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1. Introduction and Purpose
Over the last decades, digitization in manufac-
turing domain has become a driving force for
new process analysis methods and technologies
such as simulations or digital twins. Companies
are moving from being simple production sites
to smart factories, i.e. manufacturing facilities
are being equipped with sensors, state-of-the-
art integrated software, and robotics that collect
data, analyze them and help on decision-making.
These digital technologies lead to greater au-
tomation, predictive maintenance, optimization
of process and, most importantly, a new level of
efficiency and responsiveness to customers that
were not previously possible.
When the digital universe and the real world
are aligned, higher value is created: new lev-
els of visibility and understanding can be cre-
ated from previously isolated information. The
current challenge in manufacturing systems is to
harness the data efficiently and effectively; iden-
tification of bottlenecks, prediction of problems,
and detection of system deviations are examples
of how data can be used to improve processes.
The wide availability of data allows the integra-
tion of Process Mining techniques into produc-
tion systems, whose purpose is to map processes

to improve them [2]. Process Mining is a rela-
tively new discipline that lies between Business
Process Management and Data Mining, focusing
on process analysis through event logs. Start-
ing from logs, Process Mining techniques allow
processes to be discovered, monitored, and im-
proved by extracting relevant knowledge [4]. As
shown in Figure 1, Process Mining is divided
into three areas: Process Discovery [1], Confor-
mance Checking, and Model Enhancement.

Figure 1: Process Mining techniques explained
in terms of input and output: Discovery, Con-
formance Checking and Enhancement [3]

Process Discovery is a fundamental tool when
the flow of instances are unknown, which is the
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case of almost all business applications. An ex-
ample is the healthcare domain, where the im-
plications of some clinical treatments are not
known and depend on individual diseases or bi-
ological interactions of patients and, therefore,
the study of historical data allows the discovery
of unknown clinical pathways. The information
technology and social networking or education
domain also follow the same logic line: the pro-
cess to be discovered is not known a priori, and
Process Mining techniques allow it to be pre-
cisely discovered and improved.
Manufacturing systems, however, do not follow
the same rules as the aforementioned fields. In
fact, Process Discovery may be considered un-
necessary and redundant in manufacturing: this
is the idea behind the methodology developed
in this work. The reason why Process Discovery
is redundant is justified by the fact that every
company has a structured and available knowl-
edge of its production processes spread across
different sources, such as Enterprise Resource
Planning system (ERP), Manufacturing Execu-
tion System (MES), Business Process Modeling
Notation (BPMN) Diagram, senior workers, as
well as technical knowledge about the technolo-
gies used. Therefore, it is no longer necessary
to discover the process from event logs, but this
step can be replaced by a translation of the al-
ready available and structured knowledge into
an appropriate model.
This study proposes the development of a
novel methodology for knowledge-based model
enhancement through Conformance Checking
techniques in manufacturing systems with the
aim to guarantee continuous alignment between
system digital model and real physical system
and the related information. In addition, the
proposed methodology allows the implementa-
tion of What-if Analyses on strategic production
scenarios.
In order to highlight the advantages of the de-
veloped methodology, it has been applied to a
case study using data collected over 65 months
by a leading company in innovative technologies
and complete life-cycle solutions for the marine
and energy markets. The application of the pro-
posed methodology to a real case allows to high-
light the advantages of knowledge-based model
building. Lastly, in order to objectively com-
pare the two methodologies, a comparison is pro-

posed based on the results of an experiment con-
ducted with 8 working groups performing the
two methodologies in parallel.

The results obtained both from the case
study and from the experiment prove that
the knowledge-based model construction enables
structured identification of all the information
not explained by the model, such as Recurrent
Patterns that are the primary source of knowl-
edge upgrades and, consequently, of Model En-
hancement; instead, Outliers will be able to be
identified and then studied individually. A fur-
ther benefit proven through the application to
a real case is the possibility of integrating the
methodology with forward-looking techniques
allowing the application of the new methodol-
ogy as a decision-making tool.

2. Criticalities of the Existing
Methodology

Process Mining is currently employed to discov-
ery, monitor, and improve processes by empha-
sizing compliance and performance issues. The
starting point of the existing methodology are
event logs recorded in a production systems.
Therefore, Process Discovery aims to create pro-
cess models starting from the event logs. Sub-
sequently, Conformance Checking techniques
study deviations between the behavior described
by the event logs and the behavior modeled
through Process Discovery. Once a deviation
is identified, Model Enhancement can be per-
formed by redesigning the model through Pro-
cess Discovery or by repairing the discovered
model. The application of Process Mining to
production systems has shown some criticali-
ties, if applied to the manufacturing systems,
described below:

1. The choice of initial parameters of the Pro-
cess Discovery algorithm greatly influences
the model discovered, affecting the results
of all subsequent analyses.

2. Conformance Checking techniques return
the measure in which the discovered model
fits data, not the measure in which data
fit the actual production system, because
the discovered model is not representative
of the production system.

3. The enhancement of the discovered model is
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not coupled with the knowledge update. In
addition, not all the extracted information
have to change the model: if an item has
performed a wrong route, it is important to
identify and study it, but it does not have
to mandatory correct the model.

4. Process Mining could be improved integrat-
ing it with forward-looking techniques as a
decision making tool.

3. Proposed Methodology
This study develops a novel methodology for
knowledge-based model enhancement through
Conformance Checking techniques in manufac-
turing systems to easily estimate current sys-
tem performance, allow What-if Analysis on
strategic production scenarios and guarantee the
continuous alignment between the system digi-
tal model and the real physical system. The
knowledge-based approach makes it possible to
avoid the main criticalities of Process Mining in
manufacturing systems. The approach is based
on constructing a model from knowledge frag-
ments distributed among the various informa-
tion sources. Since the model is the translation
of all process-related corporate knowledge, the
proposed methodology enables nominal knowl-
edge to be compared with the actual behavior of
the production system. The proposed method-
ology is summarized in the block diagram in Fig-
ure 2.
The methodology is designed to be general, and
therefore can be applied to different production
realities. The application requirements are:

1. The processes of the production system
have to consist of several operations,
tracked by an information system. In prac-
tice, one must be able to reconstruct the
real path of the part within the production
system.

2. Each part within the system must be traced
with a unique identifier number.

3. In order to carry out what if analyses, it is
necessary to have information on the aver-
age processing time of products. This im-
plies that the production monitoring sys-
tem, must have a clock-on and clock-off
function in work orders.

4. Last but not least, information on how pro-
cesses are to be executed nominally must be
present in the company.

Figure 2: Proposed Methodology.

As can be observed from the block diagram, the
proposed methodology replaces Process Discov-
ery with a priori Model Construction. The a pri-
ori knowledge-based model, in the form of Petri
Net, allows to avoid the aforementioned prob-
lems. In particular, in Figure 2 the novelties of
the proposed methodology with respect to the
existing one are highlighted.
Event logs still play a key role as input into
the Conformance Checking together with the
knowledge-based model. This is because event
logs keep information about the actual process.
Therefore, their integration into Conformance
Checking with the knowledge-based model per-
mit the identification of deviations of the actual
production process from the nominal one.
In addition, since the nominal process has been
translated into the model, it is possible through
alignments to classify in a structured way Nomi-
nal Flows, Outliers and Recurrent Patterns. Re-
spectively Nominal Flows are paths consistent
with the model and they are used to refine the
model itself; Outliers are exceptional cases that
deviates from the nominal path, they shall be
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identified and studied individually; finally Re-
current Patterns are paths not in line with the
nominal process, but executed by a high number
of items. Recurrent Patterns are the main source
of knowledge upgrades representing a gap, a lack
in the initial knowledge on which the model was
built.
Once the lack of knowledge is identified, and an
assignable cause is discovered, it is possible to
update both the model and the knowledge about
the system. The update is easy to implement
because the model is knowledge-based, and it is
therefore possible to quickly identify where de-
viations occur modifying the Petri Net model
and updating the associate source of incomplete
knowledge.
Filling knowledge gap brings many advantages,
chief among them the possibility of making pre-
dictions about the production system. What-
if Analysis permits the application of the pro-
posed methodology at a strategic level as a sup-
port tool for decision-making. It can answer the
question "what if...?" and it support managers
to better reflect on possible changes of any kind,
such as changing routing policy by aiming for
flow balancing across the various machines or
thinking about adopting a CONWIP policy.

4. Results and Validation of
the Proposed Methodology:
Case Study

As already mentioned, a case study is analysed
to highlight the advantages of the novel method-
ology. After an initial in-depth study of the com-
pany knowledge and a Data Processing phase, it
is possible to construct the production process
model in the form of a Petri Net. For sake of
brevity, only the knowledge-based model of one
type of product is reported in Figure 3.

Figure 3: Petri Net model for product PROD1.

The knowledge-based model and the event logs
make possible to perform the Conformance
Checking. The results reveal misalignments
in the traces resulting in partial behavior not
mapped by the nominal knowledge of the com-
pany. The Figure 4 shows the result of Con-
formance Checking. Yellow events are wrong
events, meaning events present in the data and
not in the model. This mismatch emphasizes
that the model built on the basis of nominal
knowledge is not representative of what actually
occurs in the production process.

Figure 4: Trace View of the product PROD1 X.

In this specific case, these divergences highlight
that, during operation 20, parts pass twice over
the machines MC4 or MC3 and MC5. Since the
data provider could not be questioned about the
reason of this double processing, only hypothe-
ses could be made. The most plausible hypoth-
esis is a rework due to features not respected,
such as tolerance.
Once an assignable cause is considered correct,
the model is enhanced and the initial knowledge
has been updated according to the discovered
information. Subsequently, the new model will
be the input of a second Conformance Check-
ing. The trace view of the second Conformance
Checking is reported in Figure 5.

Due to the model update, most of the traces are
aligned with the constructed model. This means
that the constructed model and what happens in
the production system are now aligned. Some
Wrong (yellow) and Missing (purple) Events are
present; they can be studied punctually by tak-
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Figure 5: Trace View with model enhanced of
the product PROD1 X.

ing a single case under consideration at a time.
A key aspect of this way of proceeding is the pos-
sibility of focusing on missing events, meaning
events present in the model but not performed
by the parts. They are, in fact really significant
since, if a critical operation or a measurement of
important features is not performed on an item,
it is possible to quickly identify the item. Figure
6 is an example.

Figure 6: Detail of the Trace View of the prod-
uct PROD1 X with missing events.

Finally, it is possible to perform What-if prac-
tices with the obtained model that accurately
represents the process knowledge in terms of
routing and cycle times. For this purpose, Jack-
son Network, a class of Queuing Networks, is
used. Firstly, the assumptions of the Jackson
Network were verified. Subsequently, Jackson
Network was developed in Matlab using as in-
put the current performance of the system, such
as cycle times and frequency of parts machined.
In Table 1 are shown the saturation ρ of the ma-
chines, Lead Time and Waiting Time computed
in two different ways: from the event logs and
from the Jackson Network.

Data Model

ρMC1 78.94% 77.66%

ρMC2 75.99% 74.89%

ρMC3 69.30% 67.68%

ρMC4 94.60% 92.42%

ρMC5 27.33% 26.78%

ρMC6 29.36% 28.92%

Lead Time 16.42 h 17.40 h

Waiting Time 13.43 h 14.43 h

Table 1: Saturation, Lead Time and Waiting
Time computed from the event logs and from
the Jackson Network.

The comparison in Table 1, confirms the valid-
ity of the model built through the Jackson Net-
work. This means that it is employable to per-
form What-if Analysis. By changing input data
it is possible to simulate the future behavior of
the system. Table 2 shows how the key perfor-
mance indicators of the system change if parts of
product PROD1 processed by the machine MC1
are moved to machine MC3.

Actual Scenario

ρMC1 77.66% 69.45%

ρMC2 74.89% 74.89%

ρMC3 67.68% 74.87%

ρMC4 92.42% 92.42%

ρMC5 26.78% 26.78%

ρMC6 28.92% 28.92%

Lead Time 17.40 h 17.14 h

Waiting Time 14.43 h 14.19 h

Table 2: Comparison of actual and modified sat-
uration, Lead Time and Waiting Time.

This model assists managers in decision-making,
in fact the consequences of decisions can be pre-
dicted. Specifically, as shown in the Table 2,
Lead Time decreased as a consequence of the
routing change.
In conclusion, by applying the methodology
deviations from the nominal information ini-
tially provided by the company are discovered,
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hence both the model and the knowledge source
were updated appropriately. This update al-
lows alignment between the digital model and
the actual system. In addition, it is possible to
extract system performance indicators such as
lead time, saturation of the machines, and up-to-
date process parameters, such as cycle time and
part routing. These indicators allow the Jackson
Network to be constructed with the purpose of
employing it as a What-if tool.

5. Comparison between the Ex-
isting and Proposed Method-
ologies: Experiment

In order to compare the two methodologies, the
concept behind the Value Stream Mapping, i.e.
the distinction between time spent for value-
added and non-value-added activities, is applied.
Concretely, an experiment is carried out with
8 working groups running the two methodolo-
gies in parallel with a simplified manufactur-
ing system case. During the experiment, the
groups were asked to keep track of the time spent
performing the various steps of the methodolo-
gies. In this way, it was subsequently possi-
ble to construct a map similar to the Value
Stream Map identifying the activities that add
value for the ultimate goal of the methodology,
i.e. knowledge extraction, with their respective
timeframes. Knowledge extraction is translated
into directed questions equal for all the working
groups. These questions were aimed at inves-
tigating the performances of the simplified case
study, such as processing time, part routing and
Lead Time.
The results obtained were summarized accord-
ing to a parameter called accuracy. This param-
eter indicates how complete the answer to the
questions is: a value of 100% indicates a com-
pletely correct answer, a value of 50% indicates
an half complete answer. Table 3 shows, averag-
ing the results by methodology, the accuracy of
the questions to the different answers. For sake
of simplicity, the questions have not been listed
since they are not interesting for comparison.

1st Q 2nd Q 3rd Q 4th Q 5th Q

Old 100% 71.5% 100% 75% 50%

New 89.5% 92.5% 100% 100% 100%

Table 3: Accuracy of answers divided by
methodologies and questions.

The knowledge-based model allows a more com-
prehensive and accurate overview of the process.
Therefore, the answers of the groups working
on the new methodology were complete and de-
tailed, with a higher accuracy than the answers
of the other groups.
Finally, it is possible to construct a Value
Stream Map of the two methodologies, shown in
Figure 7, using the recording of the times taken
by different groups in performing the steps re-
quired by each methodology.
The Value Stream Map highlights that the
methodologies have similar adding value times
but different non-adding value times. In partic-
ular in the new methodology less time is spent to
accomplish tasks useless for knowledge extrac-
tion.
Summarising, groups performing the proposed
methodology reported answers with higher ac-
curacy and more details, spending the majority
of time in doing adding value tasks.

6. Conclusion
The developed methodology, described in details
in Section 3, is an entirely different approach to
enhance the processes with respect to the exist-
ing methodology. In fact, it allows to point out
divergences that can occur between the nominal
process consisting in company knowledge and
the production system data. These divergences
are the primary source of knowledge updates.
The results obtained by applying the proposed
methodology to a real case prove the advantages
it can bring in manufacturing systems. Building
the process model based on the company knowl-
edge allows the extraction of detailed and com-
plete information from the event logs and, con-
sequently, a conscious and structured knowledge
update. In addition, the developed methodol-
ogy includes the possibility of integrating it with
forward-looking techniques.
The main results obtained from the experiment

6



Executive summary Lorenzo Spilotros - Daniele Urbinati

Figure 7: Value Stream Map of the two methodology.

confirm the case study results. In fact, the new
approach requires less time and it allows more
detailed and comprehensive information to be
extracted. In addition, the Value Stream Map,
in Figure 7, shows that the percentage of time
spent on value-adding tasks is higher in the pro-
posed methodology (65%) with respect to the
existing one (55%).
In conclusion, the knowledge-based model en-
hancement through Conformance Checking will
provide significant benefits in the manufacturing
systems highlighting the divergences between
the nominal process and data from the produc-
tion system resulting in continuous alignment
between system digital model and real physi-
cal system. The proposed methodology could
further be improved by taking care of different
aspects. Particularly, it would be interesting to:

1. Automatically translate BPMN into Petri
nets through ad-hoc tools. This possibility
is very interesting from a business point of
view, as companies widely adopt the BPMN
language due to its simplicity of construc-
tion.

2. Automatic integration of extracted knowl-
edge into business documentation, such as
flow charts or BPMN Diagram.

3. Automatic integration of the Petri Net
model with tools for performing what-if
analyses. The work shows that Petri Net
model used for knowledge extraction can be
directly translated and simulated via Jack-
son Network. This integration could be au-
tomated.
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