checking describes an exhaustive search through the state space
to verify a property. For Symbolic Model Checking, the state space is en-
coded to combat the state explosion problem [5]. In this paper, we encode
the local reachability graphs using Binary Decision Diagrams (BDD)
[2M]. To encode the reachability set of a module using BDDs according
to [4], 1-safe modules are assumed. For each module, boolean variables
are introduced for each place. A BDD encoding a reachability set then
describes the characteristic function of the set as a directed acyclic graph
in the form of a compressed decision tree. Similarly, BDDs can be used
to encode segments in the local reachability graphs. Since BDDs encode
sets and segments abstract away internal behavior, leaving only sets of
markings, the encoding does not suffer great loss of information.

We study the reachability of markings in the composed Petri net that
satisfy state predicates. A state predicate is a conjunction of atomic state
predicates. An atomic state predicate is an inequality over places, i.e.
o Aipi < A, with A\j, A € Z. We aim to verify the reachability of such
markings using the modular state space, without constructing the state
space of the composed Petri net. A method to solve this is presented
in [3]. There, the problem can be divided into two parts: Atomic state
predicates where all occurring places belong to the same module (1) and
atomic state predicates where occurring places spread across multiple
modules (2).

In the first case, reachability can be verified using just the local reacha-
bility graph of the corresponding module. The atomic state predicate can
be encoded as a BDD that characterizes the set of markings satisfying
the predicate. In [I], a method for this is presented assuming A\; € N. By
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joining that BDD with one that encodes a segment, the intersection of
the marking sets can be checked for satisfying markings.

For the second case, according to [3], an atomic proposition can be split
according to the module affiliation of places, resulting in partial sums
for every module. We present a way to calculate these sums for segments
encoded as BDDs by analyzing their structure. This way, these atomic
state predicates can be verified for vertices in the synchronization graph.
Combining both methods, we can verify such state predicates using the
modular state space.
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Abstract. Understanding a process model is as important as its con-
formance with the data it was created for. Stake-holders and process
analysts need to understand a model to work efficiently with it, and
certain algorithms work much faster when the model is simple. But es-
pecially large processes create big and complex models. In our research,
we explore ways to improve the simplicity of workflow nets by finding
regions that guarantee simpler structures. While doing so, we allow the
language of the net to undergo minor changes, affecting the fitness and
precision of the net. We control which changes are acceptable by using

weights for the quality dimensions.

Keywords: Simplicity - Complexity - Workflow nets - Process Mining.

Evaluating the quality of discovered process models is a key part of pro-
cess mining. The most commonly used measures concern the quality dimen-
sions fitness and precision. Apart from these dimensions, there are generaliza-
tion and simplicity [1]. The latter quality dimensions are not as well understood
as the former: The generalization and simplicity of a model depend on fac-
tors for which we have no data. For example, simplicity depends on personal
preferences of people that will work with the model. Since it is difficult to de-
fine formally, the simplicity dimension is often overlooked or handled implicitly
during process discovery. This results in difficult to understand process models.

For an example, take the workflow net N, of
Figure 1. This net is the result of the alpha
miner [2], when called for the input language
{aegi, agei, begi, bgei, cfhi, chfi,df hi,dhfi}. It is
difficult to immediately recognize the language
of N,, but why is that? One reason is that N,
contains implicit places whose deletion would not
change the language of the net. Another reason is
that the net is not planar and has many crossing
arcs. One could also argue that the concurrency
in N, introduces complexity. In general, there are
many possible reasons to why a process model is
complex [3]. But finding that a model is difficult
to understand is not the end of the story. As soon

Fig.1. A workflow net, N,
discoverd by the alpha miner.

as we know the reason, we might want to take action and simplify an existing

14



2 P. Schalk

process model, so it is easier to work with. As an example, take again the net
N, of Figure 1. If we want to increase the simplicity of N, by reducing its size,
we can delete the implicit places p7 and pg, resulting in the net N; of Figure 2.
With this operation, we do not change the language of the net, so its fitness and
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Fig. 2. Two simplified versions of N, according to different complexity measures.

precision scores remain unchanged. If we instead consider the density of the net,
we can improve the simplicity of N, by finding less dense representations of xor-
and parallel joins, resulting in the net Ny of Figure 2. Again, the language of the
net does not change. We are interested in a general set of rules we can perform
to simplify the net without changing its behavior.

We found that there are several algorithms that reduce the size of a workflow
net based on a set of reduction rules [4-6]. However, these algorithms aim to
simplify the model to execute model checking techniques more efficiently, so they
allow changing the language of the model and retain only special properties.
Other approaches introduce super-nodes with special semantics to lower the
cognitive load while understanding a process model [7].

The goal of our research is to define an algorithm that increases the sim-
plicity of workflow nets while allowing only for minimal changes in its fitness
and precision score. To do so, we take an event log, measures to compute fit-
ness, precision, and simplicity, and weights for these dimensions as input. With
the weights, we can express which quality dimensions are most important to us,
so too drastic changes on their scores are avoided. Currently, we do not take
the generalization dimension into account, since existing generalization mea-
sures have serious weaknesses [8]. In a first step towards our goal, we formulate
generic rules for each complexity measure that simplify a workflow net without
changing its language, like in the example of Figure 2. For the second step, we
alleviate the constraint of language-equivalence. Finally, we aim to define nifty
regions. In contrast to minimal regions, which guarantee language-inclusion of
the input language, nifty regions focus on keeping the workflow net as simple
as possible according to a simplicity measure. For example, nifty regions avoid
edge crossings or implicit places. With our approach based on regions, we can
then formulate process discovery techniques that actively take the simplicity of
a net into account. This enables new ways for comparing simplicity measures
and deepening the understanding of the simplicity dimension.
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Abstract. A user’s ability to understand a Petri net is influenced not
only by personal factors, such as their familiarity with the semantics
and confidence with specific structures, but also by structural factors
like the size of the net or the number of arcs. Identifying the most im-
portant factors impacting understandability requires empirical studies
rather than mathematical analysis. In this work, we outline our plans
to conduct a survey to evaluate how different model factors impact the
understandability of Petri net models. We expect this survey to yield
insights into the factors that influence Petri net understandability and
provide a foundation for future research.

Keywords: Process Mining - Case Study - Simplicity

Process mining allows its users to automatically discover process models from
event logs. Due to the autonomy of process discovery algorithms, it is impor-
tant to check the quality of the generated models. Four quality criteria are used
to do this: Fitness, precision, generalization, and simplicity. While fitness and
precision are well-understood, simplicity is often overlooked or handled only im-
plicitly. For our purposes, we consider simplicity to be how easily the model can
be understood, reflecting its level of understandability. Unlike other measures,
understandability depends on the specific use case and the preferences of the
users working with the model. As a result, it cannot be universally defined; in-
stead, it must be tailored to the use case and user base before the evaluation. In
this work, we focus on the understandability of Petri nets as an indicator for its
simplicity.

Existing empirical studies explored process model understandability, focussing
on various modeling languages and aspects [1]. Recker et al. examined the dif-
ferences between languages like BPMN and EPC, analyzing which is easier for
beginners to learn [3]. Other studies focus on single modeling languages, investi-
gating whether specific structures improve understandability. For example, Figl
et al. analyzed how the design of routing symbols affects the understandability
of BPMN models [2]. Reijers et al. introduced a valuable methodology while ex-
amining multiple model factors and their correlation with understandability [4].
In their study, participants evaluated eight EPC models with distinct character-
istics, answering six Yes/No questions and one open-ended question regarding
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model understandability. The authors assigned a score to each model based on
the number of correct answers to these questions, which served as the depen-
dent variable in a regression analysis. This analysis revealed significant effects of
model factors such as density, average connector degree, and cross-connectivity
on the understandability of the models.

Our goal is to adapt the methodology of Reijers et al. to Petri nets and
conduct a case study to identify the factors influencing their understandability.
Similar to this work, we differentiate between personal factors, such as partici-
pants’ experience and knowledge, and model-related factors, which can signifi-
cantly affect Petri net understandability: Experts potentially understand Petri
net models better than beginners, which could obscure the relationship between
model factors and understandability. To minimize the impact of personal factors,
we will invite only students from the University of Augsburg who passed the Pro-
cess Mining course, ensuring participants have similar knowledge of Petri nets.
While additional surveys with other groups are planned, their differing knowl-
edge levels will require separate analysis. We want to analyze 20 model factors,
which we will use as independent variables in our correlation analysis. These
factors include density, average connector degree, and cross-connectivity, which
showed significant effects on the understandability in the study by Reijers et al.
and will be validated for Petri nets. Additionally, we selected factors specific to
Petri nets, focusing on the reachability graph. These factors are listed in Table 1,
where we differentiate between the amount of model elements, quantitative, and
qualitative factors.

Table 1. Structural model factors that might influence understandability.

Elements Amount of nodes, edges, tau/duplicate transitions, connectors
Quantitative|Avg./Max. node/connector degree, Ratio of parallel transitions,
Connectivity, Density, Separability, Sequentiality, Max tokens
Qualitative [Safe?, End places, deadlock markings, Parallel transitions, Traces

We designed eight models with significant variation in their factors, and
created two slightly different variants for each model. In the case study, we will
show one of the variants of each model to the participants. They will then be
asked 13 single choice questions on the models’ properties, like execution order,
exclusivity, repeatability, and concurrency. Afterward, participants will compare
all pairs of the eight models and choose the one they find more understandable
in each comparison. These pairwise comparisons will generate a ranking of the
models based on subjective understandability, allowing for correlation analysis
between the correctness of responses and the ranking.

To conduct the case study, we developed a tool called Petri-Dish that au-
tomates the creation, execution, and evaluation of surveys for Petri nets. The
tool automatically imports Petri net models in PNML format and calculates
all 20 model factors from Table 1 for each model, simplifying model creation
and question formulation. During the survey, participants can adjust the model
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layout via an interactive interface, minimizing the layout’s effect on understand-
ability. Petri-Dish also includes a feature for pairwise model comparisons. For
evaluation, the tool consolidates the participants’ responses and comparisons
and calculates a score based on the correct answers, reducing the overall effort
to evaluate the results.

Our case study aims to validate the findings of Reijers et al. for Petri nets and
uncover additional factors influencing Petri net understandability. The rankings
from pairwise comparisons will serve as an extra indicator of understandability,
complementing the survey scores in our correlation analysis. It will be interesting
to see whether a significant difference exists between the correlation of model
factors and the subjective perception from pairwise comparisons. The Petri-
Dish tool will streamline the survey process, enabling efficient and accurate
evaluations. We expect this approach to produce significant results and establish
a foundation for future research on the simplicity dimension.
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1 Microservice-based systems

The rapid advancements in cloud technology and the growing demand for con-
tinuous digital transformation have led to the rise of modern applications that
are responsive, flexible, and reliable. To meet these needs, new software de-
sign paradigms have emerged, notably Microservice-based Architecture (MSbA)
[9,4]. MSbA involves breaking down an application into loosely coupled, inde-
pendently deployable services, known as microservices. This modular approach
enhances agility, scalability, and fault tolerance in applications [1, 5].

While the Microservice-based Architecture (MSbA) offers numerous advan-
tages for software engineering, such as flexibility and scalability, it also intro-
duces significant challenges due to its complex and distributed nature. These
challenges, particularly in areas like modelling, testing, and verification, are high-
lighted in [10, 11].

2 Utilising Petri nets for modelling microservice-based
systems

Formal methods, such as Petri nets [8, 7], offer a robust solution to these chal-
lenges by providing a rigorous and systematic approach to modelling and an-
alyzing microservice-based systems. These methods are beneficial because they
enable the identification of potential errors or vulnerabilities in the system design
before implementation, thus saving time and resources. Formal methods ensure
system correctness, provided the application adheres to the model, and assist
in generating test cases by computing reachable states and identifying critical
ones.

In [6], a case study is performed to demonstrate the suitability and usefulness
of Petri nets to model and analyse microservice based systems. In the study, a
Banking-as-a-Service (BaaS) application was modelled via 1-safe Petri nets, a
class of Petri nets in which each place can have at most 1 token. The model
was then analysed to verify some structural and behavioural properties. The
study follows an approach based on abstraction and composition. A microservice
based software system can include many microservices working together and
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communicating in different ways. However, the internal details of a service are
not known by the other services. Thus the internal details of a specific service
can be abstracted from the overall view while focusing on the communication
and collaboration among the services in the whole system.

The case study draws a sketch for a compositional method while showing
the use of Petri nets for modelling and analysis of microservice based systems to
verify some structural and behavioural properties. While the case study provides
valuable insights and demonstrates the practical applicability of 1-safe Petri
nets in this context, our objective is to extend and refine this work and provide
a more detailed and sound framework for the abstraction and composition of
microservice models.

3 A compositional approach based on regions

The approach we propose here rests on a notion of abstraction and composition
of Petri nets, based on regions. A region of a labelled transition system is a
subset of states, r such that, for each label, there is a fixed crossing relation: for
a given label x, either all arcs labelled by x enter r, or all those arcs leave r, or
no arc crosses the border of r (see [2]).

The marking graph of a 1-safe Petri net is a labelled transition system, where
markings correspond to states. The set of markings in which a given place is
marked is a region; the marking graph can have regions which do not correspond
to actual places; those regions are potential places, in the sense that one can add
new places to the net, corresponding to such regions, without changing the overall
behaviour of the net.

In particular, there can be regions corresponding to the logical disjunction of
existing places, seen as propositions. Exploiting this fact, one can define a notion
of abstraction of a net, or of a part of a net, by keeping some “coarse” places,
and masking some more detailed ones.

Abstraction and composition based on regions, for elementary net systems,
are defined and studied in [3], where it is shown that some behavioural properties
are preserved, or reflected, by abstraction or composition, in particular with
respect to invariants and bisimulation relations. We plan to extend those results
to 1-safe Petri nets, which are a generalization of elementary net systems.

The approach presented in [6] can then be made more general and flexible. A
specific microservice can be modelled in detail by a 1-safe Petri net, where any
assumptions about the behaviour of the environment of the service are modelled
without details, but still respecting behavioural features of implementations.
This “environment” may include other microservices, users, and other compo-
nents of the real system. It is then possible to explore the behaviour of one,
or more, microservices with respect to different assumptions about the operat-
ing environment, and formalize precisely when a given implementation of the
environment satisfies those assumptions.
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Tools are becoming increasingly complex. One solution for large tools is de-
composing it into smaller feature sets or components. The plugin concept is one
of the conceptual solutions for customizing individual components [7] (see e.g.
plugins for browsers or software development environments). At language level,
this is addressed by the concept of modularization. In Java, this is the Java
Platform Module System (JPMS) [9], which was introduced with Release 9.

Work on a tool environment for Petri nets has been underway in Hamburg
for over 25 years: RENEWE' [6]. The strength of RENEW lies in the modeling,
simulation and analysis of Petri net models. Other modeling techniques can also
be covered. As a growing software system, RENEW requires both the individ-
ual application-related components, which can be put together individually (as
plugins), and modularization using JPMS [3,/5,[8], which makes it possible to
establish a clean software architecture.

Due to the numerous variants, there are incompatible components that can-
not be used simultaneously. This applies to the commands, the interface arrange-
ments, the formal foundations and the application-related use (in particular re-
dundancies).

To address the static and dynamic composition of our RENEW components,
we introduce a new concept to RENEW: SUITEEl |10] With the help of the SUITE
concept, the above-mentioned aspects are addressed by selecting individual com-
ponents and composing them into a concrete tool variant, a suite. The devel-
opment followed a prototyping approach [11] and was carried out by students
as part of normal teaching projects at our department, in particular under the
guidance of the first author. In addition to the static composition, dynamic
composition is possible, by adding and removing components at runtime. A con-
ceptual basis is the use of the plugin architecture described in [2}4]. However, this
Petri net-based model cannot be used directly by users, as complex models would
have to be implemented. To simplify matters, the details of the implementation
were hidden from users and restricted to purely plugin-based use.

However, the plugin architecture used in RENEW still required the use of
complex configuration files and their management. Each plugin has its own con-

* Supported by participants of our teaching project classes and many student theses.
www.renew.de
% https://en.wikipedia.org/wiki/Software _suite
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figuration files with various properties. These properties are often hidden for
the usual user despite being potentially useful for their use case. The SUITE
concept and the associated plugins provide users with a way to configure these
predetermined properties.

The management of dependencies involve a great deal of effort, which ul-
timately cannot be meaningfully taken over by users. The SUITE concept and
the associated plugins can be used to create pre-configurations that replace the
previous manually composed and configured RENEW variants for individual us-
age scenarios. Thanks to the inherent dependency management that is adopted
in this way, the composed plugins are compatible and usable. Changes can also
be made during runtime using the underlying JPMS, making it easy to switch
between different tool configurations. The JPMS allows Java code to be cleanly
unloaded at runtime and therefore also plugins.

By means of accompanying descriptions, users get familiar with the services
of the respective suites and the configuration options. A graphical user interface
is available for experienced users so that they can configure RENEW by creating
their own suites.

With regard to the technical basics, it should be noted that the combination
of plugins from an application and architecture perspective as well as modules
or layers relating to JPMS is of central importance for the implementation. The
components of SUITE are three plugins: the underlying framework, the GUI
and the creation and management of suites. A headless use is possible, allowing
SUITE to configure RENEW for various applications, like container or server ap-
plications. RENEW SUITE supports any location of the plugins in the system and
can therefore easily integrate plugins from MULAN, a Petri net-based multi-agent
architecture [1]. It should be emphasized that non-modularized plugins, such as
those still available in MULAN, can also be integrated into a suite. However, the
advantages of the JPMS regarding a clean unloading of a plugin, do not apply
then.

The possibility of creating plugin configurations that has been implemented
so far already makes it possible to significantly streamline the RENEW user
interface. Since plugins themselves can be fairly large and can provide several
different functionalities at once, the option of deactivating individual functions
of plugins via the SUITE concept will be implemented in the further course of
development. An initial release of the SUITE concept is planned for an upcoming
release of RENEW.
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1 Introduction

Consider a distributed system of a finite number of circular and sequential pro-
cesses. The processes are synchronized by uni-directional one-bit channels in
such a way that they behave like a circular traffic queue when folded together.
To give an example, on the top of Figure 1 a circular queue of length eight is
represented, containing three traffic items ag, a; and as in positions 0,1 and 2,
respectively. Obviously traffic items ag and a1 cannot proceed until as makes
a step. In this example however, also as is restricted in such a way that only
two steps are possible until a; and ag made a step. This restriction is symboli-
cally represented by the two arrows starting in position 2. The dashed line is a
hint to the circular behaviour of the queue. If this description of the intended
synchronisation leaves any doubt, the reader should look at the net Cy on the
left of Figure 1. In this net the steps of traffic item a; are given by transitions
[to, ail, [t1,a:],- - -, [t7, a;], connected by places of the form [s;, a;]. See [so, ag] for
an example. Such a place is denoted forward output place of [t;, a;]. In contrast,
the places that serve to synchronize the processes are backward output places
of the form [s},a;] (see [s),as] for an example). Cy is the net of the cycloid
Co(2,3,4,6, My). The theory of cycloids cannot be introduced in this context,
but the results of this contribution can be explained with the help of nets with
this structure. Cycloids have been introduced by C.A. Petri [1], the basics of
cycloids, in particular regular cycloids, can be found in [2], as well as the full
paper of this extended abstract in [4].

2 Stop-resilient Processes

Considered as cooperating processes cycloids perform a strong synchronization
regimen. It is therefore surprising that we can model these processes with a
small extension so that they can be stopped or fail without stopping the other
processes. As a by-product it is proved that by eliminating the traffic item with
the highest index, the cycloid for one traffic item less and one gap more is
obtained. Since the extension is defined by a folding of the backward output
places only, the forward places and transitions of the processes are not modified
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and the cycloid algebra [3] can be applied furthermore. To obtain a live system
when one traffic item is eliminated we require that at least 8 > 1 traffic item
are present. A cycloid system C = C(«, 8,7, 9, Mp) is regular if § divides ¢ and
canonical if B =~ =9.

Definition 1. For a given regular cycloid system C = C(«, 8,7, 6, My) with 8 >
1, process length p and a fized set D C {0,---,8 — 1} with |D| > 1, called the
set of back indices, we define the backward folding Cyf(py(a, 8,7, 0, [Mo]p) by
a relation =y5(py on the backward places [s;, a;] by

[Sg’aj] Ebf(D) [S/rvas] < i=r A {],S}gD fO’f’ 0§i,7“<p (1)

The folding is extended to markings by [M]p = {[s]osp)ls € M}. If D =
{0,---,B8—1} the folding and the equivalence relation are called total and denoted
by Cyr(a, B,7,0, [Mo]) and =py, respectively.

The folding is defined on backward output places modelling the channels
of the cooperating processes. Therefore by the folding we switch from a mes-
sage oriented synchronization to a shared variable synchronization mechanism.
If j € D then the process a(j11)moap is sharing its backward input places. It
is important to prove that under a mild restriction the backward folding of a
cycloid is safe and live.

Theorem 2. The backward folding Cy¢py(cv, 8,7, 6, [Mo]) of a regular cycloid
system C(a, 8,7, 9, My) with reqular My and o+ 8 < p+1 is a live and safe net,
i.e. in each reachable marking each place contains at most one token.

Fig. 1. Two cycloids and the bf-folding Cyf(0,2)(2, 3, 4, 6, M) as intermediate step.

Figure 1 shows the cycloid Cy = C(«, 8,7, 8, My) = C(2,3,4,6, My) and its fold-
ing Cys({0,2))(2,3,4,6, M) as intermediate step to the cycloid Co = C(a+ 1,5 —
1L,p—(a+1),8—1, M) =C(3,2,5,2). This formula holds in general, in parti-
cular p— (o + 1) = 8 — 1 for p = a + § in canonical cycloids. The additional
already occurred transition stop in C; simulates the stop-failure of process 2.
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