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A B S T R A C T

The purpose of this paper is to show how the knowledge of Process Mining techniques can
provide a robust premise to build a Discrete Event Simulation (DES) model of a healthcare
process. In order to analyze some specific processes of an ophthalmology ward of a large Italian
hospital, ProM6 framework was implemented, which supports process mining techniques in form
of plug-ins; the plug-ins process data, in form of Event Log, in order to extract information about
the process. The DES model based on such information was run via a commercial tool, Simul8,
which allows building sophisticated process models. A timely algorithm was then deployed to
adapt the ProM6 information to the DES model. Following, a conformance analysis was con-
ducted by comparing the original Event Log, and the Simulation tool data, taking into account
the main case-related model attributes (routing probabilities profile, time perspective, and re-
sources perspective). The paper aims at developing the line of inquiry for what concerns the
deployment of approaches to set forth the link between Process mining and Simulation modeling.

1. Introduction and background

Within the rising tide of Healthcare 4.0 [1-2] an increasing interest is currently witnessed for business processes simulation,
because of the possibility to analyze the behavior of processes in any field and to know how to improve them. As the variability of a
real process cannot be captured and represented via a deterministic behavior, it becomes therefore crucial to deploy a stochastic
behavior [3-4]. More specifically, a Discrete Event Simulation (DES) model is a stochastic model through which a system, along its
workflows, is modelled as a network of queues and activities. The activities are presented as a discrete sequence of events in time,
interspersed with queues. The use of simulation techniques has rapidly grown in recent years in the healthcare sector, as support to
the Business Process Management (BPM) [5] methodology especially for what concerns patient-flow management, as well as re-
sources management and correlated activities [6]. DES modeling presents some clear advantages [see e.g. 7], such as:

• Time periods manipulation – Simulation provides the ability to speed up or slow down time flows for evaluation purposes. Many
simulation packages are capable for instance to simulate a whole year's production within a couple of minutes, providing the user
with a quick access to a large simulation period.
• Systems functioning understanding – Simulation is especially useful when systems cannot be viewed or observed in their entirety.
Managers can use simulation to reconstruct a system by making clear which are its components, how they work, and how they are
interrelated, in order to gain insights and learning about the system's interdependencies as well as interconnectedness features.
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• Problem identification – Most modern systems are complex in nature. Simulation provides a way to explore them for the iden-
tification of occurring issues. Only by understanding all of the interdependent variables it becomes possible to identify the true
source of the problem. This results in less time spent for solving the problem itself, than just trying to remedy its symptoms.
• Bottleneck analysis – The identification of bottlenecks by means of a simulation makes possible to quickly evaluate methods for
addressing that specific issue.
• Preparation through ‘what-if’ analysis – A simulation analysis turns as helpful to figure out alternative work hypotheses in order to
highlight possible modifications to the system's response under varying operating conditions, so as to improve its overall per-
formances.
• Decision-making – The process analysis allows the user to evaluate, compare and optimize alternative designs and plans of
simulation models. Simulation should be used when the consequences of a proposed action, plan or design cannot be directly and
immediately observed (i.e., the consequences are delayed in time and/or dispersed in space) and/or it is simply impractical or
prohibitively expensive to test the alternatives directly.

Deploying a DES-based system makes it possible to represent the real system from different points of view and to analyze the
behavior and the characteristics of the system itself. The model so obtained is a representation of the reality built to provide answers
to specific questions, in a time faster than real, and its study leads eventually to solutions whose reliability increases with the
accuracy of the model itself. Nonetheless, issues exist concerning the treatment of the data, the building time of a simulation model,
the knowledge of the attributes of the process analyzed, and the validation of the model itself [8-9]. Moreover, BPM life-cycle also
requires to automatically interpret information stored in event logs and use this to discover, check, and enhance models capable of
describing what is really going on in the business process. The use of process mining techniques (PM), as a process management
technique that allows for the analysis of business processes based on event logs to address the mentioned issues, has been largely
investigated in the literature [10-15]. PM allows gaining insight into various aspects, such as the process (or control flow) per-
spective, as well as the rate of resource involvement can be discovered (organizational perspective) and the time-related performance
of a process can be investigated (time perspective) [16-18].

The present paper makes the first attempt of how DES model building can be coped with via the implementation of Process Mining
techniques, in particular to gain insights into healthcare processes [19-21]. In particular, a DES Model related to the ‘cataract process’
of the ophthalmology ward of a large Italian Hospital was built, starting from the event log data stored in Process Mining tools, and
the conformance between the two was tested by means of a timely algorithm. The DES model was built with Simul8, a commercial
tool that allows the creation of sophisticated process models, while data were analyzed by means of ProM6 (an extensible, platform-
independent framework as it is implemented in Java that supports a wide variety of process mining techniques in the form of plug-ins,
which typically represent the implementation of a mining algorithm). The research originated from the need to find a trade-off
between the clear advantages that a DES approach can provide to the process management domain (especially for what concerns the
healthcare field, which still suffers from organizational and cultural barriers against a wide implementation of patient-centered
technologies), and the need to extract those very data the simulation itself relies upon. The experimentation meant therefore to find
out the connections between ProM6 and Simul8, so as to get to an effective analysis of the process via the simulation tool. On the
other side, the mere extraction of event logs cannot work the mentioned issues out, although the necessary input can be provided
towards a modern perspective of the medical professions. An experience in a hospital environment (that can be seen as a sort of
controllable “black box”) is therefore the necessary step before replicating the approach in the territory outside the hospital, where
the presence of many different actors that use different healthcare systems/devices, is highly likely to cause a dearth of the overall
coordination that makes possible to design a reliable care path for the patient [22]. The paper is organized as follows: after the
introduction, in Section 2 some principles of Process Mining are introduced, and the two software the research seeks to find a
connection between are described; the main steps of the control flow of the process are shown in Section 3, while in Section 4 the
results of the conformance analysis between the original log and the DES model for the case study are described. Finally, some
concluding remarks are reported.

2. Frameworks deployment

A business process comprises a set of activities performed in coordination within an organizational and technical environment and
meant to jointly achieve a business goal. A business process model deals with a set of activity models and execution constraints
between them. A business process instance represents instead a concrete case related to some company's operations and is composed
in turn by activity instances [23]. An event log is the amount of information about a process, recorded sequentially starting from the
case ID (the physical customer), up to the events, the related timestamps (i.e. the timings of when tasks were executed, or when they
happened to be in a particular state) and other attributes as resources, costs, etc. Event logs store information as well about the
originator of a task, i.e. who performed a specific task or initiated an event [24].

Process Mining (PM) aims at improving the extraction of knowledge from event logs recorded by an information system this by
providing techniques and tools for discovering process, control, data, organizational, and social structures from them. In order to do
that, it is essential to extract event logs from data sources (e.g., databases, transaction logs, audit trails, etc.). Three main classes of
PM techniques are formalized in the literature [see e.g. 25,26], based on whether or not an original model of the process is available
and, if so, how it is used:

• Discovery – No a priori model exists. Specific PM techniques can be used to extract knowledge from an event log to find a control-
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flow model (in this case in the form of a BPMN model) that well describes the observed behavior.
• Conformance analysis – An a priori model exists, which is compared with the event log so that discrepancies between the log and
the model are analyzed.
• Extension – An a priori model exists but the goal in this case, rather than checking conformance between the model and the
original data, is to enrich the model with a new aspect or perspective not originally implemented.

Different process model languages can be used to capture the causal relationships between the steps, or activities, within the
process. It is then possible to compare the discovered model with the event log by means of the deployment of specific parameters,
among which: Fitness (indicates how much of the observed behavior is captured by – i.e., “fits” – the process model); Precision (a
model is precise when it makes the user see more than what is visible in the log); Completeness (the model seeks to detect parallel
tasks without the need to observe every possible interleaving between them); Generalization (the parameter addresses overly precise
model. It refers to a model that adds cases eligible in the log); Simplicity (the simplest process model that can explain the behavior
seen in the log, is the best model); Soundness (all process steps can be executed, and some satisfactory end state is always reachable)
[27-28].

2.1. ProM environment

For the present research ProM6 was chosen as it makes available different PM algorithms, through which different process models
can be obtained by the user. ProM6 supports different target formats as MXML (Mining extensible Markup Language) and XES
(eXtensible Event Stream, the official IEEE-approved format for event log interchange). The latter was adopted in the research as
format for both the original log, and the one extracted from the Simulation model to verify its accuracy.

The platform allows the iteration of a several number of plug-ins, which allow for the implementation of different functionalities,
among which [29]: mining plug-ins (take an event log and produce a process model by implementing some mining algorithms that
take into account different languages, like Petri Nets for Alpha algorithm, or heuristics for HM); analysis plug-ins (starting from event
logs or process models, their performances span Petri Net analysis, Linear Temporal Logic (LTL) properties checking, decision point
analysis, fitness analysis, etc.); export plug-ins (provide specific functionalities to export a model into a file in form of event-driven
process chains (EPCs), Petri Nets (PN), spreadsheets, grouped XML log files, heuristics net, yet another workflow language (YAWL)
files, etc.); import plug-ins (make it possible for ProM framework to work with a variety of existing systems like EPC Tools, ARIS,
Protos, NetMiner, etc., as they can import a process model from a file and possibly use a log to identify the relevant objects in the
model); conversion plug-ins (convert one type of model into another, such as YAWL models into EPC, or Petri Nets into BPMN
models, etc.).

2.2. Simul8 context

Simul8 [30] is a commercial tool for Discrete Event Simulation that makes possible to build sophisticated simulation models. The
software allows for the user to model a system and evaluating its operations, with specific focus on: (i) Productivity analysis – times
and costs of production; (ii) Management of incoming/outgoing; (iii) Management of queues and waiting times; (iv) Resources
optimization. The control flow of the process makes it possible to add some rules with the purpose to define which conditions
determine the duration of the activities, the division of the workload between the resources, etc. Moreover, performance measures are
automatically collected so that the user, other than having a thorough view of the entire process, is able as well to get precise
numerical results from each part of it. Although Simul8 is based on a graphical approach to build organizational models, rather than
relying on statistical data or programming, a bi-directional interface with Visual Basic is implemented as well, which leaves space for
the creation of advanced features that might not be modelled by means of a simple graphical interface. The software is also char-
acterized by its own simulation coding language called Visual Logic, which allows for the user to implement a detailed logic si-
mulation.

3. Process model design

The research was aimed at obtaining the control flow of the cataract process, as treated at the cataract center of the academic
clinic for ophthalmology within the healthcare organization involved. Cataract is treated by performing cataract surgery, and its
desired clinical outcome is an improved vision. In a cataract surgery the original eye lens core is removed, but placing a new intra
ocular lens (IOL) is nearly impossible, since there is no remaining structure to attach the new lens to [31]. IOLs have been improved
in years, especially thanks to an innovative technique called phacoemulsification, through which the surgeon can remove cataracts
with a much smaller incision [32]. The current standard procedure is to use phacoemulsification in combination with a foldable lens.
The required pre-operative eye tests are scheduled on the same day of the consultation with a junior doctor, which is supervised by a
medical specialist. The tests and consultation are both forms of pre-operative examination, while the surgery itself is an outpatient
procedure. The day after the treatment there is either a consultation by phone or by means of a physical examination, in case the
surgery was carried out namely by a medical specialist or by a junior doctor. After a few days there is a physical examination. The
results from the first cataract treatment are taken into account when performing the second surgery, which is not necessary in every
case. If the second eye is not treated, there is a final post-operative examination about one month after the first surgery. The data
sources stored in the Hospital Information System (HIS) from which the event logs have been extracted describe the set of activities

O. Tamburis and C. Esposito Simulation Modelling Practice and Theory 104 (2020) 102149

3



performed in the ophthalmology area of the hospital, and relate to patients, events, timestamp, attributes which describe char-
acteristics of patient's clinical admission and their ongoing (doctor specialist, date of admission, main and secondary diagnosis,
treatment, etc.). Our research aimed at figuring out a process discovery algorithm, since it was necessary to construct a process model
capable to represent a behavior observed in the event log. The main steps that characterize for our case the general algorithm of the
project that links ProM6 and Simul8 environments are depicted in Fig. 1. For each steps the software implemented to perform the
correspondent activity is indicated.

In order to build up the event log to analyze, only patients of the ophthalmology ward that had their process starting point after
the March 29th at 11:30:00 CEST 2014 until the November 22nd at 10:30:00 CEST 2018, were taken into account [33]. The original
Event log contains more than four thousand events and seventeen activities. Table 1 reports the main activities considered (both in
Italian and English languages) as well as their position within the whole process organization.

In most real-life event logs, some paths are infrequently taken, or their traces only differ because of the occurrence of infrequent
activities. Such logs contain infrequent behaviors that challenge the performances of discovery algorithms: if an infrequent behavior
is included in the model, simplicity might be sacrificed; if it is excluded from the model, fitness instead might be sacrificed. Typically,
the 80% of the observed behaviors can be explained via a model that is only 20%-sized than the model required to describe all
possible behaviors [34]. To obtain such a model, a classical approach is to globally filter the log before discovering the model itself,
i.e. to remove that data range that turns as not indispensable to understand the general process behavior. The Disco process mining
tool was deployed to that end. In our case, the original event log was in a ‘.xes’ format, so it could be directly imported in Disco, which
gave back a preliminary process model. The analysis of the frequency of the process activities made possible to discover that most
events occurred not so frequently in the process, or even in only one case: it was therefore decided to filter the log, by keeping only
the performed services (called events) with absolute frequency greater than one hundred occurrences, as well as the patients (called

Fig. 1. Sequence of steps to build the control flow of the process.

Table 1
Main ‘Cataract Process’ – Related Activities.

Activity (Italian) Activity (English) Refers to:

Topografia corneale Eye scans Preoperative examination
Biometria ottica Optical biometry Preoperative examination
Infermieristica di prima linea (pesante) Heavy day time nursing Services performed on the day of surgery
Estrazione lenti oculari. Impianto nuove lenti Eye lens extraction and implanting a new lens Services performed on the day of surgery
Tempo di taglio a sede singola Making an incision in a surgical session in which only cataract is

treated
Services performed on the day of surgery

Durata singola sessione chirurgica Being in surgical session in which only cataract is treated Services performed on the day of surgery
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cases) whose sequence of activities had been shared by at least two cases. It was so possible to figure out the main sequence of the
process activities. The filtered Event Log of the process featured the following statistics: 2789 events, 790 cases; 18 activities; 13.2
weeks as median value for case duration; 14.6 weeks as mean case duration; start activities on April 4th at 10:20:00 CEST 2014; end
of activities on October 18th at 11:10:00 CEST 2018.

The filtered event log was then imported again in ProM. Since event logs related to clinical data are often incomplete, or affected
by noise (e.g. due to missing data or incorrect timestamps), it was necessary to deploy an algorithm capable of returning a sound
model in any case (that is free of deadlocks and other anomalies), well-handling infrequent behaviors, and providing a quick per-
formance. The technique chosen that showed to be able to cope with infrequent behavior and large event logs while ensuring
soundness, was an extension of the IM (inductive miner) approach, called Inductive Miner–infrequent (IMi), which aims at quickly
discovering an 80% sound process model. IMi is implemented in the InductiveMiner package of the ProM framework [35]. Fre-
quencies of traces and events, ignored by IM, are taken into account by IMi in order to distinguish frequent from infrequent behaviors.
Compared to IM, models discovered by IMi feature a lower fitness, higher precision, equal generalization and comparable simplicity.
It is also possible to compare IMi to several existing techniques according to the mentioned performance parameters. In any case,
other approaches designed to ignore infrequent behaviors can return as well an 80% of the model, nonetheless they deliver lower
performances as to other quality criteria: it is e.g. the case of genetic approaches [27] that present long run times, or heuristic
approaches [36] that produce unsound models. IMi, as many of the abovementioned algorithms, can express the mined process model
originated from the filtered log, in terms of a Petri Net (PN) [37], where the token is the patient which undergoes the cataract process
[38]. The choice of PN depends on the one hand on the need to respect particular formal criteria such as fitness and generalization,
and on the other hand to deploy a robust enough algorithm to treat noisy data. To that end, the parameter of noise threshold was set
at 0.10 (the value 0.0 represents the perfect log fitness), as it was decided to represent only the main behavior of the process [39].

Since PN is not an executable language it was necessary to turn it into an executable one: in particular, it was chosen to use the
Business Process Model and Notation (BPMN) standard [40], as Simul8 does not import directly Petri Nets, while it accepts, among
the others, a BPMN 2.0 format. A conversion was then run [41] via the ProM's `Convert a petri-net into BPMN diagram’ plug-in
undergoing specific qualitative checks, i.e.: numbers and names of events (some activities could be lost in the importing, or the names
could be changed); layout of the diagram (the position of the events must be the same). Once designed the BPMN diagram in Simul8,
it was possible to understand the traces of the work items, corresponding to the abovementioned cases. Work items are called to
respect the traces of the process with a certain probability; this is true if the structure is well done. In order to see the traces of the
work items, once run the Simulation it was necessary to extract the event log of the Simul8 structure; this was made via the creation
of a general code in Visual Logic (VL), which extracts for each work item the activity it has been processed in, along with the
corresponding timestamp. The code structure must be general, so to make it possible to reuse it in every structure in Simul8. The code
sections refer to the areas of the activity in which the VL code works; in particular, the first part (called Action Logic Area) deals with
the timing of the work item entered in the activity; the second part (called Exit Logic Area) reports instead the exit time. The data
about each work item were set in a spreadsheet, which actually represents the event log extracted from the Simul8 model. Columns
represent (i): the lb_id, which is the label number associated with each work item; (ii) the specific activity; (iii) the timestamp; (iv) the
indication of start and conclusion for each activity, with reference to the corresponding logic area. Each row represents one event of a

Fig. 2. Example of Visual Logic code (up) and of event log extracted from Simul8 (down).
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case; by grouping all the rows that match a specific label of the work item, it is possible to extract a case. Fig. 2 shows both the VL
code and a section of the related event log in form of spreadsheet.

In Fig. 3 the original PN, the BPMN conversion in ProM, and the BPMN imported in Simul8 environment are confronted, showing
that both models respond to the requested checks. Nevertheless, the adaptation of the model in the Simulation tool is not trivial, and a
validation process is needed, as described in the next sections.

3.1. Data perspective

In order to perform an as effective as possible conformance checking, Simul8 needed to be enriched with the data of the process.
As a DES model is actually a stochastic model, in order to build a correct model it is critical to achieve for the process activities: (i) the
clear definition of inputs and outputs of the actual system; (ii) the correct definition of the probability distribution related to the
behavior of the system. Using ProM6 makes it possible to get good information of this kind: the ProM6 Log summary reports in fact all
the information related to the system, such as: (i) absolute occurrences of the activities in the process; (ii) starting occurrences of the
start of the activities in the process; (iii) percentage of the utilization of the resources in the process. In Simul8, the Routing in and
Routing out features manage the coming-in/out of the token. In particular, for what concerns the routing out it is possible to define a
route type, such as circle, percentage, label-dependent, uniform, or to use a visual logic interface. That being said, Simul8 allows the
user to create in a specific routing out window the routing probability profile of each activity: this indicates the probability for the
single activity to be performed (before or after other activities, or with a predefined duration) within a specific distribution of
activities figured out to simulate the overall process under exam. In order to create the right distribution profile for each activity to be
exported in the DES model, the BPMN model is therefore defined by parallel and exclusive gateways to represent different constructs
of the process; for each possible construct, a formula was figured out to obtain the right routing probabilities profile of each activity.

On such bases, the routing probability is expressed in percentage by means of the Pai value, where: ‘a’ represents the activity the
user is taking the actual value from, and; ‘i’ represents one of the three cases that the user can find in the BPMN structure, namely: (i)
transition gateway-parallel; (ii) transition gateway-activity (w/o back); (iii) transition gateway-activity (with back). Once obtained
the Pai for all the activities, it was possible to use them in the Simul8 model, so as to define the routing out percentages for each single
activity. Fig. 4 shows some instances of the three possible cases the user can find in a BPMN model. The following formulae report
examples for all the three cases, namely:

• Case 1 (parallel activities):
= + …+ =P start activity start activity n TOT parallel1 % % %a1 (1)

• Case 2 (start activity). The start activity percentage can be found in the ProM log summary in the Start Events section; if no start
percentage for that activity exists, it is possible to use the value contained in the All Events section:

=P start activity %a2 (2)

Fig. 3. Comparison between Inductive–Miner infrequent Petri-net of the cataract process (top/left); BPMN diagram obtained in ProM6 (middle);
BPMN diagram imported in Simul8 (low/right).

O. Tamburis and C. Esposito Simulation Modelling Practice and Theory 104 (2020) 102149

6



• Case 3 (number of occurrences): the following formula, used for instance to evaluate Pend3, Pinterview3 and PAN Anchor Operations3

(Fig. 3), features: ‘n’ = number of the absolute occurrences of the i-th process activity; ‘ns’ = number of the occurrences of start of
the i-th process activity; the denominator of (3) is also called normalization parameter, as it is the sum of the Relative Occurrences
for each i-th activity (ROi).

=
=

P n
n ns( )

a
n

of activities3
1

#
(3)

There are two main ways to use these values in Simu8: the first is to export the value in an Excel file and import the data contained
in this file in Simul8; the second is to put them manually in the gateways of the BPMN model, before importing it in Simul8 . For sake
of simplicity we used the second way.

4. Conformance checking

Conformance checking is a PM technique that compares an existing process model with an event log of the same process [27]. In
other words, it can be used to check if reality, as recorded in the log, conforms to the model and vice versa. Unlike process discovery,
conformance checking takes both a model and event log as starting points. While conducting a conformance check the behavior of a
process model and the behavior recorded in an event log are compared to find commonalities and discrepancies. Such analysis may
result in global conformance measures (e.g. 85% of the cases in the event log can be replayed by the model) and local diagnostics (e.g.
activity x was executed 15 times although this was not allowed according to the model). The interpretation of non-conformance
depends on the purpose of the model. If the model is intended to be descriptive, then discrepancies between model and log point out
that the model needs to be improved to capture reality in a better way. Some of the discrepancies found may highlight undesirable
deviations from the original model: in this case, conformance checking signals the need for a better control of the process. Other
discrepancies may reveal desirable deviations, e.g. workers may deviate from some predefined protocols to serve the customers better

Fig. 4. The three possible cases the user can find in a BPMN model.
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or to handle circumstances not foreseen by the process model. Most conformance checking techniques are based on the principle of
Replay, which means that the event log is replayed on the process model. For example, while replaying an event log on a Petri net,
one can count the number of missing and remaining tokens. Alternatively, one can try to optimize the mapping of traces onto models
by introducing costs associated so as to skipping or swapping events in the log and/or model.

For what concerns Simul8, in order to obtain statistically significant results from the validation process the user is given the
possibility to make a Trial, that is a series of runs of the simulation model resulted from the steps previously described. In our case, it
was chosen to conduct a ten-simulations Trial to validate the results for the case study [42]. As it was possible for each run to create
the related event log, a timely Visual Logic code was created similar to the one used to validate the structure and shown in Fig. 4. The
only difference pertained to the need to introduce a variable “i” in the spreadsheet, which incremented the columns when shifting
from one run of the simulation to another. Simul8 allows the user to eventually export this kind of spreadsheet directly in Excel. As a
consequence, once obtained the spreadsheet, the .xls file of each run, as allowed format, was imported in the Disco tool: such step was
necessary to obtain a ‘.xes’ format, so as to get the ProM log summary of each event log of Simul8, containing both absolute and
relative occurrences for each process activity.

In relation to what stated, as ProM6 does not feature any plug-ins capable of comparing directly two event logs, two different
situations had to be coped with:

• Routing probabilities profile: a quantitative approach was implemented which featured the comparison between the original log
and the Simul8 event logs produced in the Trial by means of a specific parameter;
• Time/Resource data (case-related model attributes): the ‘Replay a Log on Petri-net for Conformance analysis’ plug-in to replay the
event log on the Petri Net model was implemented. In other words, the compatibility between the IMi Petri-Net model (obtained
in ProM6 from the original data) and the event log (obtained from each Simulation run) was checked, in order to optimize the
mapping of the log traces and, as a consequence, improve the alignment between the original log and the final DES model. The
plug-in uses the Fitness as conformance parameter. According to the literature, a reliable alignment occurs for a Fitness parameter
value comprised between 0.95 and 1 (the problem of a lower Fitness could only appear for hand-generated Petri Nets) [43].

4.1. Routing probabilities profile

As no specific plug-ins were in this case available to make a direct comparison, the quantitative approach implemented [44] was
articulated as follows: (i) creation of the ‘.xes’ format for each of the ten Simul8 run; (ii) import each run in ProM6, so as to obtain the
mentioned ProM log summary; (iii) export the summary in HTML, so as to have the HTML file for each run-related Event Log; (iv)
import the HTML files in Excel, so as to have the possibility as well to calculate, for instance, the average between the absolute
occurrences of the same activities in the Trial; (v) composing a whole Simulation event log, which represents the average of the runs
in the Trial, to be further compared with the original event log; (vi) compare this Log with the original one. In case of errors, conduct
a comparison between each activity distributions profile to find out the gaps.

The comparison occurred then between the working time percentage of each activity in the original log and the average working
time percentage of each activity in the Simul8 event log. The two-sample Kolmogorov-Smirnov (KS) test [45], which compares two
data sets to decide whether they were sampled from population distributions with the same shape, was deployed via Matlab, con-
sidering a I type error α = 0,05. Since the test results showed p ≈ 0,02 < α, it was possible to refuse the H0 hypothesis (the result
origins from random causes) and to affirm that the two distributions were from the same population. In this case, the mean absolute
percentage error (MAPE) between the numbers corresponding to each activity was also calculated: an error, although not important
(for example at the second decimal places), could in fact always affect a hand-driven importation of data in Simul8. MAPE is a
measure of accuracy for constructing fitted time series values in statistics, specifically in trend estimation [46-47]. It is usually
expressed as accuracy in percentage, defined by the following formula,

=
=

MAPE
n

A F
A

1 ·
t

n
t t

t1 (4)

where: ‘At’ = the actual value of the t-th activity; ‘Ft’ = the forecast value; ‘n’ = the total number of activities of the process. To
obtain the percentage error, M is then multiplied for 100. If MAPE > 5% for a specific activity, this means that there is an error in the
percentage transcription at the second decimal place for that activity.

4.2. Time perspective

Timing is a process attribute that affects all the components of the process. It is not possible to record an event log of a process
without its timing view. Timestamps and frequencies can be used to learn probability distributions that adequately describe working
times of the healthcare operators, in terms of waiting and service times. PM techniques show that the replay techniques used for
conformance checking can be modified to add the time perspective to process models [39]. In our case, the ‘Replay a Log on Petri-net
for Conformance analysis’ plug-in was implemented to replay the event log on the Petri-net model, so as to add the time perspective
to process models. The plug-in gives back timing view tables as output, where time is expressed in average time, minimum and
maximum value in the transaction between activities. The tables can be exported in Excel and used for a triangular distribution in the
DES model: the upper, lower and modal correspond in fact to maximum, minimum and average values namely in the ProM6 table.
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Such distribution is needed to represent in Simul8 the transaction time between two activities. The Simul8 model had also to be
enriched with the real start date (timestamps) of the process activities; this means that, at the end of the already described steps, the
‘Replay a Log on Petri-net for Conformance analysis’ plug-in, after being deployed to confront the IMi Petri-Net model and the
Simulation-related event log, was also used to obtain the timing perspective tables for each Trial run, exportable as CSV file as
allowed input of the ‘.xes’ format. It was so possible to calculate in Excel an average of the timings of the single run-related logs,
which were compared with the original tables. In this case, the comparison was only qualitative, since the event log obtained from the
original data of the cataract process only featured the Start Events of the process activities – thus missing End Events as well as
activity durations.

If it is difficult to get to an exact knowledge of the activities’ durations in the process, it becomes accordingly difficult to use the
ProM tables values to enrich the DES model. This is noteworthy, since usually the timing tables only feature the timestamp of the
starting moment of the Events, along with the transaction time, i.e. the duration of the first activity, plus the time for the necessary
transition to reach the following activity. This latter time value is not defined in the DES model, though it is important in the
simulation to know the activity duration split from the transition duration. For instance, if the table contains the transaction time
value between the activities ‘1st general consult’ and ‘first visit administrative rate’, this value represents the sum of the duration
value of ‘1st general consult’, and the transition between the two activities; the timing value of this activity has therefore to be
subtracted, in order to have the effective duration of the transition (see Fig. 5).

In any case, such approach only works if the event log is complete or if it is possible to know somehow the duration of the
activities in the process. Of course, it is always possible to obtain data as to the single activity duration through the study of the
literature or doing interviews directly to the resources (workers) in the organization, in order to extract the exact information needed.

4.3. Resources perspective

In a DES model it is possible to define the actors (called “resources”) who actually perform the activities, along with their
characteristics, such as the overall workload, or the percentage of working time for a specific time period. Getting exact information
concerning the resources is important, since the better the resource characterization is, the more realistic the DES model becomes. For
such reason, it was important to investigate the workload-dependent behavior: traditionally, in fact, the so-called “Yerkes-Dodson
Law of Arousal” suggests that a worker under time pressure may become more efficient and thus accomplish tasks in a faster way.
However, if the pressure becomes too high, the worker's performance may degrade [48].

In our case the ProM's ‘Perform predictions of Business process features’ plug-in was also exploited, which made possible to
discover some important rules lying underneath the process, i.e. ‘in which conditions a resource performs an activity?’, ‘who does
what?’, or ‘how often?’. In this way ProM6 also provided information like the Correctly Classified Instances, Incorrectly Classified
Instances, mean absolute square error, the total number of Instances and the Confusion matrix. The latter in particular contains the
information regarding the number of resources that perform a specific activity. Rows represent the single resources, while columns

Fig. 5. Table of the maximum value of the time in the transitions.
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report the number of executions, as a function of the selected activity. For each row it is possible to calculate: ‘Xn executions’ = sum
of the executions for each resource; ‘Xn executions Av’ = average number of executions of one resource for a specific activity. In
formulae:

=X executions Av X executions resource resources( )/#n
resources (5)

The resource probability profile Pai, in form of conditioned probability, is then calculated as follows:

=P resource Activity X executions resource X executions resources chosen( | ) ( )/ ( )
resources resources (6)

A timely criterion was then adopted to determine the resources with the greater amount of work, in order to choose them before
the evaluation of the Pai in (6): in particular, the resources were chosen for the present research which featured a number of
executions greater than the average of the total executions of the resources related to a specific activity. Of course, the choice of the
criteria generally depends on the purposes of the analysis performed, see e.g. [12]. The information about the working percentages in
function of the executions of the single resource as well as the total number of executions for that activity, were then treated in Excel,
in order to obtain for each activity a ‘resource perspective summary’. Following, in Simul8 environment a distribution profile of the
work performed by the resources for a single activity was defined, and a series of labels were used to link the profile to the resources
as well as to the activities. More specifically, as shown in Fig. 6, for each activity of the BPMN model a specific distribution profile
was created. All the profiles were linked to the corresponding activities through labels, and each resource working on the activity was
called “based on the label”. In this way it was possible to build the resource perspective for the BPMN diagram imported in the DES
model.

The evaluation of the Resources distribution profile in the DES model resulted for each run of the Trial in the so-called Resources
event log (see Fig. 7, where the red-rounded area represents the results of one run of the Trial).

Also in this case, the spreadsheet was exportable as CSV file as allowed input of the ‘.xes’ format in Disco tool, to be in turn
exported in ProM6. The deployment of the ‘Replay a Log on Petri-net for Conformance analysis’ plug-in was then needed to confront
for each activity the IMi-related Petri Net with the Simulation-related event log, in order to detect the presence of errors in the
manual transport of data in Simul8. Not enough matching points were found between the ProM6 data and the DES model data in this
case, so the formers could only be used to somehow oversee the organizational perspective of the process in the DES model.

5. Concluding remarks

In this study a novel approach was described to figure out a DES model using Process Mining techniques, for a specific hospital-
related process, trying to overcome issues related to: treatment of the data provided from the organization; building time of a DES
tool; gaining knowledge of the meaningful process attributes; validation of the resulting model [49].

The main idea of the project – that was to adapt the process mining tool, ProM6, with the commercial Simulation tool, Simul8 –

Fig. 6. Probability profile in Simul8 environment for the “Phone consultation” activity.

O. Tamburis and C. Esposito Simulation Modelling Practice and Theory 104 (2020) 102149

10



was in the overall successfully completed. The original concept idea comes from a critical evaluation of both tools: Simul8 is a
commercial tool, which does not allow any system changes, but the user can import, export, connect with Excel, save the work, and
many other high level features; ProM6 is a platform that makes possible to build different projects related to the PM techniques in
Java source; this allows in many case to export, and to import ‘xes’ format files. This project shows how the adaptation is possible,
implying the deployment of other tools as well, i.e. Disco and Excel, and the steps that have been carried out to get to the final result.

Although more studies are required to find more solid evidence as to the usefulness of PM techniques for determining the DES
models construction, the present work provides a robust starting point, as actual links between the two techniques effectiveness were
found and demonstrated.

Supplementary materials

Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.simpat.2020.102149.
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