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ABSTRACT Process mining (PM) in the healthcare sector is a key discipline in terms of improving processes
based on the data stored in clinical information systems. This discipline has been complemented by other
techniques, such as process simulation (PS), in order to facilitate decision-making across the sector. In turn,
this has enhanced the management of organizational indicators and strengthened the analysis, optimization,
and improvement of processes. However, the combination of PM and PS in healthcare still presents a number
of challenges, including the incorporation of additional medical specialties, the involvement of healthcare
experts, the optimization of data quality, and the promotion of further research that seeks to strengthen the
combination of these two areas. The present paper contributes to overcoming these challenges by introducing
PROcess Mining & Simulation for Healthcare Analysis: PROMSHA-Methodology, a methodology that
provides the necessary steps for process analysis by combining PM and PS in the field of healthcare.
The methodology herein addresses certain challenges related to the quality of medical data and includes
the participation of experts. To evaluate the usefulness of PROMSHA, a case study was conducted in
the pediatric ophthalmology department of a Costa Rican hospital, in which PM techniques were applied
to detect spaghetti models and repetitive activities, as well as to identify the causes of waiting lists and
bottlenecks by means of several simulated scenarios.

INDEX TERMS Business process management, clinical processes, healthcare, methodology, ophthalmol-
ogy, pediatrics, process mining, process simulation.

I. INTRODUCTION
He need to improve response times and re-
source utilization has prompted the use of
analytical approaches to connect operational evi-
dence with healthcare decision-making. The health-
care sector has employed a variety of technologies
to support this decision-making, including process
mining (PM), which allows organizations to observe
how processes are actually executed and identify
improvement opportunities using real data [1].
Similarly, PM in healthcare has been comple-
mented by other techniques, such as process sim-
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ulation (PS), which facilitates the comparison of
operational alternatives prior to their implementation
in a real-world environment [2], [3], [4]. Moreover,
it enables the application of different scenarios to
manage bottlenecks, prevent the inadequate use of
resources, and optimize process performance [5].
However, literature shows that the joint applica-
tion of PM and PS in healthcare entails numerous
challenges. These include low scientific output, such
as different institutional settings or medical areas
[6]; how certain clinical specialties have not been
studied in depth [7], [8]; that the low quality of
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data remains a major issue, and how there are no
established methodological frameworks with which
to conduct research into these disciplines [6], [9].

Despite these challenges, research into the inter-
play between PS and PM is considered an emerg-
ing field [10], [11], [12], [13], that may help to
overcome the limitations of traditional simulation
models. Such limitations relate to process timing, in-
terviews with pertinent individuals, and observations
for understanding the process. These aspects are tra-
ditionally undertaken without the use of computer
systems, thus rendering them susceptible to human
bias, since the findings are based on perception and
a significant amount of time is required to complete
the process [10].

Hence, PM helps to identify a process model and
enables a simulation model to be developed more
quickly than by following this traditional approach
[14].

In healthcare, decision-makers are faced with in-
creasingly complex and variable processes on a daily
basis. As such, they need more modern methods and
techniques to assist in their decision making and to
determine the most effective course of action in each
case [15], [16], [17]. In this regard, PM and PS can be
effective tools. For example, in an emergency depart-
ment, the use of these disciplines to verify whether
additional human resources and/or equipment will
significantly contribute to reducing waiting times
can completely change the patient pathway and level
of care received [18], [19].

The promotion of further research into different
health issues through the integration of PM and PS is
important as a means of contributing to this decision-
making process. However, the absence of structured
guidelines with which to facilitate this research and
to help increase the number of problems being ana-
lyzed hinders the progress of researchers undertak-
ing this work.

Therefore, the present study proposes the PRO-
cess Mining & Simulation for Healthcare Analysis:
PROMSHA-Methodology, which serves as a guide
for connecting PM with PS in order to analyse
healthcare processes by actively involving healthcare
experts and highlighting the importance of data qual-
ity activities. The methodology was validated in an
outpatient consultation process in the ophthalmology
department of a specialized pediatric hospital.

The main contributions of the present research
include:

1) The introduction of a methodology that applies

PM in combination with PS in healthcare.
2) The replicability of the methodology is

achieved due to its rigorousness, in terms of
its step-by-step approach and graphical visual-
based structure, which facilitate overall com-
prehension thereof.

3) The incorporation of expert validation and data
quality management as critical actions.

4) Highlighting the importance of privacy, confi-
dentiality, and data security in healthcare.

5) Serving as a basis to guide healthcare experts
in PM and PS analysis, as long as minimum
data requirements for such studies are met.

While the present study relies on historical and
retrospective clinical event logs, the PROMSHA
methodology is not conceptually restricted to static
or administrative data sources. Recent research has
highlighted the value of continuous and real-time
monitoring data, enhancing the accuracy of process
mining analyses and simulation models, particularly
in healthcare environments, characterized by high
variability and dynamic behavior [20], [21], [22].
In this sense, approaches such as the one presented
in [20] demonstrate how real-time data streams and
continuous monitoring can support more adaptive
and precise process representations. PROMSHA can
be extended to incorporate such data sources by inte-
grating real-time event acquisition mechanisms into
its data extraction and preparation stage, enabling the
construction of dynamic process models and more
accurate simulation scenarios.

The article is organized as follows: Section II pro-
vides information on the main topics included in the
proposed methodology; Section III describe the de-
sign components for the PROMSHA-methodology;
Section IV introduces the methodology and the step-
by-step explanation; Section V outlines the results
of the methodology validation; Section VI discusses
limitations; Section VII presents the discussion; Sec-
tion VIII addresses conclusions and future work and
the Section IX sets out author acknowledgments.

Il. BACKGROUND
A. PROCESS MINING AND PROCESS SIMULATION
As a discipline, PM is considered to lie at the in-
tersection of process science and data science. It
is based on event logs [1], that are obtained from
stored data in information systems [9], [23], and
which are used to obtain knowledge about how pro-
cesses are actually executed. The logs are used to
discover models from the data and the verification
of compliance with models or guidelines, as well as
to propose improvements based on evidence-based
feedback [1], [9], [24], [25].

Similarly, PS is a quantitative technique with
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which to estimate the performance of a process with-
out interfering with the real environment [26], [27],
[28]. It is strategic in contexts of high complexity
or uncertainty, when obtaining data or validation in
the real environment proves unfeasible or costly, and
when analytical solutions are risky [26], [27], [29].

When it comes to programming and designing
a process simulation, it is necessary to bring two
important concepts to the table: the Digital Twin
(DT) and the As-Is Model.

The As-Is Model, or the Process Discovery stage
in the Business Process Management (BPM) cycle,
aims to reflect the current behavior of the organi-
zation regarding how work and the process under
study are carried out. These models should represent
real processes and assist in identifying improvement
opportunities [3].

On the other hand, the DT is also a model of
the current process, similar to the As-Is model. It
can be seen as a dynamic digital representation of
a physical system or process that supports decision-
making through real-time data [29], [30], [31], [32].
Its effectiveness lies in integrating the process model
under study, as well as elements related to the supply
chain, personnel, materials, costs, and all significant
information necessary to analyze the real process
[13].

When these two techniques are combined, PM
provides a solid foundation of actual data, while PS
allows the impact of changes to be anticipated, thus
enabling experiments to be conducted with different
scenarios prior to their real-world implementation
[10]. This facilitates the identification of histori-
cal behavioural patterns and allows the effects of
changes to be predicted prior to their adoption [33].
The integration of PM and PS therefore constitutes
a data-driven approach in which event logs feed into
the design, configuration of parameters, and valida-
tion of simulation models [34], [35], [36].

B. PROCESS MINING AND PROCESS
SIMULATION IN HEALTHCARE
PS in healthcare is a high-potential domain due to
its contribution to evidence-based improvements. Si-
multaneously, it faces challenges specific to the sec-
tor, including high clinical variability, organizational
complexity, barriers to adoption, and data privacy
and quality requirements [34], [35], [36], [37].
Additional research into the integration of PM
with PS in healthcare is needed [7], [8], [38], [39],
since the use of PM for building simulation models
is a relatively new field [39]. The literature identifies
gaps in this integration, for example:
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o A limited application of the two techniques in
healthcare institutions [6].

o Medical specialties in which research has been
more extensive (cardiology and emergency
medicine) compared to others in which no case
studies have been identified, such as pediatrics
(71, [8].

o Limitations, such as low-quality data, lack of
expert validation, and poor integration of clini-
cal sources [8], [23], [35].

« The development of prototypes to automate the
generation of models suitable for complex clin-
ical environments [38].

o An absence of solid methodological frame-
works, which highlights the need for more
structured research to promote their application
in real-world contexts [6], [8], [39].

Ill. METHODOLOGY DESIGN
The PROMSHA methodology was constructed using
the Design Science Research method, which is in line
with the approach presented by the authors in [40],
and is based on the method described in [41]. The
main steps of this method are:

1) The Environment: In this phase, we study and
analyze the reality of the problem through a
systematic literature review. This process al-
lowed us to identify deficiencies in the integra-
tion of process mining and process simulation
in healthcare, resulting in the lack of a struc-
tured guide for conducting studies or research
that integrates these disciplines.

2) Knowledge Base: In this second phase, we
identified methodologies and methods found
in the literature related to case studies, process
mining, process mining in healthcare, and pro-
cess simulation. These methodologies are se-
lected as the knowledge base for constructing
the methodology proposed in this work.

3) Design Science Research: In this phase, the
methodology is built and applied using the pre-
vious findings as input. A graphical structure
is defined to facilitate understanding and ap-
plicability of the methodology, and the critical
methodological factors necessary to combine
process management (PM) and process simu-
lation (PS) are identified based on theoretical
and practical considerations.

1. The Environment: In 2024, a systematic liter-
ature review was conducted, which revealed gaps in
research regarding the combination of process min-
ing (PM) and process simulation (PS) in healthcare
[6]. One of the main characteristics found in the
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primary references of that literature review is that
they did not present a structured methodology or
guideline that would allow research in these health
disciplines to be replicated [6]. The detailed results
of this literature review can be consulted in [6]; this
gap in the literature has also been identified in other
studies [8].

In addition to this systematic review, for the
present study, an exploratory analysis was per-
formed using the following keywords: “process min-
ing methodologies and process simulation in health-
care”; “process mining and process simulation in
healthcare”; and “methodologies with process min-
ing and process simulation in healthcare. Of the
studies reviewed, only five ( [38], [42], [43], [44],
[45]) outlined an approach that includes a methodol-
ogy, method, or reference framework. The following
noteworthy aspects were identified in the aforemen-
tioned studies:

o No visual or graphic structure [45], was iden-
tified with which to represent the step-by-step
process. In the remaining studies, the proposed
approaches did not provide in-depth details of
the internal activities of each stage.

« While validation by experts requires greater
consideration in general terms, only three stud-
ies ( [42], [43], [45]) addressed the subject,
while none emphasized its importance in a
broad manner.

o Despite the use of simulation in [43], its inte-
gration into the visual structure of the method
presented was not made explicit.

o The critical nature of activities related to the
quality of health data was not reflected in any of
the studies, nor was the privacy, anonymization,
and confidentiality of such data.

Table 1 presents a comprehensive breakdown of
the comparison between various factors, including
the authors’ proposals, the techniques utilized in
each method, collaboration with experts, data qual-
ity, data privacy and security, and the contribution of
the graphical structure. These aspects are examined
to highlight their usefulness.

2. Knowledge Base: The study of existing
methodologies in areas such as Business Process
Management (BPM), PM, PS, and PM in health-
care, served as a reference for structuring the present
PROMSHA-methodology (introduced in the subse-
quent section):

o Case study research ( [46], [47])
« BPM lifecycle ( [3])

« PM2 Methodology ( [9])

« FPQ Methodology ( [48])

These methodologies were used as a reference due
to:

1) The replicability, usability, and scalability of
these methodologies

2) The detail in the graphical structure provided

3) The completeness of steps, stages, or activities

4) The ease of understanding for users

5) The in-depth details of each activity of which
the methodology or reference framework is
comprised

6) These methodologies are frequently cited and
used, moreover, because some of their steps
are integrated into PROMSHA.

Table 2 presents the details of which phases of
each base methodology are being considered in each
step of PROMSHA-methodology. Below, an expla-
nation is provided of how PROMSHA relates to each
of the reference methodologies:

o Case study research: The proposal in this sense
is that the investigations can be developed as
case studies; these two basic references stand
out in the literature for their usability and repli-
cation.

o BPM lifecycle: Since Process Mining serves
as a bridge between process science and data
science, it is undeniable that it is a disci-
pline that robustly complements Business Pro-
cess Management (BPM). For this reason, the
PROMSHA methodology cannot be detached
from the BPM cycle. Includes the stages of
process identification, as well as the analysis
and redesign thereof.

o PM?2 methodology: There are several methods
in the literature for working with Process Min-
ing; however, we consider that the proposal
in the PM2 methodology is comprehensive,
well-recognized, and robust in terms of phases
and ease of application. For these reasons, it is
established as one of the foundational method-
ologies, and all stages of the PM?2 methodology
are covered.

o FPQ methodology: It is necessary to include
an existing method that incorporates the health-
care domain; in this case, we draw on the FPQ
methodology, as it represents a robust alterna-
tive for analyzing healthcare processes using
Process Mining. It also integrates a very impor-
tant component: it strengthens the data extrac-
tion activity as a critical stage. All stages are
considered within PROMSHA.

3. Design Science Research: Through the appli-
cation of the methodology in a developed case study,
taking an approach based on design methodology
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TABLE 1. Comparison of the PROMSHA methodology with existing hybrid approaches.

Methodology, Proposal Techniques Collaboration | Data quality | Data privacy | Graphic struc-
method, used with expert and security | ture
framework
Mesabbah Hybrid PM, DES, | The approach | The approach | No reference | Very  simple,
et al. (2019) | framework for | discovery, is not explicit | is not explicit | is made it does not
[38] automatically | extraction provide in-
generating depth  details
DES models of the internal
activities of
each stage
Borges et al. | Framework PM, It mentions | The approach | No reference | In general,
(2022) [42] | for ED with | simulation, the issue, | is not explicit | is made it does not
PM and | discovery, but does not provide details
simulation variants integrate it of the internal
throughout activities of
the proposal each stage
Cho et al. | Methodology | Process It  mentions | The approach | No reference | The simulation
(2014) [43] | for outpatient | discovery, the issue, | is not explicit | is made stage is not
analysis based | analysis, but does not even mentioned
on PM what-if, integrate it in the structure
discovery, throughout
performance | the proposal
Pegoraro et | Short-term DES, PM, | The approach | The approach | No reference | In general,
al.  (2018) | simulation discovery, is not explicit | is not explicit | is made it does not
[44] with PM performance, provide details
discovery of the internal
activities of
each stage
Johnson et | ClearPath PM, It mentions | It mentions | It is partially | They do not
al.  (2019) | method with | simulation, clinical incomplete mentioned have a structure
[45] evidence and | evidence, groups  and | data, but does
simulation discovery traceability, not explicitly
but does not | address the
integrate it | data quality
across the | approach
proposal
PROMSHA- | To be applied | PM, PS, | The proposal | Itis one of the | It is one of the | Detailed
Methodology| in any clinical | and remains | addresses this | characteristic | characteristic | step-by-step
setting, where | open to the | issue across | aspects of the | aspects of the | structure with
log events can | use of other | all activities | methodology; | methodology; | the activities
be generated | techniques and includes | it makes it | it makes it | included in
and process | such as the | it as part of | explicit in | explicit in | each step and
simulation inclusion of | the activities | activities activities additional
can be | AL. It is not | to be carried support
performed limited to a | out defining inputs,
using real | single type of outputs, and
data simulation or resources
PM
VOLUME 11, 2023 5

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/




This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2026.3663154

IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

TABLE 2. Components of each reference methodology included in every step of the PROMSHA-methodology

Steps in PROMSHA

Phases of the reference methodologies inte-
grated into PROMSHA

Step 1.Design

Case study:Planning—Design—Preparation
BPM: Process discovery

PM?2: Planning

FPQ: Data extraction

ration

Step 2. Data extraction and prepa-

Case study: Data collection
BPM: Process discovery

PM?2: Extraction and data processing
FPQ: Data extraction and Event log creation

Step 3.Process mining analysis Case study:

FPQ: Filteri

BPM: Process analysis
PM?2: Evaluation-Mining—Analysis

Analysis

ng stage and PM stage

Step 4.Process simulation analysis | No PS meth

odologies were taken as a baseline

Step 5.Process redesign and im- | Case study:

Share

provement BPM: Process redesign
PM2: P i t and t
. Frocess improvement and Suppor
FPQ: Results evaluation stage
———————————————————— -
- Stages Analysis .
/
[ Step 2: Data extraction Step 3: Process Mining Step 4: Process Simulation \
1 and preparation Analysis Analysis |
1
I e " o5 v B85, 4.1. As-s model and -: !
! > 21 “’E;‘t"':;:g’r:‘;’o'u‘:z: —»"?1 3.1. Process discovery °‘§] simulation parameters | :
20 2
Inputs: e : l l 1 —»ﬁﬁ 5.1, Expert Validation =L Outputs:
28 * study specifications T
| E% 212, Data extraction ) 28 4.2 process simulation 1 s Gjb
@’D | %] 3.2 Conformance analysis ‘%\ analysis 1 v II|
[ | l 1 l 1 Step 5: Process redesign and =
~ improvement
E=OI0) | 89 2.0 I a8 28 !
A e orvacy nc @ 3. Data quality ﬁ 3.3, Evaluation and 4.3, Scenarios |
Step 1: Design = " confidentiality protocols 1 —, <5< validation of results | 20
| ) €2 5.2.Process redesign and
S T . - 1 —[:ﬁ implementation of
1~ - L, 4.4:"What if" analysis | - improvements
1 2.4. Creating the event log. | |
. 1
238 e, 5 1
‘g 1.3. Definition research | J a8
I 4.4.5. Redesigned model
:f questions \ he ‘L_...ﬂ specifications 1
1 \ £ 5. Filtering event log !
N 4
~ I
[ U U O D D U U O I I I I ———— -

FIGURE 1. Structure of PROMSHA-methodology. The blue people icon repres:

and case study methods [46], [47], three key critical
factors that characterize the proposed methodology
are identified:

1) Data privacy, security, and confidentiality: em-
phasizing the importance of protocols for data
privacy, security, and confidentiality in health-
care.

2) Data quality: ensuring that the data used in PM
and PS analyses are high quality and meet the
requirements necessary to answer the relevant
research questions.

3) Validation with experts: the involvement of
experts is key in order to obtain their feedback

Analy
consis

ents health experts.

and ensure that results are optimal and relevant
to clinical practice.

The following section outlines the five steps that
constitute the proposed methodology:

IV. PROCESS MINING & SIMULATION FOR
HEALTHCARE
ANALYSIS:PROMSHA-METHODOLOGY

The methodology proposed by the present study is
the PROcess Mining and Simulation for Healthcare

sis:  PROMSHA-methodology. PROMSHA
ts of five main steps (see Figure 1): 1. Design,

2. Data extraction and preparation, 3. PM analysis,
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4. PS analysis, and 5. Process redesign and improve-
ment.

The central part of the visual structure in Figure
1 integrates steps 2, 3, and 4 as the main analysis
phases, while the blue people icon represents the
validation link with healthcare experts. The five steps
of PROMSHA are explained below:

A. STEP 1: DESIGN

o Activity 1.1. Defining study specifications: The
planning, preparation, and design of the study
are performed.

Following meetings with healthcare experts,
the medical specialty or specialties under study
should be selected; the issues, needs, and expec-
tations of the experts should be defined; and the
target population and the period corresponding
to the data being used should be established.

A conceptualization of the environment, pro-
cess, and medical field is carried out. It may be
necessary to interview personnel and experts in
the process and justify the problem, to enable
the formation of the research team.

o Activity 1.2. Definition of privacy and confi-
dentiality protocols: Ethical protocols related to
privacy, anonymization, and data confidential-
ity are established, as well as guidelines for data
extraction and tasks necessary for conducting
the research.

o Activity 1.3. Define research questions: The
questions that will provide structure to the study
are defined, considering expectations and iden-
tified issues.

For each step in PROMSHA, a configuration is
added with the inputs, outputs, and resources re-
quired for each activity. These aspects are not ex-
haustive; depending on the clinical setting, specialty,
expert expectations, and other factors, they may be
expanded or varied. Fig. 2 outlines the various as-
pects of this first step.

B. STEP 2: DATA EXTRACTION AND PREPARATION
o Activity 2.1. Identification of data extraction
sources: The source(s) from which the data will
be extracted should be determined. It may be
necessary to use more than one source, which is
determined in consultation with the personnel
responsible for the information systems at the
medical center and with healthcare experts.

o Activity 2.2. Data extraction: Extraction can be
automated or manual. The source file can be in
CSV, XES, JSON, or another format that allows
data to be converted to the event log format. The

information required for the event log is estab-
VOLUME 11, 2023

4 Ethical and clinical protocols, problems or
needs, medical specialty, composition of
Inputs the research team, data to be used, and
the time period for which the data will be
collected
Inputs

Medical center information

o AN /

Activity 1.1

Personnel
Defining study Resources Documentation
specifications Information Systems

Approved ethics protocols
Outputs Research team established

Data types and time period

systems

Medical and ethical protocols of
the health center

Research Questions

Activity 1.2

Definition of

privacy and Information systems

confidentiality Resources | process and healthcare experts
Scientific ethics committees

protocols

Outputs Approved ethical and privacy
protocols

Study specifications defined
Inputs Expert expectations
Problems and needs identified

\—
)
Activity 1.3
De"n:y research Re: Information systems
sources
questions Procenss and healthcare
experts
-/
Outputs Defined research questions
Domain experts: ey
health dpth Activities  n all activities, the involvement of healthcare and
athan d e 1.1,1.2  process experts is key, from the outset to defining
process uncer and 1.3 the relevant specifications.
study.

FIGURE 2. Configuration aspects required to execute step 1 of
the methodology.

lished, i.e., Case ID, Activity, Timestamp, and
any other attributes that need to be extracted.
In an ideal world, data extraction should be
performed automatically, and, as a result, event
log generation would also occur automati-
cally. However, not all electronic health records
(EHRs) are adapted or process-oriented; there-
fore, manual extraction must always be in-
cluded as a relevant stage in this methodology.
It is important to verify the confidentiality and
data handling agreements approved in the pro-
tocols, since this will determine who can partic-
ipate in this process.

o Activity 2.3. Data quality: A cyclical and key

activity when working with healthcare data is
data quality and cleansing, which can begin at
the extraction stage itself. Data quality activities
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can be performed in three ways:
1. Non-automated: I.e., people must perform

data quality actions. It is recommended that the Medical Center Information
. I
number of people handling the data be kept to a e estons
minimum in order to reduce errors.
R Activity 2.1.
2. Automated: IL.e., performed using software identicaton || 1 e | nformation systems
that allows data quality tasks to be carried extraction SR Frocess and hasithcars experts
. sources
out, for example, Power BI', Tableau? or Qlik?,
Python*, R>, SQLS. The use of these tools in all
Outputs Defined data extraction sources
research should be declared.
3. Mixed: Combination of non-automated and
e Medical center information systems, problems or
automated activities. needs, specifications of the information to be
Any data cleaning or quality issues identified in fepUtE | extracted, research questions, expectationsof
healthcare experts and the process, templates,
the dataset must be validated with process and formats, or files o store the extracted dota
healthcare experts, since they are the ones who Activity 2.2 Research Team
. Data R i
should know the actual behavior of the process. extraction | e s
If something is incomplete, they must provide
the rationale for why it is so. Likewise, the mini- Tt o e s
. . . Outputs . )
mum information a case must contain to be con- the information necessary to answer the
research question(s): source file.

sidered complete, and a real consultation should
be defined with them; otherwise, cases that do
not meet the minimum requirements may be
removed. Similarly, if there are interruptions in

Templates, formats, or files from which data is
extracted (source file); medical center
information systems; data quality applications
such as Power BI, Tableau, or Qlik Sense;
process mining software

Inputs

J
us

the time series, we must investigate and jointly actviy 23 Information systems.
. .. - Process and healthcare experts
evaluate to determine whether the remaining Data quality || FESOUICeS | ¢, ction source fle

Data quality applications

data are uncompromised, whether they reflect
the characteristics of normal consultations.
The overall quality of the data must be ensured,

Cleaned data extraction source file with the
Outputs desired data quality
Event log versions

corresponding to the data quality characteris- e —
tics’, such as accuracy, integrity, consistency, \(
conformity, confidentiality, and precision. s | e e e

o Activity 2.4. Creating the event log: The event

log is created according to the research require- N o )

. . Activity 2.4 File in a refined extraction base format
ments. Each event log may contain additional Creatingthe || pegources | With the desired data quality
. . event log ETL software, Process Mining software,
information about the process, such as the role cov file
of healthcare personnel or complementary at-
tributes. This activity can be cyclical, so it may Outputs | SV fle, Finlverson of the

event log

be necessary to perform iterations between the

event log and the PM tool to obtain the complete

IOg. Inputs
o Activity 2.5. Filtering event log: In the final

activity in this step, the event log is prepared us- Actiity 25

ing filtering tools to answer the research ques- it Resources | 0o e o e

tion(s). In a healthcare setting, for example,

Csv file

Data extraction source file with data quality checked.
Process mining and data quality software
Specifications of the information needed to answer the
research

Event log filtered according to the

JIWWW.Im S ! -€S, - Outputs h i .
https:// crosoft.com/es-es/power:
investigation requirements

platform/products/power-bi
Zhttps://https://www.tableau.com/es-es/products/prep

oul

. s Domain experts: .
3https://www.qlik.com/es-es/products/qlik-sense health and the ‘zt_‘i";:;d I3 :‘:, :::Sm:‘; £ ::\;:I:!{r'r::x:: heakhcary
“https://www.python.org :l’:;:“ (i 23 defining the relevant specifications

Shttps://www.r-project.org/about.htm]
Shttps://www.microsoft.com/es-es/sql-server/sql-server-

downloads FIGURE 3. Configuration aspects required to execute step 2 of
7https://www.is025000.com/index.php/normas-iso-25000/iso- the methodology.
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the event log could be filtered according to the
desired characteristics, such as the medical spe-
cialty under study, the identifier for each case,
and specific clinical attributes. There may be
several filtering interactions in which different
tools are used until the required event log is
obtained.

Fig. 3 shows the various aspects of the second step.

C. STEP 3: PROCESS MINING ANALYSIS

Two main analytical perspectives are proposed in the
present study: discovery and conformance. However,
PROMSHA could be extended to incorporate others,
for example, organizational, temporal, and case per-
spectives.

o Activity 3.1. Process discovery: PM techniques

are applied to discover the process in order to
obtain a general overview, including different
findings about the process behaviour, as well as
to answer related research questions.
This analysis can be performed using one
or more tools, such as Celonis®, Apromoreg,
Disco'? or ProM!!. Tool selection depends on
the research questions, the features of the tool,
and the preference of the research team.

o Activity 3.2. Conformance analysis: This ac-
tivity helps identify inconsistencies between an
ideal process model and the log with the actual
execution of the process. Research questions
related to quality indicators, time, resources,
and costs, among others, can be considered.

o Activity 3.3. Evaluation and validation of re-

sults: In this activity, the results obtained and
the answers to the research questions are anal-
ysed. These should be evaluated with healthcare
experts in order to validate their importance
with regards to the actual process. Such valida-
tion is critical because the results form a key
part of the simulation analysis (step 4).
The ability to link PM results to the PS analysis
is one of the benefits of the present methodol-
ogy, since this particular aspect is not addressed
in traditional simulations. Therefore, PM acts
as a key differentiator. The participation of ex-
perts throughout the entire methodology can be
addressed by using strategies such as:

o Interviews

« Focus groups

¢ Brainstorming sessions
8www.celonis.com

9https://apromore.com
10https://www.processmining-software.com/tools/disco/
http://www.promtools.org
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e The Delphi method

o Direct interaction during the simulation pro-
gramming phase

o Active listening for the design of simulation
scenarios

« And, for example, interactive presentations of
the results from both Process Mining (PM) and
Process Simulation (PS).

SR

Event log final

Research questions

Inputs Expectations of healthcare and process experts
Selected PM Tool

Activity 3.1 Process mining software
PM techniques for analysis
Process and healthcare experts

Research team

discovery

Process discovered
Processes verified by experts

o

______/
Process discovered
Expectations of healthcare and process experts
Inputs Research questions
Analysis of the process from the PM tool and
statistically
Activity 3.2 Process mining software
Conformance Process Mining and statistical software
analysis Resources Research team
Process and healthcare experts
Process Mining analysis, findings, conclusions,
answers to research questions related to
Outputs Process Mining
Inconsistencies in the process model
Expectations of healthcare and process experts
Process Mining analysis, findings, conclusions,
Inputs answers to research questions related to Process
Mining
Inconsistencies in the process model
Activity 3.3
Ev:luallon Research team
an Process and healthcare experts
validation of Resources e
results
Process Mining analysis, conclusions, answers to
research questions related to Process Mining
Outputs Inputs for the As-Is Model or Digital Twin or
current process model
N
-
Experts in the Activities  In all activities, the involvement of healthcare and
field:healthand 3737 33 process experts is key, from the outset to define the
the process and34 relevant specifications.
under study.

FIGURE 4. Configuration aspects required to execute step 3 of
the methodology.

Fig. 4 outlines the various aspects of this third
step.

D. STEP 4:PROCESS SIMULATION ANALYSIS
o Activity 4.1. As-Is model and simulation pa-
rameters: First, the tool for simulation analysis
is selected. If the tool chosen incorporates na-
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tive integration of both analyses, the software
specifications should be followed in order to
begin generating the As-Is model. In this case,
the tool should integrate the data from the re-
sults obtained in step 3 (PM analysis), while the
simulation type predefined by this type of tool
should be validated.

It is recommended that for each activity in-
cluded in the event log, the following be iden-
tified: the probability distribution, the standard
deviation and the mean. Certain tools may re-
quire other statistical information, or informa-
tion related to the individuals involved in the
process, their roles, and weekly work schedules.
It is also recommended to consider the alloca-
tion of activities performed by each role, the
cost per hour, and whether there are any events
or particularities in the roles, activities, or the
process in general, in order to include these in
the As-Is model programming.

If analysis is conducted using software specific
to PS, PM input should first be generated and
then all relevant aspects of simulation program-
ming addressed, including defining the type of
simulation required.

The analysis of the data obtained through PM is
used to identify statistical distributions in order
to represent the random nature of the data, as
well as to establish the level of significance,
variance, and the mean. The simulation warm-
up process and the simulation period must also
be defined, while the number of replicas of the
simulation model should be verified to reflect
the established confidence level.

Once the simulation programming is complete,
the software can be run to generate the results
of the current simulated process model. These
results can then be validated with domain and
process experts in order to verify whether the
specifications and results shown correspond to
the reality of the process. If not, the necessary
adjustments should be made and the relevant
programming repeated.

Activity 4.2. Process simulation analysis:
Based on the As-Is model, it is possible to
determine the process cycle time, hourly pro-
cess cost, usability of each role in the process,
and execution percentage of the process activ-
ities, among other indicators. Running the As-
Is model provides useful insights that can be
used to help define the scenarios that will be
simulated.

o Activity 4.3. Scenarios: The scenarios defined

Activity 4.1
As-Is model
and

simulation
parameters

Activity 4.2
Process
Simulation
Analysis

Activity 4.3

Ju ]

Inputs

Resources

up

Outputs

Inputs

Resources

Inputs

Process Mining Analysis Results

Simulation parameters: number of staff per role, hourly costs for
each role, activities performed by each role, statistical analysis of
each process activity,among others

Expectations of healthcare and process experts

Specific Process Simulation software or integrated Process Mining-
Process Simulation software

Research team

Specific Process Simulation software or integrated
Process Mining-Process Simulation software
Expectations of healthcare and process experts

As-Is model, digital twin or current model of
the defined process

As-is model, digital twin, or current model of the
defined process

Expectations of healthcare and process experts.
Specifications and programming for the entire
simulation

Research questions related to Process Simulation

Process Sil pecific software or
Process Mining-Process Simulation software
Research team

Process and healthcare experts

Process simulation developed

Findings and conclusions.

Answers to experts expectations and process simulation
research questions

Run and results of the As-Is model, Digital Twin, or
current process model

Results of the As-Is model run, Digital Twin, or
current process model

Specifications and expectations of healthcare and
process experts

Research questions related to Process Simulation

Specific Process Simulation software or
integrated Process Mining-Process
i ion software

Activity 4.4
"What if"*

analysis

Activity 4.5
Redesigned
model
specifications

|

L

1

Outputs

Research team
Healthcare and process experts

Simulation scenarios defined
Findings and answers to research questions and
expectations of healthcare and process experts

Resources

Outputs

Resources

Results of the simulation scenarios
Answers to the research questions
Expectations of healthcare experts and the
process

Specific Process Simulation software or
integrated Process Mining-Process Simulation
software

Research team

Healthcare and process experts

Variables that have the greatest impact on
the behavior of the simulated process have
been identified
Aspects that can optimize the process have
been identified

Results of the simulation scenarios

Answers to the research questions

Expectations of healthcare and process experts

Results of the Process Simulation sensitization analyses

Research team

Specific Process Simulation software or integrated
Process Mining-Process Simulation software
Expectations of healthcare and process experts

Specifications for the redesigned process model

expectations of healthcare and process experts

SR
Outputs Answers to the research guestions and
—

Experts in the
field: health and
the process under
study.

Activities
41,4243,
44 and4.5

In all activities, the involvement of healthcare and process
experts is key from the beginning to define the relevant
specifications.

FIGURE 5. Configuration aspects required to execute step 4 of
the methodology.
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will depend on the expectations of the experts
and the analyses proposed as part of the re-
search.

Each scenario can be compared with the As-
Is model and the differences between them de-
termined. Furthermore, scenarios can be com-
pared with each other in order to draw conclu-
sions about efficiency and costs related to the
simulated changes.

o Activity 4.4.“What if” analysis: In this step,
the variables with the greatest impact on the
behaviour of the simulated process are iden-
tified. Consideration is given to what would
happen if a variable were changed, adjusted, or
modified, and what the impact or consequence
of implementing any adjustment would be.

o Activity 4.5. Redesigned model specifications:
Based on all the results obtained, including val-
idation and fulfilment of the expectations of the
experts, a proposal for improving the process is
presented.

A cycle exists between steps 4 and 5. This is
due to the fact that once the results are presented to
the experts, new requirements for scenarios, assess-
ments, or adjustments may arise and it is necessary to
incorporate these into the simulation programming.

Fig. 5 shows the various aspects of the fourth step.

E. STEP 5: PROCESS REDESIGN AND
IMPROVEMENT

o Activity 5.1. Expert validation: This activity is
critical for the validation of the results as they
are managed, as a means to ensure that im-
provement decisions are not left until the final
stage. If any adjustments are required following
verification and expert validation, it may be
necessary to return to Activity 3.1. Process dis-
covery, in order to redefine new specifications
(for example, to include new information in the
log, or to adjust the simulation scenarios).

o Activity 5.2. Process redesign and implemen-
tation of improvements: The application of the
methodology should conclude with a redesign
of the analysed process. The aim here is to
implement improvements identified during the
simulation, which can help to ensure a more
accurate understanding of their impact.

Fig. 6 shows the various aspects of the fifth step.

The sequence of steps in the PROMSHA-

methodology is not rigid and, as such, it may prove
necessary to alternate between different activities or
steps. The outcome of each phase determines which
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phase, or specific activity within that step, should be
performed.

e e
\ Specifications for the redesigned process model
Answers to the research questions and expectations of
Inputs healthcare and process experts
Results of the Process Mining and Process Simulation analyses
R
:“i"ity 51 Research team
xpert Healthcare and process experts
g Resources
Validation Process Mining and Process Simulation
software, either integrated or specific to each
N——— analysis
SR
o Identification of improvements, changes,
UtpLTs adjustments and specifications in the process
. AN J
/ N
Process impr changes, adjt and
Inputs specifications defined and approved by healthcare
and process experts
Activity 5.2 —
Process (
redesign and
i i Research team
of Healthcare and process experts
improvements
—— /
blish 1t and impler ation of process
improvements, changes, adjustments, and
Outputs specifications
Research questions and expectations of healthcare
\ / \_ and process experts addressed

E
h
p

xperts in the field:
ealth and the
rocess under

In all activities, the involvement of healthcare and
process experts is key from the beginning to define the
relevant specifications.

Activities
5.1and5.2

study.

FIGURE 6. Configuration aspects required to execute step 5 of
the methodology

V. CASE STUDY

The methodology used in this study followed a case
study approach [49], [50], with a focus on reliabil-
ity as a key quality attribute associated with case
studies. "Reliability" refers to the consistency and
reproducibility of the findings in a case study [49].
To ensure reliability, it is essential to document the
case procedures through a formal case study pro-
tocol for the tasks to be carried out and to maintain a
record of all the steps performed [49], [50]. For this
reason, in this case study, each step and activity of
the PROMSHA methodology is applied in a detailed
and sequential manner.

It is considered that, given that PROMSHA was
designed with a high level of detail and by man-
aging the chain of evidence—which included in-
puts, outputs, and resources for each activity within
each step, as well as the research questions, the data
collected and extracted, the different analyses, and
the conclusions—it was possible to develop data
triangulation using system logs (event logs), expert
interviews, and the results of PM and PS analyses.
Finally, expert validation was applied transversally,
involving process managers (For example, the oph-
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thalmology coordinator) and domain experts. All
these aspects facilitate replicability and enhance the
reliability of the proposed methodology.

The methodology was validated by means of a
case study conducted at a specialized tertiary-level
hospital in Costa Rica, called the Carlos Sédenz
Herrera National Children’s Hospital (known as the
HNN). The tertiary level consists of national and
specialized hospitals that handle high-complexity
medical and surgical cases and serve as nationwide
referral centers for conditions that require special-
ized technology and skills [51].

The results of the validation at each step of the
PROMSHA -methodology are described below.

A. STEP 1: DESIGN
o Activity 1.1. Defining study specifications: The
main characteristics of the case study are as
follows:

o The present research investigated the outpatient
consultation process in a pediatric ophthalmol-
ogy department. Fig. 7 shows the general activi-
ties of this process, as well as the role performed
by each activity. The process began with the
SOAP (Subjective, Objective, Analysis, Plan)
activity. The role that performed the most ac-
tivities was the doctor, while nursing performed
two. Two activities, shaded in grey in Fig. 7,
could be performed by both roles.

o Data from January to December 2022 was in-
corporated, excluding that from May to Octo-
ber, due to a breach in the hospital’s information
systems during that period.

October was initially considered for inclusion
in the dataset, and its information was extracted.
However, after reviewing and agreeing with the
head of the outpatient service, and given that
October’s cases showed an evident lack of in-
formation, making them highly incomplete, we
decided to remove that month from the dataset.

o Celonis and Apromore were selected as tools
due to their ability to perform PM and PS anal-
yses.

« Experts prioritized the study of factors that may
be causing waiting lists in the aforementioned
specialty.

o Activity 1.2. Definition of privacy and con-
fidentiality protocols: Two ethical protocols
were established for data use, privacy, and
anonymization. One with the Scientific Ethics
Committee of the HNN (CEC-HNN-105-2024)
and the other with the Scientific Ethics Com-
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FIGURE 7. Pediatric ophthalmology process activities. The blue
people icon represents doctors and the pink one represents
nurses.

mittee of the University of Costa Rica (CEC-
360-2024).

These protocols ensure that the data is fully
anonymized, eliminating any possibility of trac-
ing an individual’s identity. Neither the source
extraction file nor the event log includes infor-
mation such as identity numbers, place of res-
idence, names, surnames, social security num-
bers, or medical record numbers. Diagnoses are
not personalized, nor are any of the extracted
activities. Additionally, the protocol stipulates

VOLUME 11, 2023

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2026.3663154

IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

that data extraction, manipulation, and storage
can only be performed by the principal inves-
tigator, further reinforcing security measures.
Under these protocols, even the counterpart ex-
pert involved in the research was not granted
access to the data.

Activity 1.3. Define research questions: In sev-
eral working sessions with healthcare experts,
and considering the problems affecting outpa-
tient services, the following research question
was defined:

Is it possible, through the application of process
mining and simulation, to study factors associ-
ated with variability in the pediatric ophthal-
mology care process, for example, those that
increase waiting lists, affect process flow, and
generate rework?

B. STEP 2: DATA EXTRACTION AND PREPARATION
o Activity 2.1. Identification of data extraction

sources: Data was extracted from a single
source: an electronic medical record, called the
Single Digital Health Record (Expediente Dig-
ital Unico de Salud) or EDUS.

Activity 2.2. Data extraction: Data extraction
was performed manually from June to Novem-
ber 2024.

Activity 2.3. Data quality: Multiple automated
and non-automated data quality interactions
were applied. The Prep Builder application in
Tableau software was used to perform thorough
data cleansing. These actions took place be-
tween November 2024 and March 2025.
Certain cleansing activities performed in-
cluded: the standardization of fonts and col-
umn sizes; elimination of redundant spaces;
identification of hidden or duplicate columns;
conversion of numerical data to text; conversion
of text fields to dates; and identification and
elimination of invalid cells, among others.
Regarding the missing values, with the sup-
port of healthcare experts, it was determined
that when a case did not contain the minimum
required information (SOAP, diagnosis, start
and end time), after applying all data quality
procedures, any records that did not accurately
represent a consultation were removed from the
dataset. This resulted in the removal of 701
rows, leaving a total of 1,814 cases in the event
log.

Activity 2.4. Creating the event log: The file
containing the records was converted to CSV
format to enable the extract, transform, load
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(ETL) process. Using the SQL Server Integra-
tion Services (SSIS) platform, the information
was structured and converted into two event
logs.

One detailed the attributes, while the other
recorded the identifier, the activities associated
with each case, and the date and time of oc-
currence. Table 3, shows characteristics of the
event log.

TABLE 3. Characteristics of the final event log used for process
model discovery.

Characteristic Value
Number of cases 1814
Variants 385
Number of different activities 27

Roles 3
Violations 27
Specialty 1

Start of log Jan-2022
End of log Dec-2022
Average cycle time for each case | 61 minutes/case

o Activity 2.5. Filtering the event log: Two event
logs were filtered in Celonis, and the decision
was taken to use an integrated one in Apromore
for tool operability. In addition, the logs were
filtered by medical specialty and the identifier
for each case was adjusted.

C. STEP 3: PROCESS MINING ANALYSIS

o Activity 3.1. Process discovery: By including
the event log in both tools, the actual process
flow was identified. For example, Fig. 8 shows
the model discovered in Celonis, with 88% of
activities and 82% of connections, demonstrat-
ing the number of paths actually taken in the
process.
Several final activities were identified, for ex-
ample, 90% ended following diagnosis, while
7% ended with hospitalization.
Among the findings, 39% of cases involved a
one-hour consultation, which is considerably
long since a consultation should last between
15 and 30 minutes.
Similarly, 6% of cases took between 4 and 10
hours to treat, mainly due to the need to perform
some kind of procedure. The aforementioned
variability is also reflected in how both ex-
tremely short times of 10 to 15 seconds and long
times of up to 9 hours were recorded. When
this was due to the application of a certain pro-
cedure, the expert indicated that this may have
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FIGURE 9. Bottleneck in Apromore. The color of the model is
generated by Apromore, representing the view offered by the
tool when the duration tab is selected.
been the result of, for example, the patient not
dilating sufficiently and, therefore, medication
having to be reapplied and all parties having to
wait for the medication to take effect.

o Activity 3.2. Conformance analysis: Findings
associated with process compliance included:
-Only 16.15% of cases followed the most com-
mon path, thus it can be assumed that only this
percentage of cases complied with the standard.
This is the outcome reflected by the data in the
Celonis tool; it does not mean that all activities
are inefficient. What can be concluded is that
this 16% represents the activities that are most
frequently repeated in the process, identified as
what Celonis calls a “Happy Path,” which ac-
counts for that 16%.This conclusion is possible
thanks to validation with the experts.

-The expert stated that Vital Signs monitoring
was not necessary, except in specific cases, such

14

as newborns. Nevertheless, it was performed in
48% of cases and added almost 40 minutes to
processing time, thereby consuming staff time
and failing to add value to patient care.

-Two instances of reprocessing are evident:

1. Nurses performed the SOAP activity, a task
that nurses are not responsible for executing.
This clearly indicates a failure in the use of
the system, since this should be carried out
in the SOAPE activity (Subjective, Objective,
Analysis, Plan, Nursing). Furthermore, in cer-
tain cases, the information included in SOAP
had already been indicated in the procedure
application or registration activity.

2. When performing the Problems List activity,
discrepancies appeared in 44% of cases, thus
extending processing time by up to 37 minutes.
The information added to the Problems List had
already been included in the diagnosis or SOAP
activity, which means that the time taken to
perform the same activity was doubled. Alter-
natively, it may reflect misuse of the system.
-Similarly, three bottlenecks were identified:

1. When the path from the registration of a
procedure to a SOAP activity was available, it
was present in 26% of cases and took an average
of 59 minutes (See Fig. 9)

2. If more than one SOAP activity was present,
time increased considerably, by up to 66 min-
utes (41% of cases).

3. In the path from Vital Signs to SOAP, the in-
crease in processing time was up to 61 minutes
(65% of cases). These bottlenecks in Celonis
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can also be seen in Fig. 8.

o Activity 3.3. Evaluation and validation of re-
sults: All results were validated with the health-
care expert through various working and valida-
tion strategies.

The result validation methods include interview
sessions (the questions used are presented in Ta-
ble 4), result presentation sessions, adjustment
incorporation sessions, and cross-checking, in-
volving an additional expert in the presentation
of findings and the integration of feedback.
Table 4 details the strategies, both for method-
ology design and for validation during the case
study.

D. STEP 4: PROCESS SIMULATION ANALYSIS

This step is divided into simulation analysis using

Celonis and, subsequently, analysis using Apromore.
In general, for both tools, the cost per consulta-

tion is USD155.95 for doctors and USD116.97 for

nurses. These costs were provided by the Outpatient

Service and Human Resources departments.
Process Simulation Analysis in Celonis:

o Activity 4.1. As-Is model and simulation pa-
rameters: Simulation in Celonis begins with the
creation of a Digital Twin. Its configuration
consists of eight steps:

1) General: Name of model and currency
2) Data check: Validation of uploaded data
3) Filters and granularity: Selection of activ-
ities
4) Incoming cases: Definition of attention
schedules
5) Resources: Assignment of roles and activ-
ities
6) Processing times: Statistical distributions
7) Pool details: Schedules, costs, and staff
numbers
8) Branches: Sequence probabilities be-
tween activities
A restriction was detected when programming
the simulation: Friday could not be included as
a working day in the “Incoming cases” step,
although it was added in “Pool details,” possibly
due to low activity recorded on that day, accord-
ing to the data.
It was necessary to exclude activities with a
small number of cases, since statistical param-
eters could not be applied thereto (for exam-
ple, imaging, hemocomponents, and hospital-
ization).
When utilizing Celonis, there is no need for a
warm-up period for the simulation, unlike with
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specialized simulation software. These tools al-
low for the simulation setup to be completed
once all necessary information has been en-
tered. After that, the results are generated by
clicking the "run" button. Therefore, in this case
study, there is no need for preparation time.
Additionally, the probability distributions are
not generated by Celonis or Apromore. Instead,
the time data for each of the activities included
in the event log had to be processed, and then
we decided to use R and Minitab to verify the
statistical fits for each activity.

o Activity 4.2. Process simulation analysis: The
Digital Twin was configured using the existing
process characteristics, which were: 8 doctors
and 1 nurse. It was run for 30 days:

SMCETOPHTHALMO con 8 médicos

4.7 Days

of.

29 Days

(L x]“ﬂllih

con & médicos

;;m!hk_ L]

SMCE10PHTHALMO

USD 119K USD 952.64

Resource Utilization Rate / Workload(%) @

Compare utiization rates of the res
‘Compared to Digital Twin, the utiiz

& pools in your Simulation Scenarios @ to the Digital Twin @
e of the most utilized pool Doctors didn't change.

FIGURE 10. Comparison of scenarios 1 and 3 in Celonis

o Average time: 28.4 days

o Average cost: USD977.82

« Resolved cases: 32

« Incomplete cases: up to 298

« Utilization: doctors 100

o Most used activities: SOAP, Problems List, Vi-
tal Signs, Diagnostic, Procedure 1

o Most critical activity: Diagnostic (8.62 days)

Following the configuration of the Digital Twin,

the simulation was run. Validation with experts con-
firmed the accuracy of the model, except for the
limitation of not being able to include Friday as a
working day.

o Activity 4.3. Scenarios: The scenarios were
agreed upon with the healthcare expert. Celonis
does not allow activities to be deleted directly
when programming new scenarios, so the orig-
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TABLE 4. Verification and Expert Consultation Strategies

Strategy used to
validate with health
and in the process
experts

Example of a validated sspect

Strategies employed in developing the methodology

Instrument designed
to validate critical
aspects of the
methodology

Validate whether the critical factors defined in the methodology truly facilitate its
implementation in healthcare.

Consultation
sessions, validation,
and discussion of
results

The complete methodology was presented to the experts. As a result, they
suggested the need to apply it to other specialties within the same outpatient
service, in order to compare results and determine whether there are behavioral
patterns in the outcomes.

Strategy used to
validate with health
and in the process
experts

Example of a validated aspect

Strategies used in applying the methodology (Case Study)

Collaborative work
sessions

From the process discovery analysis using both tools, through the validation of
the As-Is model and the Digital Twin, to the findings from the simulation and
their implications.

Consultation and
validation sessions
(structured
interviews)

Questions asked to the experts to validate results :

1. Are the cost-related data from the results comparable to the reality of the
process?

2. Are the execution time-related data from the results comparable to the reality
of the process?

3. Are the resource capacity-related data from the results comparable to the
reality of the process?

4. Are the activity occurrence frequency-related data from the results comparable
to the reality of the process?

5. Do the activities shown in the Digital Twin, the As-Is model, or the current
process model correspond to the reality of the process?

6. What action would you propose for modeling in a simulation scenario? What
would you like to see?

7. Is there any indicator, element, or aspect you would like to measure through the
simulation? What would you like to achieve?

Cross-validation
conducted jointly
with both experts in a
single session

Present and confirm all results with another expert. This allowed for the
identification of additional improvement opportunities and the validation of
previously established findings.

Cause-and-Effect
Diagram

Identify the possible causes of the problems defined in the PM analyses, which
served as inputs for the design of the simulation scenarios.
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TABLE 5. Simulated Scenarios and Findings in Celonis

Scenario 1: Optimal Staffing

Scenario 2: Reduced Resources

Scenario 3: Reduced Reprocess-
ing

15 doctors, 1 nurse

8 doctors, 1 nurse

6 doctors, 1 nurse

Removed activities:Problems List,
SOAP

Removed activities: Problems List,
SOAP

Removed activities: Problems List,
SOAP

Remaining activities: Vital Signs

Remaining activities: Vital Signs

Remaining activities: Vital Signs

Throughput time: 4.7 days

Throughput time: 29 days

Throughput time: 28.6 days

Cost per case: $1,190

Cost per case: $952.64

Cost per case: $707.26

Celonis Apromore
Scenario 1 and 2 |Scenario 2 and 3 |Scenario 1 and 3 |Scenario 1 and 2 |Scenario 2 and 3|Scenario1 and 3
239days W |0.4days A |243days W [002hrs W |012hrs 4 [0.thrs A
Throughput time
$ $48274 A (524538 A (923736 A [$28 W [$2014 A [$1734 A
Cost per case
0 00O
}I]]\hH]Hd 7 doctors A 2 doctors A\ |9 doctors A 7 doctors A 2 doctors A\ |9 doctors A
Number of staff

FIGURE 11. Statistical differences between the simulation scenarios in both tools. Upward arrows indicate that the aspect increases,
and downward arrows indicate that the aspect has less quantity. For example, in scenarios 1 and 2: scenario 1 has 23.9 fewer days,

$482.74 more, and 7 more doctors than scenario 2.

inal Digital Twin was modified to exclude the
SOAP, Vital Signs, and Problems List activities,
which represented bottlenecks and reprocessing
tasks, and different staffing configurations were
simulated, as can be seen in Table 5.
When discussing the number of replications in
the context of Celonis, it is important to note
that there are limitations when generating sce-
narios. This is because certain parameters, such
as the number of activities that can be adjusted,
removed, integrated, or automated, cannot be
modified within a scenario. Therefore, each
scenario had to be created by building a new
digital twin to properly address the “what if”
questions. Otherwise, only the number of staff,
cost, and working hours could be modified.
Given this limitation, two runs were performed
for each scenario in Celonis.

o Activity 4.4. “What if” analysis: Three key
questions were evaluated in the simulated sce-

narios:

1. What happens if the number of staff is
changed?

2. What happens if reprocessing activities are
removed? .

3. What happens if bottlenecks are addressed?
The ideal scenario in which a balance is
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achieved occurs when there are 15 doctors and
one nurse.

The most significant difference between sce-
narios 2 and 3 is in the cost per case metric,
which decreases when the number of doctors is
reduced by two. In the case of nursing, the num-
ber of staff remains constant, at one, since the
usability observed in Celonis does not exceed
66% (see Fig. 10).

Activities that vary across the three scenarios
correspond to reprocessing or those in which
discrepancies were identified. The results can
be seen in la Table 5.

In Fig. 11 you can see the statistical differences
between the scenarios for each tool, includ-
ing the differences in staff quantity, cost, and
throughput time.

For example, if scenario 1 were implemented
instead of scenario 2, the process duration
would be reduced by 23.9 days, which could
represent 430 complete appointments currently
on the waiting list—assuming each appoint-
ment lasts 30 minutes and work is carried out
from 7 a.m. to 4 p.m., Monday through Friday.
Activity 4.5. Redesigned model specifications:
The analysis shows that Celonis allows for the
exploration of alternatives, the identification of
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FIGURE 12. As-Is model in Apromore

bottlenecks, and the evaluation of changes in
resources and reprocessing.

Although it has limitations, this software is
useful for decision-making in hospital settings.
Celonis was also used to generate process im-
provements, which were subsequently submit-
ted to the experts.

Proces Simulation Analysis in Apromore:

1y
2)
3)
4)
5)

6)
7)
8)

9)

Activity 4.1. As-Is model and simulation pa-
rameters: Analysis began with the transforma-
tion of the process map into a BPMN model,
saved as “As-Is” in the “Home folder.” This
model represented the current state of the pro-
cess. The experts confirmed its validity.
When utilizing Apromore, there is no need for a
warm-up period for the simulation. These tools
allow for the simulation setup to be completed
once all necessary information has been en-
tered. After that, in Apromore, the simulation
can be initiated by selecting the simulation op-
tion. Therefore, in this case study, there is no
need for preparation time.
Activity 4.2. Process simulation analysis: The
simulation was programmed in the following
nine stages:

General: Currency and parameter settings

Attributes: Classification of registry data

Gateways: Review of process logic

Tasks: Statistical data, roles, and costs

Functions: Human resources, costs, schedules,

and work mode

Timetables: Schedule configuration

Events: Manual or automatic inclusion

Transition times: Times between nodes (op-

tional)

Priorities: Conditions based on attributes

The process was then executed in the “simulate
model” function, generating a file in the “Home
Folder.”

Activity 4.3. Scenarios: The three scenarios
were agreed upon with the healthcare expert.
The scenarios evaluated efficiency and cost im-
provements and can be seen in Table 6.

The As-Is scenario was programmed with the
existing characteristics, as follows:

Staff: 8 doctors, 1 nurse

Removed activities: Imagen Cabinet;
Hemocomponents: Doctor instructions
Cycle time: 1.14 hours

Cost per case: USD177.08

Activities per case: 22

Cases with variations: 13

The configuration of the As-Is model can be seen
in Fig. 12.

Regarding the replications, Apromore allowed for
the modification of any necessary aspects in the pro-
posed scenarios. Additionally, two runs were con-
ducted for each scenario to ensure a step-by-step
alignment with Celonis.

Activity 4.4. “What if” analysis: The same three
questions were explored as in the simulation
analysis in Celonis (see Table 6).

Scenario 1 corresponds to the process configu-
ration in which a balance was achieved. In this
case, scenarios 2 and 3 showed a difference of
almost 15 minutes in processing time and, as in
Celonis, the cost also decreased in scenario 2
compared to scenario 3.

There is a possibility that the difference in the
cost of Celonis’ scenarios compared to Apro-
more’s is due to the fact that Apromore was
able to count Friday as a working day, and this
generates more data for analysis.
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TABLE 6. Simulated Scenarios and Findings in Apromore

Scenario 1: Optimal Staffing

Scenario 2: Reduced Resources

ing

Staffing: 15 physicians, 1 nurse

Staffing: 8 physicians, 1 nurse

Staffing: 6 physicians, 1 nurse

Removed: Problems List, SOAP

Removed: Problems List, SOAP

Removed: Problems List, SOAP

Retained: Vital Signs

Retained: Vital Signs

Retained: Vital Signs

Throughput time: 1.13 hrs

Throughput time: 1.15 hrs

Throughput time: 1.03 hrs

Cost per case: $176.24

Cost per case: $179.04

Cost per case: $158.9

Moreover, Tables 5 and 6 show the throughput
time in hours for Apromore and in days for
Celonis. This is because Celonis allows the sim-
ulation run to be defined for a specific time pe-
riod (in this case, 30 days), whereas Apromore
calculates it in hours per case.

In Fig. 11 you can see the statistical differences
between the scenarios for each tool, includ-
ing the differences in staff quantity, cost, and
throughput time.

Activity 4.5. Redesigned model specifications:
Apromore can be used to simulate processes,
compare scenarios, and make data-driven deci-
sions. Its interface facilitates the identification
of improvements, thus optimizing resources
and time effectively. Analysis with Apromore
helped to generate process improvements that
were then presented to the experts.

E. STEP 5: PROCESS REDESIGN AND
IMPROVEMENT

o Activity 5.1. Expert validation: Simulation re-
sults were shared with experts in collaborative
sessions, in which all scenarios, results, and
limitations identified were discussed.
The process of proposing improvement oppor-
tunities to the healthcare experts related to the
following:
-- Process standardization
-- Training staff to use the system
-- Enable nursing staff to act proactively in
procedure application
-- Remove activities that correspond to re-
processing
-- Reduce excessive times in procedure ap-
plication
-- Improve communication between health-
care personnel involved in the process to
adjust response times during procedure ap-
plication.

The expert expressed satisfaction with the anal-
ysis, highlighting the in-depth nature of the
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study into the ophthalmological process, which
reflected scientific results and was based on
real data. The expert also emphasized the need
for greater flexibility in the tools, particularly
in high-complexity hospital settings, due to the
difficulty of including Friday as a working day.
This point was determined to be influenced by
the scheduling of surgeries, emergencies, and
staff vacations.

The participation of the experts was not only
to confirm the results; once the process min-
ing results were verified, the simulation sce-
narios—the “what if” analyses were defined
with them. For example, it was up to the ex-
perts to determine when the process is bal-
anced (with 15 physicians and 1 nurse), con-
sidering the staffing levels. In addition, it was
agreed to eliminate rework and bottlenecks, as
well as activities that should not be performed,
such as taking vital signs. Likewise, as each
step of the simulation was programmed in both
Celonis and Apromore, information was vali-
dated with the experts—for instance, working
hours, hourly costs, and business days. This also
helped us understand why Fridays have so few
cases and the reasons behind it. These expert
decisions are also influenced by the clinical
contexts they dominate, which is why they are
not only there to validate the results.(See Ta-
ble 4).

Activity 5.2. Process redesign and implemen-
tation of improvements: In the opinion of the
expert, the present methodology enables the
study of different organizational indicators,
thus offering an objective alternative to subjec-
tive perceptions and facilitating evidence-based
decision-making.

At the time of publication of the present study,
the head of the outpatient service at the HNN
was evaluating the implementation of the pro-
posed improvements and considering extend-
ing the use of the PROMSHA-methodology to
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other medical specialties.

In general terms, the PROMSHA methodology
was fully applicable during the case study; all
five of its steps were evaluated, including every
activity included within each step. This was
made possible thanks to:

-- Following the PROMSHA methodology
step by step.

-- Meeting the critical aspects: data privacy
and security; data quality; and the partici-
pation of experts.

-- The support is provided by identifying in-
puts, outputs, and resources.

-- Generating event logs aligned with the re-
search question.

This methodology can be replicated in future
studies and differs from other approaches in
that:

-- The level of detail that integrates both the
step-by-step narrative and the visual struc-
ture, as well as the support provided by
inputs, outputs, and resources.

-- The principle that the generation and fil-
tering of the event log must be carried out
in alignment with the research question(s).

-- The principles of complying with data
privacy and security protocols, ensuring
data quality, and maintaining the active in-
volvement and participation of healthcare
experts throughout the methodology.

-- The ability to apply PROMSHA not only
with retrospective data but also with
real-time continuous monitoring data,
since it is not limited to a single type.

-- The openness of PROMSHA to be used
in multi-hospital, multi-department, or
multi-specialty contexts, as it is not re-
stricted to a single setting; it is possi-
ble through the generation of appropriate
event logs and the use of suitable PM and
PS tools to apply it in those other contexts.

VI. LIMITATIONS
Following validation of the methodology, certain
limitations were identified:

20

« Hospital information systems: Data extraction

had to be performed manually since the sys-
tem did not allow for the extraction of digital
records, which resulted in lengthier processing
times.

PM and PS analysis tools: Opportunities for
improvement were identified, including making
the incorporation of information into simulation

programming more flexible, for example, to
be able to include Friday as a working day in
Celonis; or the need to acquire additional statis-
tical information in Apromore without affecting
simulation programming.

o The present study is limited to one particular
medical condition, uses data from a single hos-
pital (the HNN), and is limited to a certain num-
ber of months in 2022. Consequently, the re-
sults cannot necessarily be generalized to other
clinical contexts, populations, or time periods.
Therefore, it is recommended that future case
studies seek to broaden their research scope in
order to ensure greater validation.

o The hacking incident suffered by La Caja
Costarricense de Seguro Social in 2022 caused:
(1) the unavailability of clinical and administra-
tive records for approximately six months, (2)
the loss of traceability in critical process events,
and (3) temporal gaps that made it impossible
to reliably reconstruct certain operational flows.
As a result, the data corresponding to that pe-
riod could not be incorporated to generate the
log.

o The current validation of PROMSHA is based
on historical and retrospective clinical event
records, which represent a limitation of this
study; however, PROMSHA is not conceptu-
ally restricted to this type of data source. The
use of continuous and real-time monitoring
data can complement and expand the proposed
methodology, enabling future applications of
PROMSHA to integrate such data streams. This
aims to improve both the quality of event logs
for process mining and the accuracy of process
simulations.

e The application of this methodology was
carried out in a single case study, which
may be considered a limitation. Therefore,
it is recommended that future research ap-
ply it in other clinical specialties, multi-
hospital settings, multi-department contexts,
or multi-medical-specialty environments. We
have several works in progress, where we plan
to apply this methodology in other specialties.

VIl. DISCUSSION

The PROMSHA -methodology represents a state-of-
the-art contribution to healthcare process analysis
as it integrates PM and PS in a structured man-
ner. It responds to the need for detailed method-
ological guidelines in order to help direct studies
that combine both disciplines. Its design is based
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on proven methodologies in PM, business process
management, case studies, and approaches specific
to the healthcare sector.

This methodology stands out compared to previ-
ous works found in the literature because it identifies
the following as critical factors for its application:

1) A clear and detailed visual structure, allow-
ing each activity to be explicitly identified, in
addition to all inputs, outputs, and required
resources.

2) Aniterative approach that promotes close col-
laboration between healthcare experts, process
managers, and researchers.

3) It also highlights the importance of having
quality data in order to obtain valid results that
accurately reflect reality.

4) Flexibility in data processing, since it can be
applied both in environments with “raw” data
that require specific cleansing and quality ac-
tions, and also in contexts with reliable and
structured data.

5) A design that can be applied across different
medical specialties and which is easy to use
by professionals in distinct areas.

6) And managing privacy, anonymization, and
confidentiality of health data.

The application in the pediatric ophthalmology
process successfully demonstrated its clinical utility.
The results obtained reveal:

o Poor adherence to the ideal process sequence
(only 16% of cases follow the ideal sequence),

which indicates the need to reinforce standard-
ization and compliance with clinical protocols.

« Identification of bottlenecks, such as when tak-
ing vital signs or in the case of there being more
than one SOAP activity, since these bottlenecks
affect care times and staff efficiency.

« Presence of reprocessing activities, such as the
Problems List in the case of doctors and the use
of SOAP by nurses, which generate unneces-
sary workload and operational confusion.

o Inefficient use of certain activities, such as
recording Vital Signs with irrelevant popula-
tions, which consumes more staff time and af-
fects overall patient care.

o Extreme variability in case duration, ranging
from short periods (10-15 seconds) to pro-
longed ones (up to 9 hours), which complicates
planning and resource allocation.

Despite the limitations with the data, this case study
made it possible to validate the feasibility and an-
alytical value of the proposed methodology. Just
as it allowed us to demonstrate that, through the
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application of PM and PS, it is possible to study
factors associated with variability in the pediatric
ophthalmology process, such as bottlenecks, rework,
and lack of communication among healthcare staff,
which may be impacting the service’s waiting lists.

VIIl. CONCLUSIONS AND FUTURE WORK
This methodology was validated with a real-life case
study conducted in an outpatient service that special-
izes in pediatric ophthalmology. It was demonstrated
that by combining these disciplines health processes
can be analysed and decision making supported.

The validation was applied in a case study;
however, due to the characteristics of this hospi-
tal—being a tertiary-level, high-complexity pediatric
facility, in the outpatient service, and located in a
country like Costa Rica, where the healthcare system
is internationally recognized for its quality—it is
considered an appropriate setting to conclude that the
results are relevant to the usability of the methodol-
ogy.

Based on this validation, some recommendations
are established to improve the process:

1) Standardization of process execution.

2) Improvement of staff training in the use of
systems.

3) Application of segmentation and reordering
heuristics to optimize workflows.

4) Elimination of redundant activities.

5) Formalization of effective practices, such as
the proactive management of eye dilation by
nursing staff..

6) Improvement of communication between doc-
tors and nursing staff to streamline procedure
application.

Therefore, the methodology proved to be effective
in identifying aspects that impact the efficiency of
the process, for example: variability in the process
flow (only 16% is compliant); the way the system is
currently being used generates rework, bottlenecks,
numerous process paths, and unnecessary workload;
extreme variations in service times (10 to 15 seconds
or 4 to 9 hours) reflect a lack of coordination in the
application of procedures. All these findings enable
experts and decision-makers to identify improve-
ments in patient care.

The methodology can achieve generalization to
multi-specialty or multi-hospital scenarios by gen-
erating event logs that align with specific research
objectives and questions. It may be necessary to
adjust, filter, or normalize the event log, or to use
several complementary event logs for comparisons,
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for example, but always to ensure that the event logs
help answer the research questions and objectives.

By involving healthcare experts, patient-centered
results analysis can be conducted. In healthcare, nu-
merous non-operational factors can significantly im-
pact process performance. This is why the involve-
ment of experts is crucial. Example: In the case study
where this methodology was applied, it was found
that vital sign activity should only be performed
for newborns. However, it was observed that this
practice is being applied in 48% of cases. This was
only possible to identify through consultation with
the experts. Therefore, this is one of the strengths of
this methodology.

As future work, due to the difficulties with the data
used, this methodology is expected to be applied to
a complete dataset, whether from other specialties,
geographic contexts,in multi-hospital, clinical, or de-
partmental settings or using specific tools in both PM
and PS in order to determine its broader usability and
application.

Additionally, the use of continuous and real-time
monitoring data can complement and expand this
methodology, allowing the integration of such data
streams into future applications.

It should be noted that a need remains to develop
tools that are integrated into hospital systems and
which are better suited to the variability and com-
plexity of pertinent services.
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