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Foreword to ITACA-WIICT 2025: Advancing
Innovation Through Connection

Carlos Fernandez-Llatas Author! and Antonio Martinez-Millana'
ITACA, Universitat Politécnica de Valéncia. Valencia, Spain cfllatas@itaca.upv.es

The Workshop on Innovation on Information and Communication Technologies
(ITACA-WIICT 2025) took place on July 10, 2025, at the Universitat Politécnica
de Valéncia. The event brought together scientists, engineers, and professionals
dedicated to research, development, and innovation in the field of information
and communication technologies (ICT). Conceived as a meeting point for collab-
oration and knowledge exchange, the workshop aimed to strengthen connections
between research groups, promote cooperation among professionals, and encour-
age technological transfer across disciplines.

The 2025 edition of ITACA-WIICT showcased the vitality and diversity of
current ICT research, with contributions that spanned digital health, embedded
systems, artificial intelligence, space technology, and process mining. Together,
these works reflect ITACA’s multidisciplinary approach and its commitment to
bridging cutting-edge technological innovation with social and industrial impact.

Several papers explored how data-driven methodologies and interactive an-
alytics can transform healthcare. One study presented a complete redesign of
pain management pathways in hospital emergency departments using process
mining tools and value-based healthcare principles, demonstrating measurable
improvements in patient outcomes and efficiency. Another focused on a digital
twin platform for personalized atrial fibrillation ablation planning, enabling doc-
tors to simulate and compare treatment strategies in real time. Complementing
these clinical advances, new mobile applications were showcased for continuous
monitoring of patients with brain cancer, illustrating the growing potential of
digital phenotyping to capture quality-of-life metrics unobtrusively.

Other works shifted the focus to the core of computing technologies. A study
on neural networks implemented on Arduino systems analyzed the dependability
of quantized models and error-correction mechanisms, proving that efficient arti-
ficial intelligence can be achieved even in constrained embedded environments. A
complementary manifesto proposed the integration of process mining techniques
within embedded and IoT systems, envisioning adaptive, context-aware devices
capable of learning from their own operational data in real time.

The connection between technology and the environment also played a key
role. A research project on wildfire-induced air pollution established links be-
tween satellite-based emission estimates and ground-level PM. concentrations,
highlighting the need for predictive models to protect public health during ex-
treme events. In parallel, another contribution expanded ICT toward space ap-
plications, demonstrating how microwave processing of lunar regolith could serve
as a sustainable method for in-situ construction on the Moon, offering insights
into future extraterrestrial habitat design.
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Beyond these specific fields, the proceedings also include research on compen-
sating for respiration-induced cardiac motion when solving the inverse electrocar-
diography problem. By proposing new algorithms to correct these physiological
artifacts, this work contributes to more accurate non-invasive cardiac mapping
— further evidence of how data analysis, modeling, and biomedical engineering
intersect within ICT research.

Taken together, the works presented at ITACA-WIICT 2025 show the dy-
namism and creative capability of the research community at ITACA and its
collaborators. They exemplify how advances in information and communication
technologies are not confined to computation alone but extend to medicine, en-
vironmental monitoring, aerospace exploration, and beyond.

The workshop reaffirmed its role as a platform for interdisciplinary dialogue,
where academic excellence meets practical innovation. Through initiatives such
as these, ITACA continues to drive progress toward a more connected, intelligent,,
and sustainable future — one in which technology serves not only efficiency and
precision but also well-being, resilience, and shared human value.
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Abstract. Healthcare systems globally face increasing pressures to de-
liver high-quality, patient-centric care while managing escalating costs
and demands. This paper presents a comprehensive case study, PAINKEY,
demonstrating how a structured methodology, the DMAIC cycle, com-
bined with the analytical power of Interactive Process Mining, was suc-
cessfully applied to redesign pain management pathways in an Emer-
gency Department. Focusing on a common yet often problematic area
of care, the project aimed to address high clinical burden, significant
economic impact due to undertreated pain, and variability in care. By
leveraging data-driven insights from PMApp, a specialized Interactive
Process Mining Toolkit, the initiative led to tangible improvements in
patient outcomes and operational efficiency, showcasing a transferable
model for optimizing healthcare delivery within a Value-Based Health-
care framework.

Keywords: Process Mining - Value-Based Healthcare - Emergency De-
partment - Pain Management - DMAIC Cycle.

1 Introduction: The Innovation in Healthcare Delivery

The contemporary healthcare landscape necessitates a fundamental shift from
traditional, activity-centric approaches to more patient-centric, value-driven mod-
els. Healthcare systems worldwide grapple with the escalating costs, increasing
patient demands, and the constant imperative to deliver superior quality care
with finite resources [3,12, 1]. This module explores a critical journey of trans-
forming healthcare delivery models through a practical, real-world case study
focused on the successful redesign of a pain management pathway within a hos-
pital’s Emergency Department (ED). The PAINKEY project serves as a living
example of how data-driven methodologies and innovative thinking can yield
significant improvements in patient outcomes and operational efficiency. The
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primary drivers for exploring new care delivery models, particularly in this case,
include:

High Clinical Burden and Patient Suffering: Pain is remarkably prevalent
in EDs, affecting over 60-80% of patients|[8,21]. Despite its ubiquity, it is
frequently undertreated or managed with significant delays, leading to pro-
longed patient suffering, negative impacts on their experience, and potential
worsening of clinical recovery [6, 10]. Patients anticipate rapid and effective
pain relief, yet current systems often fall short, with average treatment times
substantially exceeding patient expectations [22, 8, 21].

Significant Economic Impact: Inefficient pain management is not merely a
clinical concern but also an economic one. It contributes to extended lengths
of stay (LOS) in the ED, increased resource consumption, and higher rates
of return visits and readmissions. Untreated pain can also lead to chronic
conditions, further escalating long-term healthcare costs[4]. Optimizing pain
management can thus unlock substantial economic value for healthcare sys-
tems [15,18].

Alignment with Value-Based Healthcare (VBHC) Principles: The transition
towards VBHC mandates that healthcare providers deliver the best possible
health outcomes for patients per unit of cost [24, 11]. Pain management is an
ideal candidate for VBHC initiatives due to its direct impact on patient qual-
ity of life [17], clear economic footprint, and significant margin for improve-
ment. Enhancing pain care directly aligns with the core VBHC objective of
maximizing patient-relevant outcomes with efficient resource utilization.

Ezisting Gaps and Variability in Care: This case study highlights that de-
spite the high prevalence of pain, there is often a lack of standardized as-
sessment [13, 23] and considerable variability in how pain is managed across
different patient groups and even within the same department. This variabil-
ity leads to inefficiencies, suboptimal outcomes, and missed opportunities for
early intervention.

Technological Enablement: The advent of new technologies, particularly In-
teractive Process Mining (IPM), provides unprecedented opportunities to
analyze complex healthcare processes in detail[9]. IPM allows for a shift be-
yond aggregated data to understand the real-world flow of patients, identify
bottlenecks, and pinpoint the root causes of inefficiencies [9,25]. This data-
driven approach is a potent engine for change in modern healthcare [19,
16].

Through the lens of the PAINKEY project, we will explore how a structured

methodology—the DMAIC cycle—combined with the analytical power of IPM
and the PMApp toolkit, was utilized to address these critical motivators, leading
to a new, more effective, and patient-centered model of pain care delivery.
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2 Methodology: The DMAIC Cycle as a Framework for
Process Improvement

The DMAIC (Define, Measure, Analyze, Improve, Control) cycle is a data-driven
improvement cycle employed for enhancing, optimizing, and stabilizing business
processes and designs. It serves as the core methodology of Lean Six Sigma [2, 20].
We will examine each phase through its practical application in the PAINKEY
project, emphasizing the role of Interactive Process Mining (IPM) and its spe-
cialized toolkit, PMApp [14].

2.1 Define Phase: Understanding the Problem and Setting Goals

The "Define" phase is the foundational step where the problem is clearly articu-
lated, the project scope is set, and the objectives are established. In the context
of the PAINKEY project, this phase was crucial for understanding the specific
challenges of pain management within the hospital’s Emergency Department
(ED). While scientific evidence broadly highlights issues in ED pain manage-
ment, the first step was to confirm if these challenges were present in their
specific ED. IPM was introduced early to provide a comprehensive, real-time
view of the existing pain management process. Unlike traditional retrospective
studies, IPM enabled the team to discover and analyze clinical pathways as
they actually occurred, highlighting variability and bottlenecks. A key activity
in this structured phase involved conducting "Data Rodeos," which are highly
coupled, multidisciplinary interactive data analyses aimed at building process in-
dicators that enable objective, comprehensive, and exploratory understanding,
quantification, and qualification of processes and their changes. These sessions
involved emergency nurses and Process Mining experts in co-creation, validating
data quality and understanding the actual flow of events in the pain manage-
ment process, as well as identifying patient flows that deviated from standard
pathways. PMApp, specifically designed to initiate Data Rodeos, facilitates the
application of the IPM methodology in real-world scenarios and promotes its
acceptance among healthcare professionals in their daily practice. An illustra-
tive example from this phase was the iterative refinement of initial questions; for
instance, an early query like "What is the average time from triage to analgesia
care?" initially yielded a finding of 9 minutes to triage plus 54 minutes to care.
Further refinement, by filtering for triage levels II-I11, revealed a refined average
of 48 minutes to analgesia, with a concerning 18% of patients waiting over 60
minutes. This specific insight directly motivated the design of the PAINKEY pi-
lot. During this stage, different "runners" were defined for IPM analysis, such as
"episode" for calculating total length of stay (LOS) and "72-hour" or "30-day"
for a more detailed analysis of return and readmission rates, which would be key
metrics for success. The outcome of the Define phase was a clear understanding
of the pain management problem in the ED, validated through real process data,
and specific objectives for improvement, particularly regarding reducing time to
analgesia and addressing variability.
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2.2 Measure Phase: Quantifying the Problem

The "Measure" phase focuses on collecting data to quantify the extent of the
problem identified in the Define phase. This involves selecting appropriate met-
rics, ensuring data accuracy, and establishing a baseline for future comparison.
For the PAINKEY project, this crucial phase included the extraction of 121,981
patient episodes from January to December 2019 from the hospital’s databases.
Episodes not passing through triage (11,131) were excluded from the main anal-
ysis due to lack of initial complaint information, although a specific circuit was
designed for them. An Interactive Process Indicator (IPI) was constructed by
considering each key event in the patient journey with its timestamp (Figure
3). This allowed for a detailed, event-level reconstruction of the care process.
PMApp plays a vital role in enabling the creation of logs from diverse data
sources like CSV or SQL through its Ingestor Editor module, which also fa-
cilitates data quality management. The Ingestor Editor is organized into five
tabs—Validators, Variables, Events, Trace Data, and Filters—each serving a
specific purpose in refining the data. For instance, the Validators section features
algorithms that accept or reject rows during data ingestion based on criteria set
by healthcare professionals (HCPs). The Events tab is the core of the ingestion
process, where blocks are employed to create events using existing variables and
fields, defining nodes in the final process model. Specific Key Performance Indi-
cators (KPIs) were chosen to provide concrete information on pain management
and patient experience. These included: percentage of patients receiving first
attention/analgesia within 30 minutes; percentage of patients with "intense" or
"very intense" pain waiting more than 15 minutes; and percentage of patients
with "moderate" pain waiting more than 30 minutes. Safety metrics such as
return rates at 72 hours and 30 days, and readmission rates at 72 hours and
30 days, were also selected to detect ineffective treatments or complications. To
estimate pain prevalence, the Manchester Triage System (MTS) chief complaint
diagrams were utilized. This method was preferred over ICD coding due to its
real-time availability at patient arrival and its ability to capture the initial rea-
son for consultation, even if the final diagnosis differs. Diagrams were categorized
into "With Pain" (e.g., abdominal pain, limb problems, headaches) and "With-
out Pain" groups based on the presence of pain, even in cases where the word
"pain" did not explicitly appear in the definition. The culmination of the Mea-
sure phase was a robust dataset and a set of quantifiable KPIs that provided a
clear baseline of the current state of pain management, highlighting significant
delays and variability [10, 7].

2.3 Analyze Phase: Identifying Root Causes and Opportunities

In the "Analyze" phase, the collected data is meticulously examined to identify
the root causes of the problem and pinpoint specific opportunities for improve-
ment. This phase significantly leverages IPM’s capabilities to uncover hidden pat-
terns and process deviations. PMApp’s Dashboard serves as the primary module
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for visualizing and navigating the IPI. This module assembles personalized dash-
boards using configuration information from the Runner file and integrates new
resources through installed plugins. The epidemiological profile analysis con-
firmed a high pain prevalence: 66% of patients passing through triage in 2019
presented with a pain-related complaint, aligning with existing literature. Com-
parative group analysis, facilitated by IPM, allowed for a detailed comparison be-
tween "With Pain" and "Without Pain" groups. It was found that "With Pain"
patients generally had lower estimated complexity (predominantly triage levels
III, IV, V; lower admission rates; shorter overall LOS), yet still experienced sig-
nificant delays in care. The timeliness gap analysis revealed critical gaps: 66% of
"With Pain" patients waited over 30 minutes for first attention, and a concerning
83% of patients with "intense" or "very intense" pain waited more than 15 min-
utes, clearly indicating a deviation from quality standards. Return/readmission
pattern analysis showed that while initial return rates were low (4.1% at 72
hours), they tripled to 13.73% at 30 days, suggesting incomplete resolution of
the pain problem for a significant proportion of patients. Abdominal pain specif-
ically stood out with over 70% of returns/readmissions for the same reason,
indicating a particular area for improvement in initial management. Granular
analysis of the 8 most prevalent pain processes revealed considerable variability
in triage levels, age distribution, admission rates, LOS, and return/readmission
patterns. IPM was essential for visualizing and quantifying this process-specific
variability. The Experiment Designer in PMApp, a module for creating formal
schemes that define the Process Mining algorithm flow, allowed Process Miners
to configure runners by dragging and dropping blocks that represent calls to func-
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tions and algorithms to generate the IPI. This collaborative approach, involving
discussions with HCPs during Data Rodeos, defines the sequence of operations
to transform hospital data into a final IPI. Root cause identification pointed to
delays in initial assessment and analgesia administration as primary areas for
improvement, emphasizing that patients were waiting in pain. The outcome of
the Analyze phase was a precise, data-backed understanding of the inefficiencies
and root causes within the pain management process, providing clear targets for
the improvement phase (8, 5].

2.4 Improve Phase: Implementing Solutions

The "Improve" phase focuses on developing and implementing solutions to ad-
dress the root causes identified in the Analyze phase. These solutions are de-
signed to be effective, efficient, and aligned with the project’s objectives. Based
on the thorough analysis, the PAINKEY project was conceived as a mobile
web application (Web-app) for patient self-assessment upon arrival at the ED.
The design was centered on Value-Based Healthcare (VBHC) principles, focus-
ing on patient outcomes and overall process efficiency. PAINKEY integrated a
comprehensive questionnaire that, while pain-focused, also included questions to
identify other urgent or life-threatening conditions, ensuring equitable care. It
collected comprehensive data on urgency, fragility, and complexity. The informa-
tion from PAINKEY was then used to stratify patients and create differentiated
care circuits within the SUH, aiming to expedite attention and place patients
in the most appropriate care space. Patient responses generated alerts for triage
staff, enabling proactive prioritization of calls and eliminating the "blind spot"
between admission and triage. All data was automatically integrated into the pa-
tient’s electronic health record. The redesign included implementing protocols
for early analgesia initiation, directly addressing the identified delays. The devel-
opment followed a rigorous approach, including a DELPHI study with pain and
emergency experts to build consensus on key assessment items and prioritization
criteria. PMApp’s Experiment Designer, with its drag-and-drop block system,
enhances the tool’s customizability, empowering the Process Mining community
to extend its functionality and reconfigure it to align with hospital information
systems and legacy systems. This flexibility allows for the creation of custom
dashboards aligned with the unique requirements of health scenarios for daily
practice in the Production phase. PAINKEY was technically integrated with the
hospital’s information system, ensuring immediate data availability for staff and
feeding data into the IPIs for continuous process analysis. The outcome of the
Improve phase was the successful design and implementation of the PAINKEY
Web-app and the associated redesign of care pathways, directly targeting the
identified inefficiencies in pain management.

Figure 2 depicts a streamlined, technology-supported patient journey in the
Emergency Department, focusing on pain management.

1. Patient Arrival: The process begins when the patient arrives at the Hos-
pital Emergency Department.
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2. SMS Link to Webapp: After admission, the patient receives an SMS
containing a brief message and a link to the PAINKEY Webapp.

3. Patient Self-Assessment: The patient or a family member accesses the
Webapp via the link and completes a valorization (assessment) questionnaire.
In a second phase, a voice recording of the patient will be used to assess the
intensity of the pain, suggesting future technological integration.

4. Data Integration into Clinical History: The data collected from the We-
bapp assessment is automatically incorporated into the patient’s electronic
clinical history.

5. System Proposed Circuit: Based on the assessed urgency, fragility, and
complexity from the Webapp data, the system proposes a specific care circuit
for the patient within the ED.

6. Professional Confirmation: A healthcare professional reviews and con-
firms this proposed circuit, acting as a guarantee of clinical safety and en-
suring appropriate care.

7. Communication to Patient: Finally, the confirmed care pathway is com-
municated to the patient.

The workflow emphasizes early patient engagement through self-assessment,
data-driven decision-making for care stratification, and a crucial human over-
sight for clinical safety, ultimately aiming to optimize patient flow and pain
management.

® 1 ---H. oo 2
Emergency Department SMS
The patient arrives at the === = = = | Thepatientreceiesansms
Hospital Emergency .- I_I ® %) afterscmissionwith abriet
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Fig. 2. PAINKEY flow

Figure 3 presents a screenshot of the application, where the patient is notified
about the assigned circuit and a summary of the provided data.

2.5 Control Phase: Sustaining the Gains

The "Control" phase is crucial for ensuring that the improvements made are sus-
tained over time and that the process continues to operate at the improved level.
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This involves establishing robust monitoring systems and mechanisms for con-
tinuous feedback and adjustment. For the PAINKEY project, a specific control
panel was configured in PMApp, incorporating the new data from PAINKEY
self-assessments. This allowed for systematic analysis of the IPI by a multidisci-
plinary team. PMApp’s Dashboard provides a platform for visualizing and nav-
igating the IPI, acting as a container that assembles personalized dashboards
using the configuration information from the Runner file and integrating new
resources through installed plugins. Upon completion of the Dashboard cus-
tomization, HCPs and Process Miners can initiate the exploration of the IPI,
typically starting with the Main Perspective, which is the central element illus-
trating the model with all the data. The impact of PAINKEY was objectively
quantified by measuring key value and quality indicators, such as time to first
attention/analgesia, percentage of patients attended within optimal times, and
potential reductions in return/readmission rates. Patient satisfaction was also
evaluated. IPM allowed for detailed visualization and analysis of the new care
circuits, helping to proactively identify any emerging bottlenecks or inefficien-
cies in the redesigned workflows, and also assessing the adequacy of defined care
routes. The systematic analysis of data, including patient-reported outcomes
(PROMs), revealed new underlying causes of problems or variability, such as
characterizing chronic pain patients who frequently returned to the ED. Find-
ings from IPM analysis systematically generated new research questions and
guided proposals for specific, targeted improvement actions. This iterative and
cyclical process ensured constant optimization of pain management, effectively
closing the DMAIC cycle and reinforcing the VBHC approach. Furthermore,
the control phase also recognized limitations, such as inclusion bias for smart-
phone users or data quality, and proposed mitigation strategies for future phases
(e.g., touch terminals in examination rooms, real-time audits of records). The
outcome of the Control phase was the establishment of a robust system for con-
tinuous monitoring and improvement, ensuring the sustainability of the benefits
achieved by PAINKEY and providing a framework for ongoing optimization of
pain management processes.

3 Conclusion: Lessons Learned and Future Directions

The PAINKEY case study provides a compelling example of how a structured,
data-driven approach can significantly transform healthcare delivery models. By
applying the DMAIC methodology in conjunction with Interactive Process Min-
ing and the PMApp toolkit, the hospital was able to move beyond anecdotal
evidence to precisely identify critical inefficiencies in pain management within
its Emergency Department. Key takeaways from this case study include:

— The Power of Data: The ability to visualize and analyze real-world process
data through IPM was fundamental. It allowed the team to quantify the
extent of delays, understand the variability in care, and pinpoint specific
areas for intervention, such as the alarming waiting times for patients with
severe pain.

11
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— Patient-Centered Innovation: PAINKEY exemplifies how technological so-
lutions, when designed with the patient at the centre (validated through
DELPHI studies), can directly address patient needs (e.g., rapid pain as-
sessment) while also improving operational efficiency.

— The Value of a Structured Approach: The DMAIC framework provided a
clear roadmap for the entire improvement journey, from problem definition
to sustained control. This systematic approach ensures that interventions
are evidence-based and their impact is measurable.

— Continuous Improvement is Key: Healthcare is dynamic. The Control phase,
powered by IPM, highlights the necessity of ongoing monitoring and iterative
adjustments to ensure that improvements are maintained and new opportu-
nities for optimization are continuously identified.

— Bridging the Gap between Theory and Practice: This case demonstrates how
theoretical concepts like Value-Based Healthcare can be translated into prac-
tical, implementable solutions that yield tangible benefits for both patients
and the healthcare system.

While the PAINKEY project was a pilot in a specific setting, its method-
ology offers a transferable model for other healthcare challenges. The lessons
learned underscore the importance of embracing data analytics, fostering mul-
tidisciplinary collaboration, and committing to continuous improvement in the
pursuit of delivering high-value, patient-centered care. As future healthcare lead-
ers, understanding and applying these principles will be crucial for navigating
the complexities of modern healthcare and designing the care delivery models of
tomorrow.
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From Fire to Air: Connecting Wildfire PM:.s Emissions
with Air Monitoring Station Concentrations

Helena van den Berg-Sesma!, Edgar Lorenzo-Séez', José-Vicente Oliver-
Villanueva!, and Victoria Lerma-Arce!

! Universitat Politécnica de Valéncia, ITACA Research Institute, Valencia, Spain

Abstract. Wildfire PM:.s emissions in eastern Spain exhibit high spatial heter-
ogeneity, driven by complex interactions between fire severity, vegetation type,
and atmospheric dispersion. This study estimates consumed biomass using sat-
ellite-derived fire severity metrics (ANBR) and severity-dependent biomass
consumption rates. Pre-fire biomass values were assigned per vegetation type
and adjusted at pixel level (30 m x 30 m resolution). Results reveal significant
exceedances of WHO air quality guidelines, with localized PM:.s concentra-
tions surpassing safe thresholds by over 400%. These findings underscore the
need for refined, spatially explicit emission modeling to support air quality
forecasting and public health responses. Future integration of Al-enhanced pre-
dictive models is recommended to anticipate emission hotspots and protect vul-
nerable populations amid a growing wildfire threat exacerbated by climate
change.

1 Introduction

Wildfires are a recurrent phenomenon in Mediterranean-type ecosystems

(MTEs) [1], characterized by hot, dry summers and mild, wet winters which occur in
regions such as California [2], and the Mediterranean Basin [3]. But not only climate
is a key factor in the occurrence of wildfires. In the Mediterranean basin, human ac-
tivity has also intervened in the disruption of the natural patterns of wildfire occur-
rence. The abandonment of agricultural land has resulted in an accumulation of fuel
and the continuous expansion of large unmanaged forest areas in the landscape [4],
[5]. Also, climate change has been associated with an extended wildfire season [6]
with an average one-week extension of the fire season in the Mediterranean region
[7], and an increasing presence of fire in systems where it was not historically present
[8].
One of the most important sources of PMy s air pollution is from wildfire (bushfire)
smoke exposure [9]. Smoke from wildfires disperses widely and affects large portions
of the population away from the fire source [10]. PMy s levels are significantly elevat-
ed during wildfire episodes [11], [12] and can exceed levels set by regulatory bodies
(World Health Organization air quality guidelines for PM,s:5 pg/m? annual mean,
15 pug/m? daily mean) [13].

Exposure to Particulate matter from wildfire smoke has been associated with
both acute and chronic health effects. Acute exposure can lead to respiratory issues
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such as asthma exacerbations, bronchitis, and increased hospital admissions for res-
piratory diseases [14]. In addition, PM, s has the largest body of evidence implicating
adverse cardiovascular effects [15],[16],[17] and a growing literature links wildfire
smoke to more severe outcomes such as cardiovascular mortality [18].

A common approach in public health research to assess population exposure
to PM..s from wildland fires is the use of ground-based air monitoring networks [19].

This study focuses on the spatial and temporal relationship between wildfire
events and PM..s concentrations recorded by regional air quality stations. Specifically,
we analyze the daily PM..s peaks observed during two wildfire events in June 2012 at
stations located within a 50 km radius of the burned areas. By comparing these peaks
to long-term reference values (annual medians, percentiles, and health-based thresh-
olds), and correlating them with estimated wildfire emissions within each station’s
buffer zone, we aim to evaluate how fire activity translates into measurable short-term
air quality impacts. This approach provides insight into the short-term air quality
impacts of wildfires and evaluates whether the estimated wildfire emissions within
each station's surrounding area can explain the magnitude of observed PM..s peaks.

2 Materials and methods

A bottom-up approach was applied to quantify PM, s emissions associated with the
2012 wildfires in the Valencian region. This method integrates spatial data on pre-
existing biomass, land use, and fire severity. The resulting estimates of PM, s emis-
sions are expressed in tons per hectare, which are then used to assess the acute expo-
sure of the local population during the wildfire period.

2.1 Study area

This study focuses on two major extreme wildfire events (EWEs) that occurred in late
June 2012 in the interior of the Valencia region (eastern Spain): the Andilla and Cor-
tes de Pallas wildfires (Figure 1). Both fires ignited under similar meteorological
conditions—marked by unusually high temperatures and prolonged drought [20]—
and occurred within a narrow time window, allowing for a combined assessment of
their atmospheric impact.
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Fig. 1. Location of Andilla and Cortes de Pallas wildfires

The Andilla wildfire burned approximately 20,439 hectares of predominantly pine
forest and Mediterranean shrubland in the northwestern part of the Valencia province.
The Cortes de Pallas wildfire, which broke out around the same time, affected 28,307
hectares in the southwestern part of the province, in a landscape similarly character-
ized by pine forest, shrubland and rural terrain.

Although the two wildfires were not contiguous, their spatial and temporal proximity,
combined with prevailing wind directions, resulted in widespread smoke transport
across the region. This led to measurable changes in air quality, even at considerable
distances from the fire fronts. These events thus offer a valuable case study for ana-
lysing how wildfire emissions influence short-term PMo..s concentrations at regional
air monitoring stations. We examine daily PM..s peaks recorded during the fire period
at stations located within a 50 km radius of the burned areas, with the aim of linking
observed pollution episodes to fire-related emissions and spatial exposure patterns.

2.2 Estimation of pre-existing biomass

Pre-existing biomass values were calculated in tons per hectare (t-ha™) using the
methodology of Lerma-Arce et al. [21], tailored for Mediterranean-type ecosystems
(MTESs). Biomass estimates were assigned to the forest and agricultural land use clas-
ses defined in the SIOSE (Spanish Land Use Information System) land cover database
[22]. Tables 1 and 2 show the values of biomass per hectare for the three provinces of
the region of Valencia and for the different forest and agricultural land uses, respec-
tively.
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Table 1. Average aerial biomass for each forestland use of SIOSE [t-ha'']

Province Castellon Valencia Alicante
Pastureland 7.75 7.75 7.75
Conifers 121.51 90.66 96.69
Deciduous broadleaves 146.10 132.91 132.43
Perennial broadleaves 179.58 101.05 122.75
Shrubs 38.73 43.52 34.00

Table 2. Average aerial biomass for each agriculture land use of SIOSE [t-ha™!]

System Irrigation Rainfed

Province Castellon Valencia Alicante Castellon Valencia Alicante
Rice 7.47 7.47 7.47 ** *E *x
Other herbaceous crops 12.58 12.20 11.47 6.85 6.81 7.05
Citric fruit trees 82.05 76.26 85.90 *E wx *x
Non-citric fruit trees 77.01 73.87 70.55 31.51 31.40 32.00
Vineyards 22.86 22.86 22.86 22.86 22.86 22.86
Olive groves 33.72 33.72 33.72 33.72 33.72 33.72
Other woody crops 31.51 31.40 32.00 31.51 31.40 32.00
Meadows 7.74 7.74 7.74 7.74 7.74 7.74

Since the SIOSE dataset does not coincide exactly with the fire years, biomass was
adjusted using annual biomass growth rates from the National Forest Inventory [23]
for forest land uses (Table 3). No adjustment was made for agricultural areas under

the assumption that annual growth is removed through pruning [21].

Table 3. Average annual yield of aerial biomass [t-ha-1-year-2]

Province Castellon Valencia Alicante
Pastureland 0.83 0.83 0.83
Conifers 4.45 3.30 4.00
Deciduous broadleaves 5.86 6.23 5.34
Perennial broadleaves 6.64 4.52 5.96
Shrubs 1.61 1.85 1.43

2.3 Quantification of biomass consumption

Consumed biomass was estimated based on fire severity and vegetation type. Fol-
lowing De Santis et al. [24], this process involves calculating the proportion of pre-
existing biomass that was burned. Although originally developed for California’s
Mediterranean climate, this methodology was applied to Eastern Spain by Chaves-
Naharro [25]. Fire severity was determined by calculating the Normalized Burn Ratio
(NBR) using Landsat satellite imagery taken before and after each fire. The NBR is a
normalized difference between the near-infrared and short-wave infrared bands [26].
The difference between pre-fire and post-fire NBR (ANBR) was then computed to
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assess the degree of fire severity, which was classified according to the EFFIS fire
severity classification system [27], with minor modifications to class names (see Ta-
ble 4).

Table 4. Relation between ANBR values and the fire severity class

ANBR Fire severity
-500 - 100 Unburned
101 — 269 Low
270 — 439 Moderate
440 - 659 High
660 — 1300 Extreme

Each pixel in the satellite imagery (30 m x 30 m; 900 m?) was assigned a severity
class, vegetation type, and corresponding biomass value. Biomass loss was then esti-
mated using severity-dependent consumption percentages (Table 5), derived from the
works of Chaves-Navarro [25] and De Santis et al. [24].

Table 5. Percentages of biomass consumed by severity class and vegetation type [%]

Fire severity Shrubs Conifers Broadleaves
Low 0.71 0.25 0.25
Moderate 0.84 0.47 0.40
High 0.89 0.56 0.48
Extreme 0.95 0.65 0.56

These percentages were applied to the pre-fire biomass using the equation:

FC=B;ix G (1)

Where, FC is the fraction of consumed biomass (t-ha™), B; is the pre-existing biomass
in the spatial unit, and C; is the percentage of biomass consumed based on fire severi-
ty and vegetation type.

2.4 PM2.s emission factor

In this study, only particulate matter with a diameter less than 2.5 micrometers
(PM:.5) was considered. The emission factor used for PMz.s is 0.0193 tons of PMoa.s
per ton of dry biomass burned. This value was derived from empirical measurements
taken during a series of extreme wildfire events that occurred in Portugal in the sum-
mer of 2009 [28].
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2.5 Selection of Monitoring Stations within the 50 km Radius

To assess the short-term impact of wildfire emissions on ambient PM2.s concentra-
tions, we selected ground-based air quality monitoring stations from the regional
network located within a 50 km radius of the perimeters of the Andilla and Cortes de
Pallas wildfires. This distance threshold was not only consistent with previous studies
reporting measurable smoke transport from wildfires across tens of kilometers [29],
[30] but also ensured the inclusion of key urban areas that were affected by the smoke
plume. In particular, the 50 km buffer was defined to include the city of Valencia and
its surrounding metropolitan area which suffered smoke intrusion during the fire peri-
od [31] (Figure 1).

Fig. 2. Location of air quality monitoring stations within 50 km buffers of the Andilla and
Cortes de Pallas wildfire perimeters.

A total of 16 air quality monitoring stations from the Valencian regional network
were identified within these buffer zones. For each station, we extracted daily PMa.s
data for the year 2012 and identified the maximum daily concentration during the fire
period (June 28 — July 2, 2012). These peak values were then compared to:

o  The station annual average for 2012,

e The 99th percentile of the annual PM..s distribution, and

e The WHO 24-hour guideline value for PMa.s (15 pg/m?) [13].

2.6 Reverse Spatial Approach: Estimating Emissions within Station Buffers

In a complementary analysis, we applied a reverse spatial approach to investigate
whether observed pollution peaks could be predicted by the amount of wildfire emis-
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sions surrounding each monitoring site. For this, we generated a 50 km buffer around
each air quality station and calculated:

o  The total area affected by wildfire within each buffer (in hectares),

e  The total PM..s emissions within that area (in tons), and

e The average emissions per hectare (tons/ha).
By intersecting the wildfire perimeters with the station buffers, we quantified the
spatial overlap between burned area and each station’s area of influence. We then
used Pearson’s correlation analysis to assess the strength and direction of the relation-
ship between PM..s exceedances (as a percentage) and the wildfire metrics (total
burned area, total emissions, and emissions per hectare).

This two-part methodology enabled us to explore the spatial link between wildfire
events and air quality impacts from two complementary directions: from the fires to
the stations (direct influence) and from the stations to the fires (exposure estimation).

3 Results and discussion

The Andilla fire had higher pre-existing biomass (1,014,770 tons) and consumed
biomass (665,145.07 tons) compared to the Cortes de Pallas event (820,648 and
519,134.71 tons, respectively). This resulted in greater PMa.s emissions for Andilla
(12,837.30 tons) than for Cortes de Pallas (10,019.30 tons). The results illustrate the
direct relationship applied during the methodology to convert the amount of biomass
consumed into PM2.s emissions using a scale factor.

Table 6. Total pre-fire biomass, consumed biomass and PMa2.5 emissions in tones

Wildfire Pre-existing biomass Consumed biomass = PM; s emissions
Andilla 1,014,770 665,145.07 12,837.30
Cortes de Pallas 820,648 519,134.71 10,019.30

The spatial distribution maps (Figure 3) and box-and-whisker plots (Figure 4), of-
fer a comprehensive view of the PM» s emission patterns for the Andilla and Cortes de
Pallas wildfires. The maps reveal notable contrasts in emission intensity and spatial
heterogeneity. The Andilla wildfire shows extensive areas with high PM, s emissions,
that surpass 1.5 t-ha’!. In contrast, emissions in the Cortes de Pallas wildfire are pre-
dominantly below 1 t-ha™! with no areas surpassing this threshold. These visual obser-
vations are supported by the statistical distribution shown in the boxplot. The Andilla
fire displays a wider range of PM2.s values and a larger interquartile range, with sev-
eral high outliers, reflecting localized emission hotspots. This indicates considerable
variability in fire behavior and fuel characteristics across the burned landscape. Con-
versely, the Cortes de Pallas fire exhibits a more symmetric and constrained distribu-
tion, with a lower median and fewer extreme values, suggesting more homogeneous
combustion conditions and less quantity of pre-existing biomass.
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Fig. 3. Spatial distribution of PM..s emissions (t-ha'!) from the Andilla (left) and Cortes de
Pallas (right) wildfires. Emission intensity is categorized into four classes, highlighting areas
with the highest particulate matter release. The maps illustrate differences in emission patterns,
density, and spatial extent between the two fire events.
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Fig. 4. Box-and-whisker plots of PM..s emissions per hectare (t-ha™!) for the Andilla and Cortes
de Pallas wildfires. The plots show the distribution, interquartile range, median, and outliers of
emission values across the burned areas. Andilla exhibits greater variability and higher
maximum values, indicating more heterogeneous fire behavior and fuel consumption compared
to Cortes de Pallas.
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To assess how wildfire emissions translated into air quality observations, we ana-
lyzed air monitoring stations located within a 50km radius of the Andilla and Cortes
de Pallas fire perimeters. Table 7 provides baseline PM, s concentrations from these
stations in 2012, including average values and the 99" percentile, along with their
distances from both wildfire sites.

The average background PM;s levels range from 7.30 to 19.76 ug/m?, while the
99th percentile values reach up to 63.81 pg/m?, highlighting substantial variability in
ambient air quality across the network. Several stations, such as 46256001 (located
18.60 km from Andilla and 22.39 km from Cortes de Pallas), lie well within the po-
tential influence zone of wildfire smoke, making them critical for assessing short-
range impacts. Stations that are farther from one wildfire are generally closer to the
other, ensuring all selected stations are within 50 km of at least one fire perimeter. For
example, station 46131002, although farther from Andilla, is located within 50 km of
Cortes de Pallas, which is why it was included in this focused analysis.

These proximity data are essential for interpreting PM=.s anomalies observed dur-
ing the fire periods and determining the extent to which local wildfire emissions in-
fluenced regional air quality. The high-end percentile values further serve as a refer-
ence for identifying exceedances potentially linked to smoke transport and accumula-
tion during the fire events.

Table 7. Normal values for each air monitoring station for 2012

Station code 2012 average Percentile 99 Distance to Distance to C.
Andilla fire (km) Pallas fire (km)
12005005 10,73 25,00 39,71 88,74
12032001 10,31 25,80 43,69 81,83
12040008 10,89 31,00 47,80 91,16
12040016 12,76 31,43 46,55 89,34
12126003 12,87 25,24 27,61 64,82
46077006 7,30 25,59 35,32 5,95
46078004 18,20 63,81 30,68 29,22
46095001 11,21 32,85 47,29 39,26
46102002 14,27 52,96 32,00 25,37
46131002 16,19 61,32 92,92 43,77
46220009 11,48 29,03 28,28 51,23
46250043 15,93 41,99 35,85 30,87
46250046 14,19 37,00 37,61 33,10
46250047 13,00 41,44 39,20 31,36
46250048 19,76 52,90 33,73 28,08
46256001 13,20 44,25 18,60 22,39

Building upon this baseline, Table 8 presents PMz.s concentrations recorded during
the wildfire events. Wildfire period averages ranged from 9.90 to 29.74 pg/m3, with
peak concentrations reaching as high as 75 ug/m?, clearly demonstrating the substan-
tial impact of wildfire smoke on air quality. Stations closer to the fire perimeters, such
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as 46256001 and 46250048, not only exhibited elevated wildfire-period averages but
also some of the highest peaks, underscoring the influence of proximity on smoke
exposure intensity. Additionally, the total PMa.s burden within the 50 km radius, ex-
pressed in tons, varies widely among stations—from a few hundred to over 22,000
tons—reflecting the spatial heterogeneity of wildfire emissions and their dispersion.
When compared to the baseline conditions, these wildfire-period increases confirm
the significant increase in particulate matter due to wildfire activity, emphasizing the
importance of continuous monitoring to capture these episodic air quality deteriora-
tions.

Table 8. Wildfire period values for each air monitoring station

Station code Wildfire average Peak Total PM2.5 at
50km radius
12005005 9,90 22 6251,01
12032001 11,81 24 2691,53
12040008 13,62 28 395,86
12040016 14,25 26 1000,68
12126003 15,47 37 12752,64
46077006 11,57 33 20847,58
46078004 24,68 53 22369,31
46095001 16,19 45 4893,87
46102002 27,22 75 2224518
46131002 27,80 62 912,85
46220009 13,50 32 12813,62
46250043 22,82 47 17181,50
46250046 17,76 38 14268,36
46250047 19,75 49 13354,62
46250048 29,74 71 20362,35
46256001 21,86 47 22855,25

To further quantify the severity of wildfire impacts on air quality, Table 9 presents the
percentual exceedance of peak PM..s concentrations observed during the wildfire
period compared to three benchmarks: the 2012 annual average values, the World
Health Organization (WHO) recommended a daily mean guideline of 15 pg/m?, and
the 99th percentile baseline concentrations from Table 2.

The data reveals that peak PMo:.s levels at all stations substantially exceeded their
respective 2012 averages, with exceedances ranging from approximately 105% up to
over 425% (e.g., station 46102002). When compared to the WHO guideline, many
stations showed exceedances well over 100%, with some surpassing 400%, under-
scoring the significant public health risks associated with wildfire smoke exposure.

Interestingly, exceedances relative to the 99th percentile baseline values were more

variable. While several stations such as 12126003, 46077006, and 46102002 exhibit-
ed positive exceedances—indicating peak wildfire PM..s surpassed typical high-end
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concentrations—others showed negative values, reflecting that their peak wildfire
concentrations did not always exceed historically high episodic levels. This variability
likely reflects differences in local pollution sources and background variability along-
side wildfire smoke influence. Overall, these exceedance metrics highlight the episod-
ic yet intense nature of wildfire-driven air pollution events and emphasize the im-
portance of monitoring and preparedness to mitigate health impacts during wildfire

seasons.
Table 9. Percentual exceedance of the peak to normal values

Station code Exc. 2012 average Exc. OMS recommendation Exc. 99 percentile

12005005 104,99 46,67 -12,00

12032001 132,78 60,00 -6,98

12040008 157,21 86,67 -9,68

12040016 103,70 73,33 -17,28

12126003 187,52 146,67 46,59

46077006 352,16 120,00 28,96

46078004 191,19 253,33 -16,94

46095001 301,35 200,00 36,99

46102002 425,68 400,00 41,62

46131002 282,86 313,33 1,11

46220009 178,67 113,33 10,23

46250043 194,99 213,33 11,93

46250046 167,74 153,33 2,70

46250047 277,00 226,67 18,24

46250048 259,27 373,33 34,22

46256001 256,10 213,33 6,21

Our analysis revealed a moderate positive correlation (Pearson’s *r* = 0.52) be-
tween the exceedance of WHO’s daily PM..s guideline (daily mean of 15 pg/m?) and
total wildfire-related PM..s emissions, suggesting that monitoring stations experienc-
ing more severe acute pollution peaks also tended to be spatially closer to a higher
total of wildfire emissions. However, a univariate logarithmic regression model (Fig-
ure 5) explained only 32% of the variance in emissions (R? = 0.32), highlighting the
limitations of relying solely on exceedance metrics for predictive purposes.
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Fig. 6. Percent exceedance of WHO daily PM..s guidelines (15 pg/m?®) at monitoring stations.

Spatiotemporal patterns of PM2.s exceedances relative to WHO guidelines (Figure 6)
reveal the limitations of distance-based assumptions. These anomalies align with our
nonlinear regression model (Fig. 5, R* = 0.32), which confirms that acute exceedances

explain only a fraction of total emissions variability.
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Tools like HYSPLIT, CALPUFF, or WRF-Chem could elucidate how factors
such as 1) Wind shear and boundary-layer dynamics alter plume advection, 2) Topo-
graphic channeling concentrates smoke in valleys and, 3) Fire behavior (flaming vs.
smoldering phases) affects particle vertical mixing. Coupling these physical models
with machine learning (e.g., random forests trained on dispersion outputs) could dis-
entangle source contributions from background pollution, improving attribution of
PM..s anomalies to wildfire emissions versus local anthropogenic sources.

4 Conclusions

This study compared the Andilla and Cortes de Pallas wildfires, revealing that Andilla
produced significantly higher PM:.s emissions due to greater biomass consumption
and more variable fire behavior. Emission maps showed higher intensity and spatial
heterogeneity for Andilla, while Cortes de Pallas displayed more uniform combustion.
Air quality data within 50 km of both fires showed sharp increases in PMz.s, with
some stations exceeding WHO guidelines by over 400%. However, exceedance pat-
terns did not consistently align with proximity, highlighting the influence of wind,
topography, and combustion phase. A moderate correlation between emissions and
PM:.s peaks suggests that exposure is driven by complex dispersion dynamics. To
improve forecasting and attribution, future work should integrate physical models
with machine learning approaches for better wildfire smoke impact assessment.
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Abstract. Respiratory motion induces displacements in the position
of the heart that affect the electrical information that is measurable
in the torso and should be considered to ensure the accuracy of the
electrical maps obtained. In the present work, the effect of heart motion
on electrocardiographic signals has been evaluated, and strategies have
been developed to minimize the effects caused by heart motion during
respiration within the framework of indirect estimation of cardiac activity
from electrocardiographic measurements.

Keywords: Electrocardiography - Inverse Problem - Respiratory Motion - Heart
Motion Compensation - Cardiac Mapping - Body Surface Potentials.

1 Introduction

We aim to evaluate the effects of respiration-induced cardiac motion on the elec-
trical potential of the body surface and its effects on the estimation of electrical
activity at the heart [1]. To assess this, we conducted a series of simulations and
a series of measurements on healthy subjects, including their electrical activity
using Acorys and their respiratory activity across different breathing patterns.

First, we will simulate sequences of synthetic heartbeats by mimicking the ef-
fects of respiration in a realistic way. We will make use of these synthetic signals
to find a way to evaluate the motion of the heart and to choose a reliable metric
that correlates heartbeats with the respiratory phase. The second part involves
the acquisition and processing of the measurements obtained from healthy volun-
teers, on which the previously developed methods will be applied. The last part
focuses on developing a method to take into account the respiratory motion in
the estimation and visualization of cardiac electrical activity and to compensate
its effect.
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1.1 The Inverse Problem of Electrocardiography

The inverse problem in electrocardiography is used to estimate the electrical
potentials of the heart from measurements recorded on the body surface [2].
This process is fundamental for obtaining non-invasive activation maps, such
as those generated by the ACORYS®) system. However, it is an intrinsically
ill-posed and under-determined problem, where we have fewer metrics in the
body surface (128) than in the epicardium nodes (~ 4000), so its solution must
be regularized. Therefore, small errors or noise in the measurements can lead to
large deviations in the results. Adequately solving the inverse problem is essential
for reconstructing accurate maps of cardiac activity and requires applying soft
constraints to guide the solution towards realistic scenarios.

2 Artificial Heart Movement

This work aims to quantify and correct the effect of respiration-induced heart
motion on the heart’s electrical activity. To achieve this, synthetic heartbeats are
simulated by applying translations and rotations to the heart’s geometry along
its Z axis (cranio-caudal direction), which allows for representing its displacement
during respiration. These transformations are integrated into the calculation of
the transfer matrices (A), generating ECGs that reflect this motion. It is observed
in Fig. 1 that this motion modulates the amplitude of the signals, which can
distort activation maps if respiratory phases are not considered and we average
heartbeats that cannot be compared.
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Fig. 1: Simulated electrical signals for 3 leads accounting for respiratory motion

2.1 Verification of the Heart Trajectory

To estimate the heart’s trajectory during respiration, we will use the Opoint
algorithm. This algorithm calculates 15 possible positions for the cardiac center
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Respiratory Heart Motion in ECG Inverse Problem Solving 3

based on body surface potentials (BSPMs). These estimations vary over time
when respiratory motion is simulated. Comparing the results with the static
case, it is observed that motion alters the estimated positions. Finally, the dis-
tance between a fixed point on the heart and the curve estimated by Opoint is
analyzed, observing that this distance remains almost constant only if the point
moves along the same respiratory trajectory that we designed for computing the
"breathed" EGMs, as we can see in Fig. 2 for the blue line.
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Fig. 2: Distance between an average point of the heart and the midpoint of the
curve estimated by the Opoint for the case in which the heart is static (red) and
when it’s moving (blue)

2.2 Estimation of the Respiratory Phase

Until now, the calculation of electrograms (EGMs) and activation times (ATs)
has been performed without considering the respiratory phase of each heartbeat.
The next step is to detect this phase to apply more precise corrections. For
this purpose, the Z-coordinate (cranio-caudal direction) of the midpoint of the
15 cardiac positions estimated by the Opoint algorithm is used as a metric,
as it reflects displacement from head to toe of the heart during respiration.
This value allows for identifying the respiratory cycle phase of each heartbeat,
which facilitates appropriate triggering. Although this metric is smooth in ideal
simulations, it is expected to also function on real signals, although it will be
noisier.

3 Experimental Developments

Real electrical signals were acquired from two healthy volunteers using the ACO-
RYS®) system. This system includes a vest with 128 electrodes and a 3D recon-
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struction of the subject’s torso to accurately map surface potentials. Measure-
ment conditions were carefully controlled to ensure signal stability. Tests were
conducted under different respiratory patterns, with the best results observed in
scenarios combining apnea and deep breathing.

3.1 Respiratory phase from Z metric

To estimate the respiratory phase of each heartbeat, the Z-coordinate of the car-
diac center estimated by the Opoint algorithm was used, applied exclusively to
the QRS segments to focus on ventricular activity. This approach allows for iden-
tifying whether the heartbeat occurred during inspiration or expiration, based
on the heart’s vertical position. In real signals, the average Z-coordinate was ex-
tracted for each heartbeat and compared with the ECG signal envelope, showing
a clear correlation. During apnea, the estimated trajectory of Z-coordinates re-
mained constant (= 5 mm), whereas in deep breathing, it presented oscillations
of up to 25 mm. These results validate the use of this metric as a reference for
respiratory phase-based triggering and show an undeniable correlation between
both the position of the heart and the electric signals.

(a) Z trajectory of the cardiac center dur-  (b) Z trajectory of the cardiac center dur-
ing apnea and deep breathing (blue) vs.  ing deep breathing (blue) vs. envelope of
envelope of the electrical signal (red). the electrical signal (red).

Fig. 3: Estimation of the cardiac center trajectory (Z coordinate) for different
breathing patterns and electrical signal envelopes.

4 Improvements

4.1 Triggering

By estimating the cardiac center’s position relative to the respiratory phase, a
"triggering" approach averages only heartbeats within the same phase, aiming
for more accurate electrograms (EGMs) and activation times (ATs). We identify
the phase by inspecting the Zs metric, computed previously, specifically at its
maximum or minimum points, which correspond to heartbeats within the same
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respiratory phase. This phase-specific averaging yields clearer activation maps
compared to random averaging, at least in the synthetic case, where we were
able to reproduce a long respiratory session. This highlights the necessity of
respiratory motion compensation to improve the precision of cardiac electrical
activity reconstructions.

(a) AT map for Z peaks. (b) AT map for Z valleys.  (c¢) AT map for any point.

Fig.4: Activation time (AT) maps obtained by averaging beats at different res-
piratory phases in the synthetic case.

5 Results

By averaging heartbeats aligned to their respiratory phase (identified via car-
diac Z-coordinate), increased cross-correlation between the selected heartbeats
and SNR are achieved in synthetic and real data, alongside reduced variabil-
ity and better QRS superposition. This phase-specific approach yields clearer
activation maps, underscoring the need for motion compensation for accurate
reconstruction of cardiac electrical activity.
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Abstract. Microwave processing of lunar regolith presents a promising ap-
proach for in-situ construction on the Moon, reducing the need for terrestrial
material transport. This study investigates the dielectric behavior of a lunar reg-
olith simulant as a function of temperature, with particular focus on its suitabil-
ity for microwave-induced melting. Results show a significant increase in both
dielectric constant and loss factor with temperature, especially beyond the glass
transition (~650 °C) and melting point (~990 °C), where molecular and ionic
mobility markedly enhance microwave absorption. These findings suggest a
self-reinforcing heating effect that can improve energy efficiency and process
speed. This knowledge has important implications for the design of microwave
reactors capable of operating under lunar conditions, offering a potential solu-
tion for sustainable, on-site fabrication of structural materials for extraterrestrial
habitats.

1 Introduction

Establishing a sustained human presence on the Moon is one of the key objectives in
the current era of space exploration. One of the main challenges in achieving this goal
is the need to develop construction methods that minimize dependence on Earth-
supplied materials [1-3]. In-situ resource utilization (ISRU), which involves harness-
ing local resources such as lunar regolith, has emerged as a promising strategy for
building infrastructure directly on the lunar surface. Lunar regolith, a fine and highly
reactive layer of crushed rock and mineral dust covering the Moon’s surface, is abun-
dant and can be transformed into solid building materials using thermal processing
techniques [4]. Among these, microwave energy has gained attention as a particularly
attractive solution due to its ability to deliver volumetric, selective, and efficient heat-
ing in a vacuum environment without the need for physical contact [1].

Microwave melting of regolith offers a path toward fabricating structural elements
such as bricks, landing pads, or radiation-shielding walls. However, the successful
implementation of this technique depends on a deep understanding of the material’s
response to microwave energy, especially at high temperatures approaching or exceed-
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ing the melting point. This includes knowledge of the dielectric properties of lunar
simulants and how they evolve during heating [1]. Additionally, key questions remain
regarding the efficiency, scalability, and reliability of microwave-based systems under
lunar conditions. This study aims to address these challenges by characterizing the
microwave melting behavior of regolith simulants, evaluating the physical and dielec-
tric transformations involved to assist assessing the viability of this method as a sus-
tainable construction approach for future lunar habitats.

2 Materials and Methods

The mare simulant JSC-1A was analysed in this work, being one of the most well-
known and high quality simulants of lunar regoliths. Its main composition is shown in
Table I. The JSC-1A simulant is a powder/gray sandlike material comprised of
crushed basalt, with 1 mm particle size and lower.

Table 1. Composition of the JSC-1A regolith simulant

Major element composition CAS # % by Weight
Silicon Dioxide (SiO2) 14808-60-7 46-49
Titanium Dioxide (TiO2) 13463-67-7 1-2
Aluminum Dioxide (Al203) 1344-28-1 14.5-15.5
Ferric Oxide (Fe203) 1309-37-1 3-4

Iron Oxide (FeO) 1332-37-2 7-75
Magnesium Oxide (MgO) 1309-48-4 8.5-9.5
Calcium Oxide (CaO) 1305-78-8 10-11
Sodium Oxide (Na20) 1313-59-3 2.5-3
Potassium Oxide (K20) 12136-45-7 0.75-0.85
Manganese Oxide (MnO) 1344-43-0 0.15-0-20
Chromium Oxide (Cr203) 1308-38-9 0.02-0.06
Diphosphorus Pentoxide (P205) 1314-56-3 0.6-0.7

2.1 Dielectric properties measurement

The dielectric properties of the simulant have been measured in the equipment de-
scribed in [5], and following the procedure of the ASTM Method B [6]. The method is
based on the measurement of some microwave magnitudes as the resonant frequency
and quality factor of a microwave resonant-cavity test fixture with the test specimen
being heated with microwave energy. The presence of the specimen modifies the reso-
nance properties of the microwave resonant cavity and these changes are employed to
determine the dielectric properties. The measurements are typically carried out by a
network analyzer. The resonant cavity is cylindrical and dielectric specimens are
placed in a cylindrical quartz tube. The test has an accuracy of +(1-2)% for the dielec-
tric constant and +(2-5%) for the loss factor.
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Figure 1 shows the microwave cylindrical cavity employed for the dielectric meas-
urements. The sample of material is placed inside a quartz holder and simultaneously
heated with microwaves up to 1100°C. The sample temperature is continuously meas-
ured with an infrared pyrometer (not shown). The sample was heated from ambient
temperature to melting temperature at a rate of 0.25°C/s under a nitrogen gas envi-
ronment.

Fig. 1. Set up for dielectric characterization at microwave frequencies. 1) Microwave
cylindrical cavity with insertion hole. 2) Quartz holder. 3) Regolith sample.

3 Results

Figure 3 presents the temperature-dependent dielectric properties of the regolith sam-
ple, specifically the real part of the permittivity (dielectric constant) and the dielectric
loss factor. Both parameters exhibit a monotonic increase with temperature, indicating
enhanced interaction of the material with the microwave field as thermal energy rises.
A noticeable inflection point is observed around the glass transition temperature
(~650 °C [Ref. 4, Caroline]), where the slope of increase becomes steeper. This be-
havior is attributed to the increased molecular mobility within the amorphous compo-
nents of the regolith, which allows for more effective dipolar and interfacial polariza-
tion mechanisms to occur.

As the material approaches its melting temperature (~990 °C), it undergoes a transi-
tion from a rigid solid to a viscous or fully molten liquid phase. This structural break-
down significantly increases the freedom of movement of ions and polar species with-
in the melt, further enhancing the dielectric loss and overall microwave absorption
efficiency. The resulting increase in microwave energy coupling facilitates rapid and
volumetric heating, which is advantageous for high-temperature in-situ processes such
as sintering or melting for construction.

37



16

14 +
12 +
10 +

Loss factor

Dielectric constant
[ns]
1

N B O
-

(=]
|
|
|

A
|

‘; V 1 - --r e )
0 200 400 600 800 1000
Temperature (°C)

Fig. 2. DIBILct it pr et coe cr e cgannns crrrromr s sy re e e s st s o e s o

The observed increase in dielectric properties of the regolith with temperature, par-
ticularly above the glass transition and melting points, has significant implications for
the design of microwave melting processes. The strong temperature dependence sug-
gests that once initial heating is achieved, the material’s ability to absorb microwave
energy improves dramatically, leading to a self-reinforcing heating effect. This behav-
ior enables the use of more energy-efficient and targeted heating strategies, potentially
reducing overall power consumption and processing time. However, it also requires
careful control of power input and temperature gradients to avoid thermal runaway or
uneven melting, particularly due to the low thermal conductivity of this type of mate-
rials. The transition to a molten phase, with its markedly higher dielectric loss, indi-
cates that process designs must accommodate changes in material state and ensure
thermal and structural stability during operation.

4 Conclusion

This study has demonstrated the strong temperature dependence of the dielectric prop-
erties of lunar regolith simulants, highlighting their potential for efficient microwave
processing in extraterrestrial construction applications. The observed increase in both
the dielectric constant and loss factor with temperature—particularly above the glass
transition and melting points—indicates that regolith becomes increasingly responsive
to microwave energy as it heats. This behavior is advantageous for initiating and sus-
taining high-temperature processes such as sintering and melting, as it enables selec-
tive, volumetric heating with minimal energy losses.

These findings provide valuable design criteria for the development of microwave-
based systems for in-situ resource utilization on the Moon. Understanding how dielec-
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tric properties evolve during heating is essential for optimizing reactor configurations,
energy delivery strategies, and process control protocols. The results support the fea-
sibility of using microwave energy as a reliable and scalable method for converting
lunar regolith into construction-grade materials in future lunar missions. Continued
research into the real-time behavior of regolith under microwave fields will be key to
advancing this technology and ensuring its successful application in space environ-
ments.
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Abstract. Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia, associated with significant clinical and economic burden. Al-
though catheter ablation is an effective treatment, its success is limited
in persistent cases due to the complexity of the underlying substrate. We
present DIGICOR, a novel interactive platform that integrates electro-
cardiographic imaging (ECGI), computational heart models and digital
twins to simulate AF and evaluate personalized ablation strategies. DIGI-
COR combines real-time simulation of atrial electrical dynamics using a
GPU-accelerated cellular automaton with intuitive 3D visualization and
functional map analysis. It allows users to interactively apply virtual le-
sions and assess their impact using metrics such as dominant frequency
(DF), Stability map, and Reentrant Pattern Histogram. The system en-
ables rapid comparison of scenarios and supports personalized treatment
planning. DIGICOR is a step towards clinical integration of digital twins
in electrophysiology workflows.

Keywords: Atrial fibrillation - Ablation - Functional Mapping - Digital
Twin - Cellular Automaton

1 Introduction

Atrial fibrillation affects over 33 million people worldwide (Chugh et al., 2014)
and is expected to double by 2060 (Krijthe et al., 2013). It results in ineffective
atrial contraction, increasing stroke risk and reducing quality of life. Current
ablation strategies are primarily guided by anatomical protocols, which often
lack sufficient patient-specific adaptation (Boyle et al., 2019). This limitation is
especially evident in persistent atrial fibrillation, where the underlying substrate
exhibits complex structural and electrical remodeling. Although non-invasive
tools such as electrocardiographic imaging (ECGI) and computational modeling
offer considerable potential for enhancing treatment planning, their integration
into clinical workflows remains a major challenge (Molero, 2023).

Digital twins have emerged as a powerful concept in personalized medicine,
enabling simulation of disease dynamics and testing of interventions in a virtual
environment. DIGICOR addresses key barriers to clinical translation by focusing
on ease of use, fast simulation, and visual interpretation.
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2 Objectives

The main goal of this work is to develop DIGICOR, an interactive simulation
platform that facilitates the personalized planning of catheter ablation in atrial
fibrillation. DIGICOR aims to bridge the gap between advanced computational
modeling and clinical workflows by providing a user-friendly interface and real-
time simulation capabilities. The specific objectives of the platform are as follows:

— To implement a computational framework that models atrial electrophysiol-
ogy based on personalized 3D geometries and tunable simulation parameters.

— To allow the visualization of electrical propagation dynamics and the gen-
eration of functional maps such as Dominant Frequency, Stability Map, and
Reentrant Pattern Histogram.

— To support the interactive application of ablation lesions and evaluation of
their effects in near real-time, enabling rapid iteration of therapeutic strate-
gies.

— To provide a modular architecture that integrates C+-+, Python, and MAT-
LAB components, ensuring performance, flexibility, and extensibility.

— To include a scenario comparison system that facilitates the evaluation of
multiple ablation strategies side by side, enhancing decision-making in a
clinical research context.

3 Methods

DIGICOR integrates multiple technologies to provide an interactive simulation
experience. As shown in Fig. 1, the platform’s graphical interface is organized
into several regions: the central panel displays the selected atrial geometry, while
the bottom panel provides interactive controls to restart or play the simulation,
navigate through frames, and edit ablation masks. On the right, the selection
panel shows simulation status and available geometries.

The core simulation engine is implemented in C++ and CUDA, using a
cellular automaton model specifically developed by our research group. This
model simulates electrical propagation over 3D atrial geometries and supports
configurable parameters such as diffusion coefficients, basal activation frequency,
and region-specific heterogeneity. To ensure modularity and performance, the
simulation engine has been compiled into a dynamic-link library (DLL) that
integrates efficiently with the user interface.

The graphical user interface (GUI), developed in Python using the PyQt5
framework, manages the coordination between user inputs, simulation state, and
rendering. Users can load geometries, adjust simulation parameters, apply virtual
ablation lesions, and visualize results interactively.
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Fig. 1. Main DIGICOR interface during an atrial fibrillation simulation.

Signal preprocessing and functional map generation are performed using
MATLARB scripts, also developed by our research group. These scripts analyze
the activation signals and compute relevant metrics such as dominant frequency,
frequency stability, and reentrant activity indicators. As shown in Fig. 2, these
functional maps can be visualized simultaneously and provide insight into ar-
rhythmic activity patterns.

Finally, real-time rendering is handled using the VTK and Vedo libraries,
allowing users to visualize the evolution of activation on the atrial surface, rotate
and zoom the geometry, and compare multiple ablation strategies side by side
within synchronized viewer panels.

DIGICOR also incorporates a scenario management system that enables
users to save, reload, and compare simulation states with different ablation
configurations. This feature supports iterative experimentation and facilitates
treatment strategy evaluation within a single session.

4 Results

DIGICOR enables the interactive exploration of atrial activation patterns under
different physiological conditions and ablation strategies. Simulations are fast
enough to provide feedback within seconds, supporting a near real-time workflow.
The system supports both single-scenario mode and a comparison mode in which
multiple strategies can be viewed.
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Fig. 2. Functional map visualization in DIGICOR. The interface shows the selected
map in the central display, while the left panel provides quick access to all available
maps. Users can toggle between functional maps and the main simulation view.

As shown in Fig. 2, DIGICOR visualizes functional maps in real time from
simulated activation signals. Users can preview all maps in a side panel and
display the selected one over the 3D atrial geometry. All maps are rendered using
color-coded schemes imported from custom MATLAB colormaps and adjusted
dynamically to the data range.

Functional maps generated by DIGICOR include:

— Stability Map: captures the variability and persistence of high-frequency
components.

— Dominant Frequency: identifies the local frequency of activation across the
atrial surface.

— Reentrant Pattern Histogram: highlights regions of circular conduction, in-
dicative of potential rotors.

DIGICOR has been validated on synthetic geometries with known activation
patterns, reproducing expected dynamics and allowing parameter adjustment.
Ablation masks can be applied via a brush tool or imported externally to ensure
reproducibility. To illustrate the effect of ablation strategies, Fig. 3 compares
two simulations. Image (a) applies a partial left pulmonary vein isolation (PVI),
where fibrillatory activity persists. Image (b) applies a more extensive ablation,
bilateral PVI, posterior wall box, and LAA isolation (PVI+PW+LAA), suc-
cessfully terminating the arrhythmia. This highlights the need for personalized
treatments, a task simplified by DIGICOR’s interactive tools.
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Fig. 3. Comparison of two ablation strategies: (a) PVI: fibrillatory activity persists.
(b) Combined PVI+PW+LAA strategy: FA is successfully interrupted.

These results demonstrate how DIGICOR can assist clinicians in evaluating
different lesion strategies and anticipating their effects prior to intervention. The
ability to simulate and visualize outcomes in real time supports more informed
and personalized ablation planning.

5 Conclusions

DIGICOR bridges the gap between advanced computational models and clinical
decision-making. By enabling fast, visual and personalized simulation of atrial
fibrillation and ablation planning, it supports a shift toward more tailored and
effective treatments. In future developments, we aim to incorporate a wider range
of atrial conditions beyond AF, including structural alterations such as fibrosis,
in order to enhance the realism and clinical relevance of the simulations.
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Abstract. This paper explores the integration of process mining tech-
niques within embedded systems, highlighting the potential benefits and
challenges. Embedded systems are specialised computing systems de-
signed to perform specific functions within larger mechanical or electronic
systems. Process mining, an interdisciplinary field, extracts actionable
insights from event logs to optimise business processes. The integration
of process mining into embedded systems offers several advantages, in-
cluding real-time optimisation, predictive maintenance, adaptive and au-
tonomous systems, resource management, and anomaly detection. How-
ever, this integration faces significant challenges such as computational
overhead, real-time constraints, data heterogeneity, and privacy and se-
curity concerns. Overcoming these barriers requires further research to
develop efficient algorithms and integration methods that balance accu-
racy, latency, and privacy protection.

Keywords: Embedded Systems - Process Mining - IoT - Real-Time Pro-
cesses - Adaptative Systems.

1 Introduction

Embedded systems are specialised computing systems designed to perform ded-
icated functions within larger mechanical or electronic systems [10]. Embed-
ded systems in automotive, manufacturing, and related industrial sectors now
favour architectures that combine high-performance computing and intelligent
processing [1]. Unlike general-purpose computers, embedded systems are tailored
for specific tasks, offering optimised performance, reliability, and efficiency in
resource-constrained environments. They integrate hardware and software com-
ponents to achieve seamless interaction with the physical world, often leveraging
sensors, actuators, and communication interfaces [14].

These systems are ubiquitous across various domains, such as automotive
control (e.g., engine management systems), healthcare (e.g., wearable medical
devices), consumer electronics (e.g., smart appliances), and industrial automa-
tion (e.g., robotics and IoT devices). With the advent of advanced technologies
like real-time operating systems (RTOS), machine learning at the edge, and
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ultra-low-power architectures, embedded systems are evolving to support com-
plex applications requiring higher computational capabilities, connectivity, and
adaptability.

The increasing reliance on embedded systems in critical applications, cou-
pled with advancements in hardware and software design, underscores the im-
portance of developing efficient, reliable, and secure solutions. These systems
face challenges such as balancing business requirements with security, managing
connectivity, and ensuring cybersecurity [4]. Mixed-criticality systems, energy
efficiency, reliability, and security are emerging design challenges that require
novel approaches [13].

Process Mining (PM) [16] is an interdisciplinary field bridging data science
and process management, focused on extracting actionable knowledge from event
logs recorded by information systems. By analysing timestamped sequences of
events, Process Mining techniques reconstruct, validate, and improve business
processes, revealing bottlenecks, deviations, and inefficiencies invisible through
traditional methods. Core methodologies like process discovery, conformance
checking, and enhancement enable data-driven process optimisation across do-
mains such as healthcare, manufacturing, and logistics [11].

Process mining has expanded into cyber-physical domains, enabling the ex-
traction of process models from industrial control systems for anomaly detection
and cyber-attack identification [19]. This integration with embedded systems
allows for real-time monitoring and adaptive control in various applications,
including emergency management and healthcare [8]. The SmartPM system
demonstrates automated process adaptation in cyber-physical environments, ad-
dressing unanticipated exceptions and exogenous events through declarative task
specifications, execution monitoring, and automated planning techniques [7]. The
development of enterprise systems based on Cyber-Physical Systems (CPS) and
Internet of Things (IoT) principles focuses on merging real and virtual objects,
increasing complexity. Process mining in this context can generate business pro-
cesses from sensor-acquired data and integrate this data with existing processes,
enhancing the adaptability and flexibility of enterprise systems in unpredictable
physical environments [12]. Other work discusses integrating process mining with
CPS and IoT technologies to enable real-time monitoring and adaptive control
in enterprise systems [18].

However, applying Process Mining to resource-constrained embedded envi-
ronments introduces novel challenges, including real-time log processing, limited
computational capabilities, or synchronisation of heterogeneous event streams,
among others. Process mining, a technique for analysing and improving business
processes using event logs, faces several challenges when applied to complex en-
vironments like healthcare and embedded systems. In healthcare, processes are
often intricate and flexible, requiring adaptation of traditional process mining
approaches [3]. In smart spaces and embedded systems, process mining must ad-
dress differences between human activities and business processes, necessitating
further research to overcome these obstacles [5]. A Delphi study identified 32
challenges for process mining in organisations, highlighting barriers to adoption
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and areas for improvement [9]. These challenges include real-time log process-
ing, limited computational capabilities, and synchronisation of heterogeneous
event streams, particularly in resource-constrained environments like embedded
systems. However, more research is needed in this regard.

While embedded systems and Process Mining have been regarded as separate
topics in research and in practice, we believe that, on the one hand, Process
Mining will greatly benefit from embedded systems (like Process Mining at the
edge). On the other hand, Process Mining poses challenges that will require
enhancements and extensions of the current state of the art in the embedded
systems field. In this article, we question the extent to which these two paradigms
can be combined and discuss emerging challenges. This paper investigates the
viability of embedding Process Mining in edge devices and examines the emerging
technical and methodological barriers to this convergence.

2 Background

In our increasingly interconnected world, a vast array of devices—embedded in
electrical and electronic components—are equipped with sensors and actuators
that enable them to sense, act, and react to their environments. These devices
collect and exchange data through a variety of communication networks, includ-
ing the Internet, forming the backbone of the Internet of Things (IoT). This
network of embedded systems facilitates the continuous monitoring of physical
phenomena via sensing technologies such as wearables, beacons, smartphones,
and machine sensors.

Embedded systems are driving the evolution of smart environments, such as
smart homes, connected cars, smart logistics, and Industry 4.0. By collecting
and analysing data in real time, they enable actionable insights and feedback
mechanisms to optimise processes and enhance system performance. As a result,
embedded systems play a critical role in the big data ecosystem, serving as
one of the three primary sources of information, alongside human-sourced and
process-mediated data [15].

Process Mining, in particular, focuses on analysing timestamped tasks and
activities across time and locations to uncover patterns, optimise workflows, and
improve systems. When integrated with embedded systems, Process Mining can
go beyond traditional analytics by leveraging real-time data streams from IoT
devices for process execution, monitoring, and optimisation. This convergence
of embedded systems and Process Mining offers a more comprehensive view of
system performance, enabling organisations to identify inefficiencies, predict out-
comes, and unlock untapped potential for optimisation. For example, the PRO-
MOTE tool, developed for embedded system development, has demonstrated
the ability to uncover bottlenecks in industrial projects [6]. As process mining
combines process modelling with data science, it offers new ways to address
compliance and performance issues in complex systems [17].

By embedding Process Mining capabilities into connected devices, systems
can achieve unprecedented levels of autonomy and adaptability, turning raw data
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into actionable insights. This integration not only enhances process analytics but
also drives innovation in system development, enabling smarter, more efficient,
and highly responsive systems in a wide range of domains.

2.1 How can Embedded Systems benefit from Process Mining?

Process mining can be applied to Internet of Things (IoT) environments and
cyber-physical systems (CPS) by using stream processing and complex event
processing to aggregate low-level IoT data into higher-level process events [2].
This enables both offline and online process mining, facilitating process discov-
ery, conformance checking, and enhancement in smart factory settings. Embed-
ded systems can significantly benefit from Process Mining when real-time data
streams are utilised effectively. Above, there are included a non-exhaustive key
ways Process Mining can enhance embedded systems and their real-time data.

Real-Time Process Insights and Optimisation. Embedded systems gener-
ate fine-grained event logs (e.g., sensor readings, state transitions) that Process
Mining algorithms (e.g., conformance checking) can analyse to discover, mon-
itor, optimise operational workflows or even detect deviations from expected
workflows. This could have an impact with the immediate identification of hard-
ware/software failures (e.g., an industrial robot arm skipping a step), or reduce
downtime via predictive diagnostics (e.g., detecting wear patterns in motor con-
trollers). For example, in industrial automation (e.g., Industry 4.0), real-time
Process Mining can identify bottlenecks in machine operations, allowing embed-
ded controllers to dynamically adjust parameters for improved efficiency and
throughput.

Enhanced Predictive Maintenance. By analysing patterns in sensor data,
Process Mining can predict equipment failures or maintenance needs before they
occur. Or even Process Mining can discover inefficiencies in runtime processes
(e.g., CPU scheduling, memory allocation). This could allow dynamic adjustment
of resource usage (e.g., reallocating compute tasks based on process bottlenecks)
and energy savings in IoT devices by pruning redundant operations. For example,
embedded systems in manufacturing equipment can leverage Process Mining to
analyse vibration, temperature, or usage patterns, ensuring timely maintenance
and minimising downtime.

Adaptive and Autonomous Systems. Process Mining enables embedded
systems to adapt workflows based on real-time insights, making systems more
autonomous and responsive. For example, a smart home system can use Process
Mining to analyse user behaviour (e.g., energy usage patterns) and autonomously
adjust Heating, Ventilation, and Air Conditioning (HVAC) or lighting systems
for efficiency and comfort.
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Improved Resource Management. Process Mining helps embedded systems
optimise the use of resources such as energy, bandwidth, or storage by identifying
inefficiencies in real-time operations. For example, IoT devices in smart grids
can use Process Mining to monitor and analyse power consumption patterns,
enabling dynamic load balancing and energy savings.

Real-Time Monitoring and Anomaly Detection. Process Mining can de-
tect anomalies or deviations from expected processes in real time, triggering
immediate corrective actions by embedded systems. For example, in wearable
medical devices, Process Mining can monitor patient vitals and detect unusual
patterns (e.g., irregular heartbeats), allowing the system to alert healthcare
providers instantly.

Process Conformance and Compliance. Process Mining ensures that em-
bedded systems operate within predefined parameters and comply with regula-
tory or safety standards. For example, in automotive embedded systems, Process
Mining can validate that processes like airbag deployment or engine calibration
conform to safety protocols in real time.

Data-Driven System Development. Process Mining provides insights into
how embedded systems are used in practice, enabling iterative design improve-
ments. For instance, smart appliance manufacturers can use Process Mining to
analyse user interactions and optimise device features or workflows for better
usability and performance.

Context-Aware Decision Making. Embedded systems can make context-
aware decisions based on real-time process data analysed by Process Mining.
For example, in connected cars, Process Mining can integrate sensor data (e.g.,
traffic conditions, road hazards) to adapt navigation processes dynamically.

Synchronisation of Distributed Embedded Systems. Process Mining can
help coordinate and optimise processes across multiple interconnected embedded
systems. For example, in a smart logistics network, Process Mining can synchro-
nise the operations of embedded systems in vehicles, warehouses, and inventory
systems to optimise delivery routes and schedules.

Scalability and IoT Integration. Process Mining can handle the growing
complexity of embedded systems in IoT networks, providing scalable solutions
for analysing distributed event data. For example, in smart cities, Process Min-
ing can analyse data from embedded systems in traffic lights, public transport,
and utilities to optimise city-wide processes in real time.
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Table 1 provides an overview of example use cases demonstrating the applica-
tion of Process Mining techniques across various domains that utilise embedded
systems. Each domain highlights specific challenges or objectives where Process
Mining can deliver value by analysing event data to optimise processes, ensure
safety, or predict failures. The table also includes the corresponding Process
Mining techniques employed, showcasing the versatility of Process Mining in ad-
dressing domain-specific needs. These examples illustrate the practical synergy
between Process Mining and embedded systems, emphasising their potential to
enhance real-time decision-making and system performance.

Domain Application PM technique used

Optimising assembly

line robotics

Healthcare Validating infusion
devices pump safety protocols
Detecting ECU
communication anomalies
Predicting transformer  Predictive Process
failures Monitoring

Industrial IoT Conformance Checking
Deviation Mining
Automotive Process Discovery

Smart grids

Table 1. Example of use cases.

2.2 How Process Mining Can Benefit from Embedded Systems

Process Mining, an interdisciplinary field bridging data science and process man-
agement, relies on event data to analyse, monitor, and optimise processes. Em-
bedded systems, as the backbone of numerous loT-enabled devices, serve as rich,
real-time data sources that can significantly enhance the capabilities and appli-
cations of Process Mining. Below, we outline the scientific basis for how Process
Mining benefits from embedded systems.

Real-Time Data Acquisition. Embedded systems generate high-resolution,
timestamped event data from sensors and actuators in real time. This contin-
uous stream of data provides Process Mining with detailed, accurate insights
into system workflows and interactions as they occur. The integration of real-
time data allows Process Mining techniques to move from retrospective analysis
to real-time process monitoring and adaptation, making it possible to detect
inefficiencies, bottlenecks, or anomalies on the fly. For example, in industrial
automation, embedded systems in machinery can provide real-time feedback on
production events, enabling Process Mining to instantly identify and address
deviations from optimal workflows.
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Fine-Grained Process Visibility. Embedded systems capture granular data
from physical processes, which traditional enterprise systems may overlook. This
enables Process Mining to gain a more comprehensive and detailed view of under-
lying processes. Fine-grained data enhances the accuracy of process discovery,
conformance checking, and enhancement, particularly for complex, multi-step
processes that involve physical interactions. For instance, in healthcare, wear-
able devices equipped with embedded systems can provide minute-by-minute
data on patient activities, enabling precise monitoring of treatment adherence
OI TecOovery processes.

Distributed and Decentralised Process Mining. Embedded systems are of-
ten distributed across environments (e.g., IoT networks), enabling localised data
collection and analysis at the edge. This decentralisation supports distributed
Process Mining approaches. Leveraging edge devices for localised Process Mining
reduces latency, minimises bandwidth usage, and allows for faster, more efficient
process analysis without relying entirely on centralised systems. An example of
this approach could be found in smart logistics, where embedded systems in
vehicles collect geolocation and operational data, enabling Process Mining to
optimise delivery routes and schedules in a decentralised manner.

Enabling Context-Aware Process Analysis. Embedded systems are equipped
with sensors that capture contextual data (e.g., environmental conditions, user
interactions). This context enriches Process Mining analysis by linking process
events to their physical surroundings. Context-aware Process Mining allows for
a deeper understanding of the factors influencing process performance, enabling
more targeted and effective optimisation. This benefit could be seen in a smart
factory, for example, where temperature and humidity data from embedded sys-
tems can be correlated with production quality metrics, allowing Process Mining
to identify environmental conditions that impact process outcomes.

Integration with Actuation Mechanisms. Embedded systems not only col-
lect data but also control actuators that can modify processes in real time.
This bidirectional capability enables Process Mining to go beyond passive anal-
ysis and actively influence process execution. The integration of Process Mining
with embedded systems enables closed-loop systems where insights derived from
Process Mining directly trigger adjustments to optimise processes. For example,
in connected homes, Process Mining can analyse energy consumption patterns
and directly instruct embedded systems in HVAC units to adjust settings for
improved energy efficiency.

Scalability in IoT-Enabled Environments. The proliferation of embedded
systems in IoT networks generates a vast amount of event data. Process Mining
can leverage this data to scale its analysis to increasingly complex, intercon-
nected systems. By harnessing the scalability of IoT and embedded systems,
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Process Mining can analyse large-scale, distributed processes in ways that were
previously infeasible. For instance, in smart cities, embedded systems in traf-
fic lights and public transportation vehicles provide data for Process Mining to
optimise city-wide traffic flow and reduce congestion.

Real-Time Anomaly Detection and Predictive Analytics. Embedded
systems provide continuous data streams that enable Process Mining to detect
anomalies or predict failures in real time, enhancing system reliability. Predictive
capabilities allow Process Mining to proactively address potential issues, reduc-
ing downtime and improving system availability. An example of this benefit is
found in embedded systems in wind turbines that can monitor vibration and
rotation patterns, enabling Process Mining to predict maintenance needs and
prevent failures.

Bridging Cyber-Physical Systems. Embedded systems are key components
of cyber-physical systems, where physical processes are tightly integrated with
computational processes. Process Mining can utilise data from embedded sys-
tems to analyse, optimise, and align these interactions. Process Mining provides a
framework for understanding and improving the interplay between physical and
digital processes, enhancing overall system performance and adaptability. For
example, in autonomous vehicles, embedded systems provide real-time data on
sensor inputs and control actions, allowing Process Mining to optimise decision-
making algorithms for safety and efficiency.

Enhanced Process Conformance in Critical Applications. Embedded
systems are often used in safety-critical applications (e.g., healthcare, automo-
tive). Process Mining can analyse data from these systems to ensure conformance
to safety standards and regulatory requirements. By ensuring process confor-
mance, Process Mining enhances the reliability and safety of embedded systems
in critical domains. For instance, in medical devices, Process Mining can monitor
and analyse processes to ensure compliance with health regulations and detect
deviations that could compromise patient safety.

Enabling Process Mining at the Edge. With advancements in embed-
ded system architectures, Process Mining can be deployed directly on resource-
constrained devices, enabling real-time, edge-based analysis. Edge-based Process
Mining reduces reliance on centralised infrastructure, enabling faster decision-
making and supporting applications in remote or bandwidth-limited environ-
ments. For example, embedded systems in agricultural sensors can perform lo-
calised Process Mining to optimise irrigation schedules based on soil moisture
and weather conditions.

Embedded systems provide Process Mining with real-time, granular, and
context-rich event data, enabling improved process visibility, adaptability, and
optimisation. By integrating Process Mining with embedded systems, researchers
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and practitioners can unlock new possibilities for real-time monitoring, predictive
analytics, and decentralised process management. This synergy is particularly
critical in ToT-enabled and cyber-physical environments, where the seamless in-
teraction between physical and computational processes is essential for efficiency
and innovation.

3 Challenges

While the integration of Process Mining with embedded systems offers trans-
formative potential, several technical and practical barriers must be addressed
to fully realise this synergy. The resource-constrained nature of embedded sys-
tems and the demands of real-time data processing impose significant challenges.
In this section, we examine key barriers hindering real-time Process Mining on
embedded systems, focusing on computational, temporal, and data-related con-
straints, as well as privacy concerns. Figure 1 presents an overview of these
barriers that are explained in more detail.

Limited
computational
resources

Latency and N 2
network e N Energy Efficiency
constraints (
P Embedded |
Resourc.e—aware systems | Event st.rearn
algorithms / synchronisation

Security and Scalability and
privacy concerns adaptability

Real-Time Log
Processing

Heterogeneous
hardware
architectures

Faulttolerance
and reliability

Fig. 1. Barriers hindering Process Mining on embedded systems.

Computational Overhead. Process Mining algorithms, such as the alpha-
algorithm, often exhibit high computational complexity (e.g., O(n?) or higher for
event log analysis). These algorithms are designed for enterprise-scale systems
with substantial computational resources, which contrasts with the resource-
constrained environments of embedded systems. Limited processing power, mem-
ory, and energy resources in embedded systems make it challenging to execute
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computationally intensive Process Mining tasks, such as process discovery, con-
formance checking, or enhancement, without significant optimisations.

For instance, Process Mining applied to industrial embedded systems must
operate efficiently within the constraints of microcontrollers or low-power pro-
cessors, which are often optimised for specific tasks rather than general-purpose
computation. Without lightweight, resource-aware Process Mining algorithms,
the computational overhead may render real-time analysis infeasible.

Real-Time Constraints. Embedded systems often operate in domains where
real-time responsiveness is critical, such as automotive systems, healthcare de-
vices, or industrial control systems. In such domains, event log analysis must
meet strict deadlines to ensure system safety and functionality. For example, in
automotive applications, Process Mining-based anomaly detection may require
response times under one millisecond to prevent accidents or ensure operational
reliability.

Traditional Process Mining techniques are not inherently designed to meet
such stringent latency requirements, as they often involve computationally ex-
pensive operations like log parsing, state-space exploration, or process model
generation. Adapting Process Mining to meet real-time constraints necessitates
the development of streamlined methods capable of on-the-fly analysis while
adhering to hard deadlines.

Data Heterogeneity. Embedded systems generate data from diverse sources,
including sensors, operating systems (OS), and communication networks. These
data streams often differ in format, granularity, and semantics, making it difficult
to fuse them into coherent event logs suitable for process analysis. For exam-
ple, sensor data may provide high-frequency, low-level measurements, while OS
logs may describe system-level events, and network logs capture communication
patterns.

The challenge lies in standardising and integrating these heterogeneous data
sources into unified process models without introducing errors or losing critical
information. This is particularly complex in distributed or IoT-based embedded
systems, where data flows across multiple devices and layers.

Privacy and Security Concerns. Embedded systems often operate in sensi-
tive domains where data privacy and security are paramount, such as healthcare,
finance, or critical infrastructure. Process Mining in such contexts must address
the potential exposure of sensitive operational data, such as patient health in-
formation in medical devices or user behaviour patterns in smart homes.

Anonymising or encrypting event data to protect privacy adds further compu-
tational overhead and latency, which can conflict with the real-time requirements
of embedded systems. Moreover, ensuring compliance with privacy regulations,
such as the General Data Protection Regulation (GDPR) or the Health Insur-
ance Portability and Accountability (HIPAA), complicates the implementation
of Process Mining in embedded environments.
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4 Conclusions

The integration of Process Mining techniques within embedded systems offers
a transformative potential to enhance efficiency, adaptability, and reliability.
By enabling real-time optimisation, predictive maintenance, and anomaly detec-
tion, embedded systems can achieve improved performance and resilience across
a wide range of applications. However, realising this potential requires address-
ing significant challenges, including computational overhead, stringent real-time
constraints, data heterogeneity, and privacy and security concerns.

To overcome these barriers, future research should prioritise the development
of lightweight, resource-efficient Process Mining algorithms tailored specifically
for the constrained environments of embedded systems. Designing edge-friendly
Process Mining tools capable of delivering insights with minimal latency is es-
sential for meeting real-time operational demands. Furthermore, addressing data
heterogeneity will require standardised frameworks for cross-layer log integration
to ensure coherent and accurate process analysis. Privacy concerns must also be
addressed through robust anonymisation and encryption techniques, ensuring
compliance with regulatory standards while maintaining system functionality.

An important direction for future work involves quantifying the trade-offs
between competing requirements, such as achieving high accuracy versus min-
imising latency, or balancing computational efficiency with privacy protection.
Domain-specific solutions, such as simplified process models for targeted applica-
tions or hybrid architectures that combine edge and cloud-based Process Mining,
should be explored to address the unique needs of various industries.

Interdisciplinary collaboration between experts in Process Mining, embed-
ded systems, and data security will be crucial for overcoming these challenges.
As these issues are addressed, the fusion of Process Mining and embedded sys-
tems is poised to unlock new advancements in real-time, data-driven systems,
enabling autonomous, self-optimising solutions across domains such as industrial
automation, smart devices, healthcare, and beyond.
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Abstract. The use of neural networks has expanded to environments
as diverse as medical systems, industrial devices and space systems. In
these cases, it is essential to balance performance, power consumption,
and silicon area. Furthermore, in critical environments, it is necessary to
ensure high fault tolerance.

Traditionally, the parameters of neural networks have been codified us-
ing 32-bit floating-point numbers, which entails high memory consump-
tion and greater vulnerability to failures due to the aggressive scaling of
CMOS technology. An effective strategy for optimizing these systems is
to reduce parameter precision, using fewer bits and thus, reducing both
the amount of memory required and the processing time.

However, several questions arise when implementing these types of net-
works in embedded systems: Do they maintain their reliability in critical
environments, or do they require fault tolerance mechanisms? Are area
and latency really reduced?

This work addresses these questions by reducing the precision of a neural
network and implementing it in an Arduino-based system. In addition,
Error Correction Codes have been incorporated and, using the fault in-
jection technique, their reliability has been evaluated by comparing the
same neural network with parameters encoded in 8, 16 and 32 bits.

Keywords: Error Correcting Codes - Dependability - Single Faults -
Multiple Faults - Optimized Neural Networks - Embedded Systems

1 Introduction

Nowadays, neural networks have expanded to such an extent that they are now
commonly found in fields as diverse as the automotive industry, aerospace appli-
cations, and consumer electronics [3]. Neural networks process a large amount of
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information through interconnected nodes (neurons) organized in multiple layers
[39], basing their operation on a series of parameters (weights, biases, etc.).

The operation of a neural network is divided into two phases. In the first one,
known as training phase, the aforementioned parameters are calculated. These
values will determine the network’s behaviour during the second phase, known
as inference phase. In this second stage, predictions are made based on new input
data. Thus, the integrity of the parameters calculated in the training phase is
essential for the proper functioning of the neural network, as an erroneous value
can seriously compromise the accuracy of the predictions.

During the initial training stage, the different values of the neural network
(weights, biases, etc.) are represented in the IEEE 754 single-precision format
[1], also known as FP32. To reduce the execution time during the inference stage,
weights are usually stored in memory. However, the increasing integration scale
of CMOS technology has increased the rate of multiple faults in memory devices
[6], which can negatively affect the neural network inference process [21][24].
For example, corruption of just 13 bits in the CNN ResNet18, within a set of
approximately 93 million bits, has been shown to cause a complete collapse of
the network [29]. This vulnerability has caused a growing interest in researching
the reliability of neural networks [34][28]. Results obtained in these works show
that it is essential to incorporate fault tolerance mechanisms when implementing
neural networks in critical applications [4][33][31].

To reduce memory footprint, a current trend is the compression of the neu-
ral network models, generating optimized models [22]. This reduction in memory
usage decreases the likelihood of fault occurrences, thereby increasing the net-
work’s reliability [11].

While model compression is effective and optimized neural networks main-
tain an adequate level of accuracy for many applications, several questions arise
when attempting to use these models in embedded systems operating in criti-
cal environments: Will the optimized network be sufficiently reliable, or will it
be necessary to implement additional fault-tolerance mechanisms? What is the
improvement in area consumption and latency of the optimized network?

In this paper, we have developed a simple neural network with parameters
codified in FP32. Then, we have optimized it, by quantizing their parameters
with different data word sizes. Next, we have implemented all neural network’s
models into an Arduino-based system, and we have studied the reliability of these
neural networks, both unprotected and protected with different Error Correcting
Codes, comparing their results.

This work is organized as follows. Section 2 briefly describes the neural net-
work model compression processes and the application of error-correcting codes
to them. Section 3 summarizes the embedded system used, the implemented neu-
ral network, and the optimization methods. Section 4 presents the experimental
evaluation of the system, analyzing the impact of fault injection before and after
applying different types of Error Correcting Codes. Finally, Section 5 presents
the conclusions obtained from the results achieved.
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2 Compression and Fault Tolerance in Neural Netowrks

2.1 Compression of neural networks

As discussed in the previous section, neural network parameters are usually
represented in the IEEE 754 single-precision (FP32) format. However, using pa-
rameters in this format results in high memory usage and an increase in inference
time. In this way, optimising both factors has become increasingly important.
Different strategies can be used to compact neural networks [7][23]. At the hard-
ware level, this optimization can be achieved through specialized devices, such
as neural network accelerators, which optimize system architecture to improve
parallelism and minimize memory accesses [25][20].

At software level, it is possible to reduce network complexity by designing
smaller models with acceptable accuracy [37], or by decomposing the original
parameters into multiple smaller matrices or tensors, focusing on the reduction
of both, the memory footprint and the number of required operations [27].

Parameter pruning and optimization processes are widely used techniques
for compressing and accelerating neural network models [5]. Both techniques
try to eliminate redundant parameters that do not significantly affect network
performance. They are typically applied in convolutional and fully connected
layers. For example, the Brain floating-point format, also known as BF16 [19],
is supported by various accelerators, such as NVIDIA Ampere GPUs [10] or
Intel’s Nervana accelerators [16]. These devices allow for inferences using BF16
arithmetic. Although other floating-point formats exist, their use is limited by a
lack of hardware support, so they will not be included in this work.

Also, quantization allows weights, represented in FP32, to be converted into
8-bit integers, also known as INT8 [19]. This transformation reduces the size
of parameters in memory and simplifies arithmetic operations by decreasing
numerical precision.

While approximating FP32 values to formats with fewer bits generates round-
ing errors that, in some cases, can affect the accuracy of certain neural networks,
those based on BF16 or INTS offer the same accuracy as their FP32-based coun-
terparts [8].

2.2 Protecting neural networks with error correcting codes

In general, the smaller the weights of a neural network, the greater its resilience
[35][30]. Even so, fault tolerance mechanisms must be added if the neural network
is to be used in a critical environment. In this section, we will focus on the
protection of neural network parameters using Error Correcting Codes (ECC).

Many works have studied this type of neural network protection, among
which we can highlight the following ones, as they propose ECCs similar to those
used in this work. For example, [18] combines single error correction (SEC) and
triple repetition codes. In this case, it is a specific solution for a specific CNN,
rather than a generic methodology applicable to any network.
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On the other hand, in [26], and depending on the bit values (30 : 28) of
the neural network weights, various types of Hamming SEC are used to protect
specific bits. The approach presented in [15] is applied to optimized neural net-
works. In this case, a training scheme is proposed that obtains at least seven
non-significant bits within eight consecutive weights (8 bytes) to implement a
SEC-DED (Double Error Detection) code.

A final approach is presented in [12]|, where a series of ECCs with differ-
ent fault-tolerance properties have been implemented to protect the weights of
several neural networks with parameters in BF16 format.

3 System Description

This section summarizes the main characteristics of both the embedded system
and the neural network used in this work, as well as the optimization methods.

3.1 Embedded system and neural network

The embedded system has been used in a mobile robot based on an Arduino
UNO R3 board. This system incorporates an ATmega328p microcontroller, 32
KB of FLASH memory, 2 KB of SRAM, 1 KB of EEPROM, and operates at 16
MHz. The robot has two DC motors for the rear wheels, three infrared proximity
sensors (one E18-D80NK in the center and two KY-032 sensors on the sides),
and a servomotor for steering, in addition to the necessary hardware to power
the system, as shown in Fig. 1.

(a) Side view.

Fig. 1. Arduino-based system.

To drive the mobile robot, we have generated and trained a small neural
network with the following characteristics (see Fig. 2):

— 3-layer neural network: input, intermediate, and output.
— Input layer: receives readings from the three proximity sensors (left, right,
and center).
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— Intermediate layer with 5 neurons.

— Output layer: generates outputs corresponding to speed, direction of rota-
tion, and forward direction.

— Two sets of weights, one between the input layer and the intermediate layer
(hereafter referred to as Stage 1 weights), and another one between the
intermediate layer and the output layer (hereafter referred to as Stage 2
weights).

Layer 1: Layer 2: Layer 3:

Input: .
puts Input Intermediate Ouput

Ouputs

Weights

Fig. 2. Neural network scheme.

Once the weights were generated, inference was implemented in the mobile
robot, such that the appropriate outputs were generated based on the proximity
sensor values. Weights are originally encoded in the FP32 format. This format
uses 32 bits distributed as follows (see Fig. 3): bit 31 stores the sign bit (S), bits 30
through 23 contain the exponent (E) in excess-127 format, and bits 22 through 0
represent the magnitude, with one implicit bit. Thus, the corresponding decimal
value can be calculated according to Equation 1.

S Exponent (8 bits) Magnitude (23 bits)

Fig. 3. FP32 format.
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23
value = (—1)% x 257127 (1,0 +) bas; x 2i> (1)

i=1

3.2 Reduction of the neural network parameters’ size

Despite the simplicity of the neural network used, its design allows us to evaluate
the network’s behavior in a real-world environment, providing a solid basis for
analyzing the system’s resilience to memory faults, and verifying both the feasi-
bility of optimizing its parameters and its protection with ECC. In this way, we
have carried out two types of parameter’s size reduction, which we will describe
next.

Summary of the BF16 format. We have converted the original FP32 param-
eters into the BF16 format just truncating the lowest 16 bits, as shown in Fig. 4.
Thus, the optimized network weights are stored in memory in 16-bit variables.
Inference is executed in real time, adjusting the robot outputs according to the
sensor signals.

313029 28 27 26 2524 23 22 21 2019 18 17 16§15 1413121110 9 8 7 6 5 4 3 2 1 0
IEEE
L LT T T T T T T T I I T T T T T T T T T I TITTT]
SRR EE R R R
1098 76543210 BF16 bits (15:0) correspond to FP32 (31:16)

1514 13 12 11
BF16| | | | | | | | | | | l | | | | bits. Conversion from FP32 to BF16 consists

of discarding bits (15:0) from the FP32 value.
|:|Sign DExponent l:lMantissa € ( )

Fig. 4. FP32 vs BF16 format [32].

Although the weights in BF16 are stored in memory in 16-bit variables, the
various operations related to the neural network are performed in 32-bit floating-
point variables. To do this, we define a 32-bit floating-point variable, in which
the weight in BF16 is stored in the 16 most significant bits, and the 16 least
significant bits are set to ’0’. This way, the same Arduino library can be used in
both neural networks (FP32 and BF16) to perform the necessary floating-point
operations, without having to implement a new library.

Summary of the quantization process: from FP32 to INTS8. This section
will detail the post-training quantization process carried out based on the general
procedure presented in [17].

As already mentioned, quantization process reduces the computational and
energy resources of a neural network. In the case of this work, this process
consisted on converting the network’s weights and biases, initially represented
in 32-bit floating-point (FP32), into 8-bit integers (INTS).
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To quantize the network, the first step is to quantize its weights and inputs.
Each set of weights and the set of inputs are processed independently, since their
quantized values depend only on their range of values, once the network has been
trained, and on the range of values defined for quantization. Thus, each data set
is traversed to locate its maximum and minimum values. Each data set is then
iterated through again to adjust its values to the 8-bit integer range [—128,127]
according to Equation 2.

(max — min)
255

zero = —round(m) — 128 (2)
scale

scale =

loat
int8 = round(fﬂ) + zero
scale

scale allows to divide the range of real values into uniform partitions, while
zero defines the integer value associated with the real value 0.0. Values greater
than 127 or lower than —128 are truncated to those values.

Once this data have been quantized, it is necessary to determine how it affects
the processing performed in each of the network’s layers and what are the scale
and zero values for these layers. This operation must be performed sequentially,
following the propagation of information from the system’s input to its output.
Thus, in this case, the first stage to consider would be the intermediate layer
in Fig. 2, which corresponds to a dense layer with a hyperbolic tangent as the
activation function.

To do this, the dense layer is first applied to the input data set, but using
the real values resulting from dequantizing the previously quantized inputs and
weights, according to Equation 3.

float = scale x (int8 — cero) (3)

This allows us to monitor the operation performed by the dense layer, obtain
the maximum and minimum values generated when processing all the input data,
and thereby determine its scale and zero. From these values, using Equation 2, we
obtain the quantized values provided by this layer when processing the quantized
data.

Afterwards, it is necessary to determine the effect of quantization on the ac-
tivation function. Since the hyperbolic tangent is a very expensive operation to
perform, the simplest solution to fulfill it using integer arithmetic is to precal-
culate a lookup table for all possible values this function can have for the range
of integers considered, [—128,127] in this case. As done before, it is necessary to
consider the effect that the quantization of the dense layer from which the data
processed by this activation function comes from. Therefore, the lookup table is
calculated using Equation 4, from the dequantization of the output data of the
dense layer (Equation 3).
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(1.0 - (~1.0)) _ 2.0

scale = 255 = 255

-1.0
zero = —round(——) — 128 =0
scale

(4)
V value € [—128,127]

float = scalepense X (value — zeropense)

tanh(float)

int8lvalue + 128] = round( i
scale

) + zero

Thus, from this lookup table, the output values of the dense layer’s activation
function can be obtained after processing all the quantized values.

This same procedure must be applied successively to all the layers defined in
the network. In our case, only one more dense layer with a hyperbolic tangent
as the activation function remains.

Once the network is quantized, inference operations are performed using in-
teger arithmetic, which simplifies calculations and significantly reduces latency.
The convolutional and dense layers, which are the most computationally inten-
sive, transform multiplication and accumulation operations into integer opera-
tions.

In fully connected layers, the output is calculated as the weighted sum of
the inputs multiplied by the weights, plus a bias (translated as bias, shift, or
threshold). When quantized, these values are scaled with a zero point, allowing
floating-point operations to be transformed into integer operations with bit shifts
and rounding. This transformation not only simplifies the required hardware but
also allows operations to be parallelized, increasing efficiency. However, when
implementing the quantized network in Arduino, we had an additional problem:
to obtain maximum precision, the quantized network internally uses not only
8-bit integers, but also requires integers up to 64 bits. Specifically, there is a
product of 32-bit integer values, which generates a 64-bit result. This is not
supported by Arduino, since it only implements integers up to 32 bits and the
arithmetic supported by them. Since the 64-bit result is subsequently shifted 32
places to the right and rounded, it was possible to solve this by using only 32-bit
integers, alternating partial sums and one-bit shifts, instead of performing the
entire shift at the end.

Integer arithmetic inference has the advantage of running faster and con-
suming less power, but it introduces small variations in the results due to the
reduction in numerical precision. However, these variations are usually tolera-
ble in many practical cases, especially when looking for lightweight and efficient
systems.
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4 Experimental evaluation

4.1 Results of fault injection experiments in the unprotected
system

In order to evaluate the performance of the neural network when memory errors
affect its weights, we have carried out different fault injection experiments [2]
in the embedded system. To do this, single and multiple adjacent bit-flip faults
were injected into all bits of all weights, analyzing whether these errors caused
changes in one or more outputs. As can be seen in Table 1, even a single erroneous
bit can cause changes in the outputs. Furthermore, the percentage of changed
outputs increases as more faults are injected, an expected result.

Table 1. Percentage of outputs changed

Adjacent No
FzJiultS e 1L ey 2 Variation
FP32
1 3,78 2,42 93,81
2 3,82 2,43 93,75
3 3,62 2,46 93,92
4 3,75 2,58 93,68
5 3,88 2,68 93,44
6 4,01 2,77 93,22
7 4,24 2,86 92,9
8 4,40 2,98 92,62
BF16
1 6,41 3,81 89,78
2 6,51 3,83 89,67
3 5,77 3,85 90,38
4 5,80 3,87 90,33
5 5,84 3,9 90,26
6 5,89 3,93 90,18
7 6,15 3,97 89,88
8 6,25 4,02 89,73
INTS
1 2,08 0,48 97,43
2 2,38 0,47 97,15
3 2,68 0,6 96,73
4 2,92 0,65 96,43
5 3,13 0,67 96,21
6 3,27 0,69 96,03
7 3,72 0,74 95,54
8 3,87 0,89 95,24

We can also see that the network with the INT8 neural network presents
the lowest percentage of changed outputs, a common behavior in this type of
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model [38]. As quantization limits the range of representable values, even in the
presence of errors in the parameters, their value remains within the expected
range, which limits the effect of the error. On the contrary, errors in the FP32
format can change the represented value by many orders of magnitude, with a
devastating effect on the inference process.

On the other hand, BF16 network shows the highest percentage of changed
outputs. This is because the BF16 format eliminates the superfluous bits that
could be found in the FP32 format network, and whose modification does not
affect the network’s behavior. In other words, the BF16 format consists of fewer,
but more significant, bits, so the variations are greater than in FP32 in propor-
tion to the number of injections.

It can also be seen that the weights in Layer 1 are more likely to induce
changes in the outputs than those in Layer 2. This is due to the complete con-
nection between neurons in consecutive stages: an error in the intermediate stage
propagates to all neurons in the output stage, while an error in the final stage
only affects one neuron, which reduces the damage that can be caused.

Table 2 shows the percentage of failures that occurred with respect to the
changed outputs, considering a variation in the output value greater than 5% as
a failure. We can observe that the optimised neural networks (BF16 and INTS8
networks) have a higher failure percentage than the FP32 network. As mentioned
before, in the BF16 optimized network, all superfluous bits have been removed,
leaving only the truly significant bits. On the other hand, although there is a
lower percentage of changed outputs in the INT8 network (as seen in Table 1),
these variations mainly provoke a change in outputs greater than 5%.

Table 2. Percentage of failures

FP32 BF16 INTS8
A?;E;::S nt Layer 1|Layer 2|Layer 1|Layer 2|Layer 1|Layer 2
1 12,56 3,91 15,79 5,21 75,00 66,07
2 11,56 5,33 15,03 7,41 71,43 70,69
3 4,93 4,89 7,14 7,14 72,22 74,07
4 5,21 4,85 8,12 7,69 73,47 67,31
5 4,93 4,86 8,33 8,33 71,43 68,89
6 4,95 4,57 9,09 8,59 78,79 70,59
7 6,49 4,07 12,90 8,33 84,00 69,57
8 6,76 3,52 14,88 8,02 92,31 76,92

It should be noted that, in more realistic environments, an optimized network
is more robust, as the probability of errors decreases as fewer bits are required to
store the different parameters. This can be verified theoretically with Equation
5, which shows the overall failure rate, which can be seen in Fig. 5 (considering
A equal to the failure rate -which in our case is 1 since we have performed an
exhaustive fault injection in all bits of all weights-, n_cells the number of cells
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occupied by the neural network weights relative to the overall number of cells,
and n_ failure the number of failures). In this figure, we can confirm that the

optimized networks are more robust, with a higher failure rate of the FP32
network, followed by the BF16 failure rate.

Failure _rate= X\ x n_cells xn_ failure (5)

Failure Rate

1 2 3 4 5 6 7 8

Number of adajcent bit-flips

30

Failure Rate
. -
o w

w

0

EFP32 mBF16 mINT8

Fig. 5. FP32 vs BF16 format [32].

4.2 Error correcting codes used

As we have just checked, a variation in a single bit can cause changes in the
outputs of the neural network. If we want to use it in a critical environment, the
weights of the neural network must be protected. We have used a series of Error
Correcting Codes (ECCs) to protect these weights.

— Single Error Correction-Double Adjacent Error Correction (SEC-DAEC).
We have used different versions of this ECC, adapted to the word length of
each data (FP32, BF16 and INTS). They are based on Hamming SEC codes
and the interleaving technique [36].

— Asymmetric ECC. This type of ECC is able to protect some bits more than
others. The idea behind applying Asymmetric ECC is to sacrifice some ro-
bustness of the neural network in exchange for improving both the size and
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latency of the program, protecting some bits more than others [13]. As in the
previous ECC, different versions of this ECC, adapted to the word length
of each data (FP32, BF16 and INTS8) have been used. Specifically, we have
used:

e UEP (40, 32) for the FP32 network. This ECC can correct single and
double adjacent errors in the 16 most significant bits (the protected area);
and single errors in both the protected area and the parity bits.

o UEP (22, 16) for the BF16 network. This ECC protects the 10 highest-
order bits against single or double adjacent errors. That is, if a single or
double adjacent error occurs, regardless of the position, the 10 highest-
order bits are guaranteed to be correct. If the error affects those bits, they
are corrected. If the error affects unprotected bits, the decoding process
is guaranteed to not affect the protected bits, ensuring their integrity.

e UEP (12, 8) for the INTS8 network. As in the previous case, this asym-
metric ECC guarantees that the four highest-order bits will be protected
against single or double adjacent errors regardless of the affected bits of
the codeword.

— FUEC-DAEC (23, 16) [14]. This ECC is capable of correcting single and
double adjacent errors in 16-bit words with only 7 parity bits. Furthermore,
it can also detect bursts of 3- or 4-bit errors. It has been used in the FP32
and BF16 networks.

4.3 Results of fault injection experiments in the protected system

As we have already seen, errors in the neural network weights cause failures in
the outputs. To reduce these effects, we have added the ECCs just described
to the different networks. Table 3 shows the failure rate of the different neural
networks protected by the ECCs. With respect to the unprotected networks, the
failure rate has decreased in all cases, an expected result. Specially significant
are the results of single and double adjacent errors, as failure rate is 0 in almost
all cases, according to the fault tolerance of the corresponding ECC. UEP ECC
for the INT8 is the unique case where the failure rate is not 0 for single and
double adjacent errors. This is the normal behaviour of the UEP ECC. In the
cases of FP32 and BF16, the intrinsic redundancy of these networks causes a
failure rate equal to 0 when using this type of ECC.

4.4 Analysis of the introduced overhead

The incorporation of fault-tolerance mechanisms in the system generates an
overhead in both the software size and its latency. Table 4 presents the results
obtained, where the values in parentheses indicate the percentage of memory
used. It should be noted that, in the implementation of the different Error Cor-
recting Codes, a literal translation of the design into hardware has not been
made. Instead, software structures have been used that minimize the overhead
introduced by the ECCs.
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Table 3. Failure rate
FP32
Adjacent
FUEC-DAEC|SEC-DAEC | UEP
Faults
1 0,00 0,00 0,00
2 0,00 0,00 0,00
3 14,77 15,59 19,69
4 15,18 15,18 37,32
5 15,18 34,45 40,61
6 14,36 15,18 58,65
7 11,89 18,87 20,51
8 15,59 16,41 53,73
BF16
Adjacent
FUEC-DAEC|SEC-DAEC | UEP
Faults
1 0,00 0,00 0,00
2 0,00 0,00 0,00
3 6,56 6,56 6,56
4 14,15 14,15 14,15
5 10,87 10,87 10,87
6 7,79 7,79 7,79
7 9,02 9,02 9,02
8 8,82 8,82 8,82
INTS8
Adjacent| SEC-DAEC |[SEC-DAEC UEP
Faults Vi V2
1 0,00 0,00 2,67
2 0,00 0,00 2,46
3 8,20 7,69 8,82
4 7,49 7,49 9,02
5 6,15 6,36 6,87
6 4,61 5,13 5,02
7 2,87 2,87 3,79
8 2,26 1,13 2,26
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Table 4. System overhead

FP32
Sketch Gl.obal E.xecution
variables time (us)
Unprotected 5556 (17%) |265 (12%)| 2576
FUEC-DAEC | 8716 (27%) (341 (16%) 14122
SEC-DAEC 7870 (24%) |341 (16%) 13267
UEP 7908 (24%) |307 (14%)| 14084
BF16
Sketch Gl'obal E.xecution
variables time (us)
Unprotected 5452 (16%) | 179 (8%) 2601
FUEC-DAEC | 6592 (20%) (221 (10%)| 6592
SEC-DAEC 6192 (19%) (221 (10%)| 3717
UEP 6152 (19%) |221 (10%)| 3596
INTS8
Sketch Gl'obal E.xecution
variables time (us)
Unprotected 5740 (17%) |658 (32%)| 2916
SEC-DAEC V1| 6236 (19%) [700 (34%)| 3649
SEC-DAEC V2|6186 (196%)[700 (34%)| 3666
UEP 6136 (19%) |700 (34%)| 3552

Software size analysis. As can be seen in Table 4, memory consumption
decreases significantly with the size of the parameters. If we also take into account
that the ECCs used are also more compact, the final result is a clear decrease
in the amount of memory used, even though the neural network is very small.

Regarding the ECCs themselves, the differences in memory consumption are
minimal. One of the reasons is that all ECCs have similar error correction capa-
bilities (they all correct single and double adjacent errors), which means that the
formulas used for error correction are similar. It can be observed that the fewer
the parity bits, the lower the memory consumption. In this sense, the UEP ECC
requires the least memory, as it corrects the fewest errors (single and double
adjacent errors in the protected area).

Regarding the FUEC-DAEC ECC, it occupies the largest memory space since
it has the highest fault tolerance capabilities (it is capable of correcting single
and double adjacent faults, and detecting bursts of 3 and 4 erroneous bits).
It should be noted that in the experiments carried out with the FUEC-DAEC
ECC, the 3- or 4-bit burst error detection offered by this ECC was not used,
since we were initially only interested in error correction. However, considering
the memory occupancy data and the time overhead associated with this ECC
(analyzed in the next section), it could be beneficial to take advantage of this
fault tolerance capability. For example, when detecting these types of errors, the
calculations performed by the neural network could be repeated, that is, it is
possible to implement temporal redundancy [9]. However, it is important to keep
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in mind that implementing this additional functionality would imply an increase
in both memory usage and program latency.

Runtime analysis. Regarding the execution time, given that the processor
commands require approximately 750 ms to generate the desired effects on the
mobile robot’s mechanical components, there is sufficient time to perform the
verification of the various ECCs without affecting the normal operation of the
robot.

One notable finding is the decrease in execution time for the protected ver-
sions in the optimized neural networks. This significant reduction is due to the
fact that the ECC error checking operations are performed with 8- or 16-bit
data, stored as unsigned integers. This makes the operations performed on the
Arduino more efficient, which directly affects execution time. Regarding the un-
protected version, it can be seen that the execution time is similar in all versions
of the neural network.

5 Conclusions and future work

In this work, we have analyzed the integration of different Error Correcting
Codes (ECC) into a neural network implemented in Arduino with parameters
in different formats (FP32, BF16 and INT8). Our main objective has been to
protect the neural network weights from memory faults and to evaluate whether
the generated overhead is manageable in terms of software size and execution
time.

Although the neural network used is small, it is useful as a test case to
study this type of protection against memory faults. To evaluate the system’s
behavior, we have exhaustively run several fault injection campaigns on the
network’s weights, both when protected and unprotected. In any case, we have
observed that the inclusion of ECCs does not entail excessive overhead, making
its use viable in this context. We have also seen a significant improvement in
memory consumption and execution time when using reduced size parameters.

As future work, we plan to continue exploring new ECC and other fault
tolerance mechanisms to evaluate their applicability in this type of embedded
systems.
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Abstract

This research presents Lalaby-Glio, an adaptation of the Lalaby app for monitoring quality of life (QoL) and capturing digital phenotypes in patients with glioblastoma. The interface
was redesigned using nature-inspired imagery from the Valencian region to enhance user experience. A feasibility study with three male patients (mean age: 55.3) showed that two
completed the 18-week protocol without issues; one withdrew after 7 weeks due to technological burden detected via the Lalaby dashboard.Patient 1 continued for 32 weeks,
completing 203 daily symptom reports, 31 general QoL questionnaires (EORTC QLQ-C30), and 29 specific QoL questionnaires (EORTC BN-20), with an average app rating of 4.15/5.
Patient 2 completed 18 weeks, submitting 101 daily reports, 17 general and 18 specific QoL questionnaires, with a rating of 3.1/5. Patient 3 contributed 7 weeks of data, completing
5 general and 7 specific QoL questionnaires, with a rating of 2.4/5.These findings support Lalaby-Glio’s potential for digital phenotyping and non-invasive QoL monitoring in patients
with glioblastoma. The app successfully integrated passive and active data collection with validated cancer-specific instruments. The nature-inspired redesign was positively received
by the two long-term users. Future stages include a pre-pilot study with 15 participants to assess usability, engagement, and clinical relevance at scale.

Technical description of the result Applications

What Is Lalaby-Glio? < Feasability study developed in Hospital Universitario Doctor Peset
A mobile app for real-time monitoring of quality of life in glioblastoma de Valencia involving 3 patients.
patients

¢ Ethical committees: H. Provincial de Castellén; UPV (P11_26-03-

Smartphone-based 2025);
Patients use their own device, with no need for wearables.

% Multidisciplinary team: UPV researchers; Oncology researchers from

w

Multimodal Data Collection the Provincial Hospital of Castelléon and Hospital Universitario Doctor
Passive data from smartphone sensors Peset de Valencia (Fundacion Fisabio)

Active input through patient-reported outcomes (PROMs) % CENERALITAT
NA

¢ Financing entity: GVA. Proyecto CIAICO/2022/064 N
Digital Phenotyping

The app generates a digital phenotype to detect changes in each Tale 1. Patient Engagement and Data Collection Metrics in the Lalaby-Glio
patient's quality of life over time. feasibility study

General QoL  Specific QoL
Weeks of Daily Reports  Questionnair Questionnair App Rating  Completion
Use Completed es (FORTC  es(EORTC  (1-5scale) Status
QLQ-C30) BN-20)

Patient

Completed
Patient 1 32 203 31 4.15 (extended
use)
Patient 2 18 101 3.10 Completed
Withdrew
Patient 3 7 45 2.40 (technological
burden)

Total Mean 3.2

Figure 2. Lalaby-Glio Dashboard: Sensor Data Interactive Interface from a Patient Example

Quality in brain tumor (QLQ-BN20 scale) A~

Detal of the symptomatic scale (0- 100) per week

(0} _ -— o —_—
Figure 3. Lalaby-Glio Dashboard: Example of Quality of Life Scores from the QLQ-BN20

X . Scale for an Individual Patient
Figure 1. Screenshots of the Lalaby-Glio App Interface

Additional comments

The Lalaby-Glio app demonstrates promising feasibility for real-time, non-invasive monitoring of quality of life (QoL) in patients with glioblastoma through digital phenotyping. The
adaptation of the original Lalaby app—previously validated in lung cancer—has been successfully tailored to this new clinical context by integrating brain tumour—specific PROMs
(EORTC QLQ-C30 and BN-20) and a nature-inspired visual redesign based on Valencian landscapes to enhance patient engagement.

Initial results from three male patients (mean age: 55.3) showed strong adherence in two participants who completed the 18-week protocol without technical issues. One patient
extended usage to 32 weeks. The third participant discontinued use after 7 weeks, with app data indicating a perceived technological burden. Across users, the system collected over
350 daily reports and 119 QoL questionnaires, confirming the app's capability to integrate both passive and active data sources.

These findings support the technical and experiential viability of Lalaby-Glio, while also emphasising the importance of usability and personalisation for sustained patient participation.
Upcoming phases will include a pre-pilot study involving 15 glioblastoma patients to further validate digital QoL markers and assess clinical utility at scale.
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