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Towards a computational map of similarities
and changes in the Romanian language

Invited paper

Liviu P. Dinu

Abstract

Natural languages are living ecosystems; they are constantly
in contact and, by consequence, they change continuously. Tra-
ditionally, the main Historical Linguistics problems (How are
languages related? How do languages change across space and
time?) have been investigated with comparative linguistics in-
struments. We propose here (with a focus on Romanian, in the
more general frame of Romance languages), computer-assisted
methods for the main problems in HL (related words discrim-
ination, protoword reconstruction, languages similarity, seman-
tic divergence, etc.). Our studies on Romance languages rely
on a digital resource for HL that we constructed and published
(RoBoCoP — ROmance BOrrowing COgnate Package) containing
a comprehensive and reliable database of Romance cognates and
borrowings based on the etymological information provided by
publicly available dictionaries in five languages: Spanish, Italian,
French, Portuguese, and Romanian (the largest known database
of this kind). In this presentation, we will focus on the Roma-
nian language. To answer the first question, we are interested
not only in the phylogenetic classification of natural languages
but also in the degree of similarity between two languages. Via
various techniques and metrics, we offer an answer at three levels:
phonetic, lexical, and syntactic. For the second question, based
on RoBoCoP dataset we were able to perform the most extensive
experiments up to date on a series of HL tasks, including cognates
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identification, cognate-borrowing discrimination, automatic pro-
toword reconstruction, semantic divergence, etc. for Romance
languages, showing that computer-assisted methods where com-
putational methods are integrated with linguistic knowledge is a
viable direction for tackling these problems in historical linguis-
tics.

Liviu P. Dinu

ORCID: https://orcid.org/0000-0002-7559-6756
University of Bucharest,

Faculty of Mathematics and Computer Science
Human Language Technologies Research Center
E-mail: 1dinu@fmi.unibuc.ro
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Next-Generation e-Health Systems: Predictive
and Context-Aware Monitoring for Ageing
Populations

Invited paper

Marilena Ianculescu

Abstract

Healthcare services need to be reconsidered in the light of
the demographic shift towards an ageing population and the in-
crease in the prevalence of neurodegenerative diseases. Conven-
tional methods, with their reactive and piecemeal nature, have
not been effective with a quick response. To support predictive
and contextual monitoring, the next stage of development of e-
Health ecosystems requires the implementation of hybrid cloud-
edge structures, artificial intelligence (AI), and Internet of Things
(IoT) services. They are regarded not as technological elements
but as socio-technical infrastructures in support of healthcare
providers, patients with empowerment, as well as regulatory and
ethical compliance.

This vision has been the output of decades of medical infor-
matics research at the National Institute for Research & Devel-
opment in Informatics — ICI Bucharest. The research we con-
ducted demonstrates the dynamism of combining physiological,
cognitive, emotional, nutritional, and environmental data sources
into reliable and compatible systems. Predictive models on neu-
ral networks and hybrid machine learning techniques help in the
early detection of age-related risk factors, mobility abnormalities,
and mild cognitive impairment. Our monitoring systems can pro-
vide comprehensive health profiles and useful recommendations

©2025 by Marilena Ianculescu
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by taking into account contextual factors such as emotion, stress,
and lifestyle.

The architecture of these systems is based on deployments
that are distributed across cloud and edge nodes using microservi-
ces-based, modular deployments. Scalability, reliability, re-
silience, and compliance with the European AI Act and the
GDPR are obtained based on privacy-by-design, robust consent
handling, and comprehensible results. On top of the privacy of
health data, security and reliability are essential in ensuring ac-
ceptance among patients and physicians.

Decision support is the key component of the future e-Health
solutions. Advanced analytics pipelines convert raw multimodal
data into information with clinical significance. The outcome is
converted into risk scores, practitioner alerts, as well as longitudi-
nal dashboards. The ease-of-use interfaces allow collaboration in
decision-making and self-management of patients and caregivers.
The technologies are facilitated by a proper user-friendly design
that makes them accessible and accommodates the problem of
digital literacy when targeting the ageing demographics.

The success of this strategy can be illustrated by the reliable
and effective solutions provided by ICI Bucharest that consist
of integrated monitoring environments of healthy ageing, neu-
rodegenerative disease prediction modules, emotion and stress
recognition modules, as well as nutrition-based decision support.
Although it addresses different areas of health, these instances
share a common factor, that is, secure and scalable architectures
that are interrelated with predictive and context-aware analytics.
They show how difficult and how possible changing the research
prototypes into solutions with practical applications can be.

There are a number of challenges that still have to be dealt
with. Clinical validation is required to ensure that prediction
models are flexible. Federated learning and explainable Al meth-
ods must be deployed since the heterogeneity of data sets leads
to non-IID and inaccurate distribution. Widespread adoption
requires interoperability with current healthcare systems, long-
term reimbursement pathways, and compatibility with caregiver
practices. In the future, the capabilities of e-Health systems will
be enhanced with the use of digital twins, adaptive decision sup-
port, and real-time risk stratification. These strategies align with
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European goals of preventing dementia, active and healthy age-
ing, as well as long-term transformation of healthcare.

Overall, IoT, AI, cloud computing, and secure data gover-
nance converge toward the creation of predictive and context-
aware infrastructure in the next-generation e-Health systems. It
has been proven to revolutionize cognitive health care and ageing
with the solutions that are built on decades of medical informat-
ics research and help to encourage autonomy, support clinical
decision-making, and reduce the burden on healthcare systems.
To be effective, successful, and accessible, they have to be a bal-
ance between clinical evidence, user trust, technological innova-
tion, and societal demands.

Marilena Ianculescu

ORCID: https://orcid.org/0009-0006-8196-0047

National Institute for Research and Development in Informatics,
Bucharest, Romania

E-mail: marilena.ianculescu@ici.ro
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Quantification of diversity in natural language
processing

Invited paper

Agata Savary

Abstract

The concept of diversity has received increased consideration
in Natural Language Processing (NLP) in recent years. This
is due to various motivations like promoting equity and inclu-
sion, approximating human linguistic behavior, and increasing
systems’ performance. Diversity has, however, often been ad-
dressed in an ad hoc manner in NLP, and with few explicit links
to other domains where this notion is better theorized. We sur-
vey articles in the ACL Anthology from the past 6 years, with
”diversity” or ”diverse” in their title. We find a wide range of set-
tings in which diversity is quantified, often highly specialized and
using inconsistent terminology. We put forward a unified taxon-
omy of why, what on, where, and how diversity is measured in
NLP. Diversity measures are cast upon a unified framework from
ecology and economy [1], with 3 dimensions of diversity: variety,
balance, and disparity. We discuss the trends that emerge due
to this systematized approach. We believe that this study paves
the way towards a better formalization of diversity in NLP, which
should bring a better understanding of this notion and a better
comparability between various approaches.

This is a joint work with Louis Esteve (Université Paris-Saclay,
France), Marie-Catherine de Marneffe (Université Catholique de Lou-
vain, Belgium), Nurit Melnik (The Open University of Israel) and Olha
Kanishcheva (Jena University in Germany and the STEP University in
Ukraine), within the framework of the UniDive COST Action on Uni-
versality, Diversity and Idiosyncrasy in Language Technology.
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Information measures for digital humanities: a
tribute to Solomon Marcus

Invited paper

Andrea Sgarro

Abstract

In his celebrated book Poetica matematica (Mathematical Po-
etics) [1], Solomon Marcus, one of the founders of modern com-
putational linguistics, has made use of information measures as
are the entropy of Claude Shannon or the informational energy
of Octav Onicescu. More precisely, he used them to evaluate
aspects of three masterpieces by the Romanian poet Mihai Em-
inescu, Sommnoroase pasarele, La mijloc de codru, and Se bate
miezul noptii (Sleepy little birds, In the middle of the wood, and
The bell strikes midnight).

Shannon’s entropy is a measure of uncertainty and average
surprise (uncertainty before an experiment is performed and sur-
prise when the actual result is observed), while informational en-
ergy is a measure of redundancy (of lack of surprise). Of the two,
Shannon entropy is by far the better known, as it is undisputably
the best known information measure anyhow. It has been largely
used in what nowadays would be called digital humanities: af-
ter an initial excitement which led to testing the new tool in
literature and psychology, the response has often been negative:
Shannon entropy would sometimes give answers which were in
sharp contrast with common sense (and good taste in literature).

Actually, a basic feature had been ignored or undervalued:
Shannon entropy measures only statistical uncertainty, while it
ignores other facets of this extremely rich and complex entity,
say the pragmatic facet. Needless to say, Solomon Marcus, as he

©2025 by Andrea Sgarro
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explicitly stresses, was perfectly conscious of what he was mea-
suring and of what he was not measuring, making it clear that he
was dealing only with statistical aspects of Eminescu’s poems.

Nowadays the domain called management of incomplete knowl-
edge tries to cover all the aspects of incomplete information,
where the incompleteness can be due, say, to uncertainty, ig-
norance or even contradiction — human reasoning can deal suc-
cessfully with contradicting information, and so should be able
to do Artificial Intelligence; the list of facets would be quite long.

Many new non-statistical information measures have corre-
spondingly been introduced; we shall cover in detail the case of
the possibilistic entropy [2], [3], a sound counterpart to Shan-
non entropy, since it can be validated both operationally and
axiomatically, exactly as is the case for Shannon entropy. Shan-
non entropy is validated operationally in coding theory, as it gives
a measure of how much redundancy is present in a text and how
much this text can be compressed without losing information.

As for the axiomatic validation, one lists desirable properties
(azioms) which a measure of statistical uncertainty should have
and then proves that only one mathematical formula satisfies
all of the axioms; one can use, for example, the axioms chosen
by Alexandr J. Hin¢in. Instead, possibilistic ignorance pertains
to fuzzy logic and multivalued logic rather than probability and
statistics, and its mathematical expression is in terms of logical
values rather than probability values.

As for the facets of incomplete knowledge, one deals with ig-
norance rather than uncertainty. A list of axioms, which a mea-
sure of possibilistic ignorance should satisfy, can be given such
that the possibilistic entropy turns out to be the single solution;
analogously, a coding theorem can be proven, which supports the
operational meaning of the possibilistic entropy in text compres-
sion.

Thus, Marcus’s experiments could be re-taken so as to gauge
other aspects of poems like the ones by Eminescu, which are
dealt with in Poetica matematicd. Information measures might
have been disappointing for people who expected too much of
Shannon entropy, but the tools that are now available do offer
the opportunity to delve deeper and take further the work so
brilliantly initiated by Solomon Marcus, as we shall argue.

12
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Infogravity Theory: Information—Gravity
Dualism and the Emergent
Quantum-Gravitational Fabric of Space-Time
in a Computational Fractal Universe

Veaceslav Albu

Abstract

The proposed article offers a comprehensive introduction to
Infogravity Theory as a scientific cosmological theory that treats
the Universe as a computational process whose fractal dynam-
ics and memory are inseparable. The Infogravity is named
for its two coupled theoretical pillars — Information (Embedded
and Evolutionary [Plirophoria]) Dualism and Gravity (Newto-
nian/Einsteinian and 4D quaternionic evolutionary—information
curvature) Dualism — each grounded in the Strong Conserva-
tion of Information in the Universe Postulate: no information
ever created can be lost (Strong CIU). The Universe organized
as a fractal holarchy acts as a Universal Quantum Computer
(UQC) — a distributed, asynchronous deep Boltzmann architec-
ture with atoms and Standard-Model particles serving as in-
put/output heads, executing a self-learning, self-calibrating com-
putation across all scales. The Information—Gravity Dualism cou-
ples informational processes to geometric and inertial structure,
yielding emergent space-time as Plirophoria — the ongoing storage
and propagation of evolutionary information. Landauer’s bound
(E > K, xT x1n2) and Einstein’s E = m x ¢? establish a contex-
tual accounting channel m = (K, x T x In2)/c? for irreversible
record-formation when energy dissipation cannot thermalize in
the ordinary way (Einstein-Landauer bridge). We formalize the

©2025 by Veaceslav Albu
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tripartite holonic fractal architecture of the UQC Universe (bary-
oholons, cyberholons, and pliroholons, anchored in the previous
two), where laws of nature emerge as fixed-points of recursive
self-learning — with a fractality whose effective dimension tracks
the Density of Emerging Information (with D between 3 and
4), a morphology whose self-similarity coincides with the pattern
of Life. Postulates of the Infogravity theory and fundamental
properties of evolutionary information (Plirophoria) are concisely
and compactly formulated. We articulate falsifiable predictions,
near-term room-temperature experiments in living systems, and a
dark-sector interpretation in which light Plirophoria (unanchored
from baryoholons) maps onto Dark Energy and robust, complex
Plirophoria (yielded from cyberholons) maps onto Dark Matter.

Keywords: Infogravity; Informational and Gravity Dualism;
Einstein—Landauer bridge; Evolutionary Information-Plirophoria;
Density of Emergent Information DEI; DEI quaternionic axis;
spacetime emergence.

1 Introduction

The aim of Infogravity theory is to integrate three persistent motifs
of modern science — information, computation, and emergence — into
a single framework that treats information with the same ontological
status as matter and energy. The central empirical intuition is simple:
nature persists, and persistence requires selection over possible tran-
sitions based on a twofold principle — on occurred previous successful
quantum state collapse under similar environmental conditions, and
that can guarantee monotonic local growth of the Universe’s fractal
dimension as Density of Emergent Information. Successful selections
are written into the world as locally embedded matter information, and
previous selections are simultaneously written into the Universe’s neu-
ral networks type memory as experience. We elevate this intuition from
metaphor to mechanism: space as a neural network evolving structure
contains the trace of actual informational embedding in all the Uni-
verse’s 10%Y atoms, and the arrow of time is the monotonic growth of
that embedding.
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Historically, physics has engulfed two ontologies of law: a regularist
view, in which laws are summaries of observed regularities, and a ne-
cessitarian view, in which laws constrain what can happen. Both read-
ings have motivated successful research programs, but neither, standing
alone, explicates how laws act with immediacy across a 3D world or
how they co-compose. The analogy with virtual worlds [1] hits the
goal: in a simulator, laws are algorithms that update states. They do
not travel through space; they compute state transitions wherever rel-
evant data reside. By analogy, Infogravity places the Universe’s lawful
regularities in an informational dimension that is simultaneously active
upon the 3D world.

1.1 Core Infogravity Theory Postulates

The main hypothesis of the Infogravity theory - Universal Quantum
Computer (UQC) hypothesis, describes the Universe as a distributed,
asynchronous quantum deep Boltzmann machine with atoms as in-
put/output heads and topologically encoded evolutionary information
as its emergent recurrent inner layers.

Postulate 1 — Strong Conservation of Information (SCI)

All information ever created in the evolving Universe remains at the
Universe’s disposal and cannot be destroyed. Apparent loss is re-
encoding, export, or redistribution across potential, emergent, and em-
bedded capacities. This pressure toward robustness favors topological
encodings and motivates the Information and Gravity dualisms.
Postulate 2 — Information Dualism

The dual nature of Information by natural kinds manifests in reality
from one side, as the classical (corpuscular, collapsed) state of infor-
mation embedded in the Universe’s matter during the evolution of all
classical objects and phenomena of the real world. From the other side,
it manifests as unchangeable by its content and physical volume, gravi-
tationally and topologically encoded quantum evolutionary information
(or Plirophoria) about the history of all collapsed quantum states dur-
ing the evolution of each classical object of any scale in the Universe,

16
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as the totality of all emerged classical objects during the Universe’s
lifespan.

Postulate 3 — Gravity Dualism

From the first two Postulates follows the Gravity Dualism. On one side,
the standard 3D Newton-Einstein curvature (force), responsible for the
embedded information encoded in matter/energy interactions. On the
other side, 4D quaternionic curvature, as it emerges robustly, topolog-
ically encodes previous quantum states as an evolutionary information
of a given qudit of the Universe. The second side of Gravity Dual-
ism rests on the mass-energy Einstein—Landauer bridge, which reflects
the gravitational nature and cost of emergent space-time [16]. That
Dualism imposes scale scale-dependent appearance of gravity. Within
galaxy classical objects, it appears as a force, driven by space-time cur-
vature. Intergalactic space and voids are created by its complementary
part — robustly topologically encoded evolutionary information. Den-
sity of Emergent Information is maximally valued at all fractal scales
within a galaxy, and it takes its minimal values in intergalactic voids.
That also explains the filament structure of the Universe on large scales.
Postulate 4 — Einstein—Landauer Coupling

Logical irreversibility of the evolving Universe as a Quantum Computer
by natural kinds [15] dissipates heat (Landauer, Qi = KbxT x1n2),
and energy and mass are equivalent (Einstein, E = m xc?). Hence, sus-
tained information processing can contribute to mass-energy account-
ing wherever a durable organization (AU) is written and kept — mass-
energy Einstein — Landauer bridge. To say instead that information
“has” mass is totally different and does not describe reality.
Postulate 5 — Generated Space

Space is Emergent from the Informational Topological Structure of
encoded evolutionary information about irreversible changes of quan-
tum states of each of 1030 atoms of the Universe and particles of the
Standard Model as input/output layers under the UQC hypothesis.
Every interaction as a collapse event that encodes Plirophoria into the
Universe leaves a gravitational imprint, effectively making the fabric of
spacetime a memory field. In other words, Space represents the durable
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ledger written by successful transitions — minimally as pliroknots; col-
lectively as plirobraids and pliroholons, that according to infogravity
ontology, represent recurrent inner neural networked layers of UQC as
a Boltzmann machine. Statistical laws that resemble Bayesian infer-
ence and Matthew effect guide successful transitions in this plirophoric
realm.

Postulate 6 — Holarchic Dynamical Fractal

The Universe evolves as a tripartite holarchy organized as a dynami-
cal fractal whose self-similarity echoes Life’s patterning and its effec-
tive fractal dimension covaries with Density of Emergent Information
(DEI) and lies between 3 and 4 dimensions. Tripartite holarchy consists
of Baryoholons (mass—energy carriers), Cyberholons (living/cybernetic
agents), and Pliroholons (informational structures, acting as Markov
blankets for the first two types of holons) co-act to compute natural-
kind dynamics of the Universe. Each class has distinct constraints and
contributes to DEI.

Postulate 7 — Quantum Border of Fields (3D < 4D interface)

The quantum realm functions as an effective border between the 3D
classical baryonic world and a 4D quaternionic Plirophoria field (the in-
formational substrate of stored evolutionary information). At this bor-
der, advanced/retarded symmetry (Wheeler—Feynman) encodes con-
straint injection (from the absorber) and state confirmation (to emit-
ter 1/O heads), enabling DEI-guided selection and curvature/memory
updates (Cramer). Quantum exchanges are routed by offers and con-
firmations across holonic boundaries. The environment’s plirophoria
absorbs advanced proposals; confirmations bias retarded guidance to-
ward collapses that maximize DEI under homeostatic and energetic
budgets. This postulate selects the channel; the Einstein—Landauer
coupling prices the commit (heat vs AU vs non-thermal). The Strong
Conservation of Information law holds — no energy creation.
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1.2 Key Concepts & Properties.
1.2.1 Plirophoria

Plirophoria is evolutionary information, as a complementary part of
embedded in matter information that follows from the Information Du-
alism Postulate. It represents a robust recording of previous states of
the embedded information. State ‘NOW’ of the embedded locally in
matter information as its quantum states become state “PAST”, for the
actual system, and a new “NOW?” state represents a collapsed state of
the system. Simultaneously, the “PAST” state of the embedded in-
formation becomes actualized and robustly memorized as evolutionary
information about that system. It acts as a record, resource, and reg-
ulator.

1.2.2 DEI (Density of Emergent Information)

DEI operationalizes the rate at which selection-relevant information
is produced per unit structure/time. Practical proxies include: (i)
compression-based complexity, (ii) multi-scale redundancy (mutual in-
formation; persistent homology), (iii) controllability /observability met-
rics, and (iv) resilience indicators. Under the holarchic-fractal postu-
late, effective fractal dimension and DEI co-vary [4].

1.2.3 Pliroknots & Plirobraids

A pliroknot is a minimal durable record; plirobraids are entangled
chains that protect and propagate information across distance and
scale. They are analogues — not identities — of topological protection;
their presence should bias motion and signaling in error-suppression
experiments.

1.2.4 Quaternionic Channels

Three orthogonal recursion families plus a scalar route define four chan-
nels whose compositions support concurrent law-learning and error cor-
rection. This is bookkeeping for how multiple organizational modes
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co-evolve without destructive interference (quaternionic decomposition
is a modeling convenience, not an ontic claim).

1.2.5 Derived Time + Generated Space

Time tracks Aj,r, > 0 — the monotonic accumulation of embedded
information; space is the durable ledger of successful transitions. To-
gether, they form a coupled index: recorded memory thickens geometry
while Ay, f, paces temporal order.

1.2.6 Law Learning (derivative principle)

Regularities in plirophoric recurrent inner layers we call laws and are
DEI attractors — policies that optimize emergent information under
stability costs. Where DEI is high, learned laws persist; where DEI
is low, they drift. This derives from Postulates 1-7 and follows the
autodidactic Universe principles [23], [15].

1.3 Evidence & Predictions (selected)

e Landauer’s principle (1961; 1991) [2, 3] — Irreversible opera-
tions dissipate = kT In 2 heat/bit. Informational processes are
caloric; ®;,f, cannot be free.

e Einstein’s Energy — Mass equivalence (1905) [4] — Combined with
Landauer, durable information histories can be gravitationally
relevant in context.

e Deutsch’s universal computation (1985) [5] — If the world supports
universal computation, ‘laws’ can be read as learned programs
shaped by feasibility and selection.

e Wiener’s cybernetics (1961) [6] — Feedback carves islands of sta-
bility; those islands are records that shape later dynamics.

e Mandelbrot’s fractals (1982) [7] — Multiscale morphology implies
measurable redundancy; DEI should correlate with fractal fea-
tures.
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e Verlinde’s emergent gravity (2010; 2016) [8, 9] — Microstate/entro-
pic gradients can mimic gravity; Infogravity supplies a memory
ontology and SCI constraints.

e Computable universes [10, 11] — Laws may be emergent; Info-
gravity adds falsifiers and measurement pipelines.

e Biological information density [12, 13, 14] — Biospheres are high-
DEI engines, ideal for probing information—energy couplings.

2 The Universe as UQC: a distributed Boltz-
mann architecture with atomic I/O heads

Premise. The Universal Quantum Computer (UQC) hypothesis de-
scribes the Universe as a distributed, asynchronous quantum deep
Boltzmann machine with recurrent layers, operating not on an exter-
nal clock but on locally available physical transitions [15]. In this view,
atoms and particles constitute the input/output heads of a univer-
sal computation: each collision, emission, absorption, scattering, and
binding quantum event is both (i) state propagation in Hilbert space
and (ii) message passing through the fabric that we retro-describe as
geometry.

What does “Boltzmann” mean here? “Boltzmann” emphasizes
thermodynamic learning: state distributions relax to energy-weighted
equilibria that encode and compress informational regularities [15].
The deep aspect points to hierarchies of interaction scales — from quarks
and leptons up to galaxies — through which latent variables (“hidden
layers”) become effective laws when stabilized by recurrent feedback.

Asynchrony. No global clock. The Universe updates via local in-
teractions driven by free energy gradients and selection of dissipative
channels; global coherence emerges from dense local couplings [15, 16,
17].

Atoms as I/O heads. In this UQC, atoms are not mere passive
labels; they are ports through which messages (photons, phonons, ex-
citations) are written, read, and validated. The selection rules and
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line strengths become routing constraints of the cosmic computation
[15]. When a state is measured (coarse-grained by an environment),
the output is written into accessible channels (radiation, matter rear-
rangements), while the input is the ensemble of microstates that seeded
the transition. One can imagine this by drawing atomic heads along
UQC layers, with recurrent informational feedback running through
thermodynamic flows [17].

Why is this architecture testable? In a UQC Universe, informa-
tion is not epiphenomenal; it is operative — it constrains energy path-
ways and geometry via Information and Gravity dualisms. This implies
observable budgets, rate limits, and energy/gravity bridge signatures
whenever logically irreversible updates occur. In this model, the Uni-
verse functions as a distributed, asynchronous quantum deep Boltz-
mann machine, composed of nested recurrent informational networks
that evolve by natural kinds.

e Its architecture is not engineered, but emergent: Baryoholons,
Cyberholons, from Pliroholons to Pliroknots, Plirostrands, Pliro-
braids;

e The UQC model includes the following conceptual features:

— Quantum coherence supports nonlocal informational flow.
— Deep neural structure enables self-similar recursion.

— Asynchronous evolution mirrors the causally open nature of
the cosmos.

e Each layer of reality — from quantum fields to biological systems
— acts as a computational holarchy: a recursive layer that pro-
cesses, topologically encodes, and transmits the evolutionary in-
formation — Plirophoria.

22



Infogravity Theory: Information—Gravity Dualism and ...

3 Information—Gravity Dualism from Strong
Conservation of Information

Strong Conservation of Information (SCI). No information ever created
in the Universe can be lost. Information may be copied, dispersed, en-
crypted, coarse-grained, decohered, or entangled — but not annihilated.
This is not a metaphor; it is a governance law: SCI is the axiom from
which Infogravity’s dualisms follow [18, 1, 19].

Dualism statement. If SCI holds, then the energetic cost of log-
ically irreversible updates (erasure, coarse-graining, record consolida-
tion) must be paid somewhere, tracked, and preserved in the global
ledger. The Landauer bound fixes a minimum heat per erased bit at
temperature 7'

Qumin = kg x T x In2.

Einstein’s relation, £ = m x ¢?, guarantees that energy re-

tained (as durable structure, binding work, curvature) contributes
to inertial/gravitational accounts. Therefore, whenever a system
writes durable information, the Universe must allocate the Landauer-
mandated cost to (i) immediate heat, (ii) internal energy of organiza-
tion (AU), and (iii) curvature/inertial budget.

This yields the Information—Gravity Dualism: changes in informa-
tional organization — especially durable records — co-determine gravita-
tional/inertial structure. In practice, the dualism is channel-wise: we
examine how much cost appears as heat versus organizational energy
versus non-thermal escapes (e.g., neutrinos), under SCI constraints.

e In the Infogravity framework, gravity is not a primitive force, but
an emergent informational field generated through the recursive
computation of evolutionary information — Plirophoria.

e Every interaction that encodes Plirophoria into the Universe
leaves a gravitational imprint, effectively making the fabric of
spacetime a memory field.
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e Collapse Events in QM as Irreversible Computations by Natural
Kinds.

e Absorber and Transactional Frameworks as Precedents: Wheeler—
Feynman absorber theory [20] & Cramer’s transactional interpre-
tation [21].

e The FEinstein-Landauer Mass-Energy-Information Equivalence
Principle (M = kT'In2/c?)

4 Plirophoria: emergent space—time and stor-
age of evolutionary information

Emergent space—time. In Infogravity, what we call the fabric of space-
time is the macroscopic expression of emergent quantum gravity that
tracks and stabilizes Plirophoria [17]. Curvature becomes the shadow of
information gradients: cohesive, low-entropy records pull on the ledger
via E = m x ¢?, while flows of free energy represent informational work
that shapes geometry over time.

Storage and export. Plirophoria stores within anchored pliroholons
(e.g., genomes, neural connectomes, crystalline memories, encoded
fields) and exports through unanchored pliroholons (e.g., radiative mes-
sages, chemical signals) that weave extended Markov blankets binding
holons into ensembles. Infogravity explicitly ties this to evolutionary in-
formation as a co-cause of structure and to emergent geometry through
dualism.

4.1 Plirophoria: Definition and Properties

Plirophoria (mAnpopopiar) is the cumulative evolutionary information
accumulated by natural kinds within an object from inception to end.
It is quantum, gravitationally/topologically encoded, and unchange-
able in both content and physical volume once stabilized [15, 22].
Methodologically, Plirophoria instructs us to follow the writes across
scales: cyberholons learn; pliroholons remember; space-time carries
the memory forward (P1-P5). Plirophoria names the ever-expanding
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body of evolutionary information the Universe stores as it computes
itself. Plirophoria is both content and carrier: a dynamic holon field of
pliroholons — informational entities with anchoring to specific physical
substrates (baryonic or cybernetic).

4.2 Plirophoria’s Seven properties [17, 18, 19]
Objectivity. Universal information participates causally and is re-
trievable across scales, enabling budgeting akin to energy and mass.
Duality. Stability (records) and generativity (novelty) co-produce cu-
mulative complexity; suppress one, and evolution stalls.

Fractality. Organization exhibits self-similar structure across scales
consistent with holarchic architectures, self-similarity with the pattern
of phenomenon of Life in the Universe, and with fractal dimension as
Density of Emergent Information with effective dimension between 3
and 4.

Homeostaticity. Information underwrites control loops that maintain
viability while permitting adaptation; homeostasis is dynamic regula-
tion, not stasis.

Imaginarity. Complex/quaternionic formalisms capture phase-like re-
lations and concurrent channels in information dynamics.
Extradimensionality. Effective informational coupling can mimic
extra degrees of freedom in emergent dynamics, presenting alongside
3D gravitational effects.

Evolutionarity. Usable records accumulate monotonically (Ainfo >
0), while remaining open to novelty; this arrow aligns with derived time

in UQC.

5 Tripartite holonic fractal architecture of the
UQC Universe

Holarchic triptych. Infogravity models the Universe as a tripartite
holonic fractal (baryoholons, cyberholons, and pliroholons), which fol-
lows from the same fundamental ontological status of matter, energy,
and information in the Universe.
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Baryoholons — holons anchored primarily in baryonic matter (par-
ticles, atoms, stars, galaxies). The baryoholons realm remains respon-
sible for the creation of diversity within baryonic matter that, in their
turn, becomes input blocks for the cyberholonic realm creation and
evolution.

Cyberholons — living and life-like adaptive agents (cells, tissues,
organisms, ecosystems, cognition), bounded by Markov blankets ( “an-
chored pliroholons”).

Pliroholons (unanchored) — informational quanta that ferry updates
between holons: photons, phonons, neutrinos, codes; they stitch holons
into cyber-physical ensembles.

Dynamical fractal, life-pattern similarity. The holarchy is fractal:
self-similar organization repeats across scales; its self-similarity pat-
tern coincides with the pattern of the phenomenon of Life in the Uni-
verse [18]. The effective fractal dimension, D_eff, tracks the Density of
Emerging Information (DEI) and typically lies between 3 and 4 [1, 15].
Where DEI rises, the direction of evolution (in state space) points to
richer holonic nesting and law-emergence via self-learning.

Laws as learned invariants. In the UQC, laws of nature are stable
fixed-points of the self-learning recursion — emergent invariants dis-
covered, selected, and retained because they minimize free energy of
representation across scales [15, 16]. In this sense, “law” is the name
we give to a reliable statistical structure with low description length
under repeated re-computation.

Markov blankets in practice. Each holon has a boundary that
screens internal from external states while passing sufficient statistics
— the holon’s anchored pliroholon. In cyberholons, blankets become
biological membranes and sensorimotor interfaces; in baryoholons,
blankets include gravito-electromagnetic horizons and transport shells
(e.g., stellar radiative/convective zones). The membrane-calculus view
(Paun) formalizes the nested computation of these blankets [18, 1, 19,
22].
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6 Dark Sector as a Partition of Plirophoria

The Infogravity theory proposes a structured split tied to organiza-
tional complexity.

Light Plirophoria (LP), yielding by unanchoring baryoholons <>
Dark Emnergy: astronomically numerous, low-complexity pliroholons
produced in fusion cycles stream outward and accumulate in out-
skirts/voids, yielding a tension-like, repulsive-looking effect at large
scales.

Complex Plirophoria (CP), unanchoring cyberholons <+ Dark Mat-
ter: robust, topologically complex pliroholons produced by cyberholons
and other long-duration information architectures concentrate inside
galaxies and behave as an additional mass component [15, 22].

Predictions. LP density correlates with the integrated star-
formation history (SFR), anti-correlates with dense galactic interiors,
and enhances in the void outskirts. CP density correlates with complex-
ity proxies — metallicity, exo-planet incidence, chemotactic free-energy
density, bio-proxies, or generic DEI. Lensing with morphology-aware
priors should reveal residual structure aligned with informational or-
ganization, not just baryon density.

Falsifiers. If rotation curves and lensing maps are fully explained by
baryons + standard halos + systematics with no residual correlation to
complexity /bio-proxies, CP is weakened; if LP shows no outskirts/void
gradient against SFR histories after controls, LP is weakened [15, 22].

The methodological demand is preregistration: let information or-
ganization compete with standard parameters fairly. In other words,
Light Plirophoria — simple, weakly anchored informational organiza-
tion — behaves as dark-energy-like pressure distributed in outskirts and
voids: its pliroholons are light, less holon-bound, and push out on large
scales. Complex Plirophoria — robust, holonic architectures (life-like,
cybernetic, self-repairing) — aggregates within galactic interiors where
cyberholonic formation dominates; its anchored pliroholons are stiffer,
adding mass-like loading — dark-matter-like behavior. This allocates
information-dynamical roles to galactic morphology without resorting
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to exotic particles: the dark sector is, in part, how Plirophoria dis-
tributes across holons.

7 The Observer Problem in Infogravity

7.1 Observer as holon boundary

In Infogravity, an Observer is not an external homunculus; it is a pliro-
holon ancored on a given baryo- or cyberholon and effectively resembles
and forms its Markov blanket, which separates internal entangled states
from external entangled states of the plirophoric realm, while trans-
mitting sufficient statistics (sensory inputs, active outputs) through its
inputs/outputs baryonic fractal layer.

“The collapsing active state of each plirohead of each Universe’s
holon is aimed to maximize the DEI in involved baryomatter and cyber-
matter with the purpose to produce new material objects of increased
complexity, that guarantee new knowledge and data within its evolving
and stored plirophoria. For this purpose, any forward incoherent state
of each active plirohead within its quantum states of a given matter
occurs with the probability that increases the future DEI by embed-
ding a relevant quantum state in a given matter. By its essence, the
learned laws of nature represent the Observer within each active pliro-
head that is connected with the Universe’s Control Center, where all
laws of nature nest” [15].

Because SCI forbids annihilation, any coarse-graining or collapse
(in the effective description) is a physical bookkeeping event: it must
deposit its informational cost into heat, AU, or non-thermal chan-
nels. This is what binds observation to the Einstein—Landauer bud-
get. Infogravity contrasts the “Scientific Physical Reality” vs an Info-
Computational Universe, explicitly noting that in the latter, the ob-
server is part of the system observed and information is ontologically
fundamental. That stance collapses the old observer/external-world
dichotomy into interacting holons participating in the same UQC dy-
namics.
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7.2 Quantum Darwinism, decoherence, and Plirophoria
(Infogravity view)

While standard accounts invoke environment-induced decoherence and
quantum Darwinism for consensus states, Infogravity reframes the re-
sult: pointer states are those whose writes are cheapest for the blanket
to keep while maintaining homeostasis and predictive power. They be-
come anchored pliroholons, adding to Plirophoria and stiffening local
geometry. This view respects the Infogravity stance that space-time is
emergent from informational topology and grounds the Observer as a
computational membrane that learns.

8 Transactional/Absorber Mechanism

8.1 Offer—confirmation cycles as routing of writes

Postulate 7 explicitly cites absorber and emitter theory, situating
Wheeler-Feynman and Cramer’s Transactional Interpretation as con-
ceptual precedents. Infogravity embraces a pragmatic reading: “offers”
(forward-in-time proposals) and “confirmations” (selection/handshakes)
are real routing constraints on informational exchange between holons.
They govern which channels light up, which messages (unanchored
pliroholons) are accepted/rejected, and how records become anchored
(e.g., memory, structure). This is not a metaphysical adornment; it is
a control plane for channel selection in a UQC Universe.

8.2 Observer 4+ Transactional = who selects, who pays
The Observer (holon boundary) selects channels based on inter-
nal/external priors and costs.

The Transactional/Absorber mechanism routes and confirms ex-
changes at scale.

The Einstein-Landauer budget prices the commitment of a record.

In tandem, these “budgeting” mechanisms ensure that writes oc-
cur only when paid for and kept (SCI), with routing shaped by of-
fers/confirmations and selection executed at holon blankets.
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9 Conclusions

Infogravity advances a computational cosmology where information is
constitutive of structure. If the Universe is UQC-by-Natural-Kinds,
and if SCI holds without exception, then dualism follows: the cost of
irreversible updates is paid somewhere — as heat, as durable internal en-
ergy (organization, AU), and, by Einstein, on the inertial /gravitational
ledger.

At stellar scale, the Ockham-minimal multiplicity By, = Q/(kp %
T x In2) is inevitable for thermalized fusion, making channel partition
(thermal vs non-thermal) the central astrophysical question. At the life
scale, the daily Landauer floor at physiological temperature is large,
yet no persistent surplus heat appears beyond metabolic budgeting in
controlled settings; the natural reconciliation is that a fraction of the
information-mandated cost is retained as AU during durable writes —
a life-scale Einstein-Landauer bridge.

The tripartite holonic fractal — baryoholons, cyberholons, pliro-
holons — organizes this picture into a dynamical hierarchy whose self-
similarity mirrors Life, and whose fractal dimension tracks Density
of Emerging Information. In this sense, the laws of nature are the
conserved theorems of a self-learning Universe. In the UQC model,
quantum systems evolve as components of a distributed, asynchronous
computational architecture — a natural deep Boltzmann machine em-
bedded in the cosmos itself. The Infogravity theory bridges: a) Physics
and cybernetics; b) Ontology and systems theory; ¢) Computation and
emergence.
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Adaptive Computing Infrastructure for
Research and Education Support

Peter Bogatencov

Abstract

In the article, approaches and solutions for the development of
an adaptive distributed computing infrastructure are presented,
oriented to adaptive reconfiguration for the operation of different
workflows depending on users’ needs. The common infrastruc-
ture is dedicated to supporting different types of workflows and
providing efficient access to various types of computing resources
and services for research data analytics and the operation of pro-
duction services supporting different scientific and educational
activities.

Keywords: information technologies, distributed comput-
ing, e-infrastructure & services for research and education.

1 Introduction

Real demands of the development of computing infrastructure and
services to support the accumulation, storage, and processing of re-
search data are constantly increasing. Development of distributed,
High-Throughput and High-Performance computing (HPC) infrastruc-
tures for solving complex tasks with specific demands of computing
resources, abilities to store and access increasing amounts of research
data are actively growing now, including in Moldova [1]. This requires
permanent expansion of hardware resources and the use of new tools
to automate resource allocation, equipment management, and service
delivery. The introduction of modern architectural solutions, tools, and

©2025 by Peter Bogatencov
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platforms, as well as the installation of new high-performance comput-
ing resources, has made it possible to intensify the use of distributed
computing infrastructure. The concept of creating an adaptive dis-
tributed heterogeneous computing infrastructure has been developed.
The proposed adaptive computing infrastructure offers conditions for
providing requested computing and storage resources over a high-speed
optical network.

End-users are looking for a wide range of services for working with
data and computing resources for elaboration and executing complex
applications and new services. The created infrastructure is oriented
to support open science and be integrated into the European Open
Science Cloud Initiative (EOSC), aimed at the accumulation of various
scientific information for the organization of open access to research
information and services that have a significant impact on the intensi-
fication of the use of distributed computing resources. Important areas
of work in this direction focused on the deployment of new types of
computing infrastructures that will integrate High-Throughput, HPC,
and storage computing resources and gain benefits to end users from
uniting computational resources of multiprocessor clusters with effec-
tive application platforms, users’ interfaces, and infrastructure man-
agement tools offered by Cloud infrastructure.

2 Deployment of distributed heterogeneous
computing infrastructure

Work on the implementation of the distributed computing infrastruc-
ture in Moldova started in 2007 when the first Agreement on the
creation of the MD-GIRD Joint Research Unit Consortium and ac-
companying Memorandums of Understanding were signed by seven
universities and research institutes of Moldova. Since this time, the
works started on the deployment of the national computing infrastruc-
ture that included the integration of computing clusters and servers
deployed in the main national universities and research institutions.
For effective integration of different types of computing resources into
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the common distributed infrastructure, a high-capacity communication
backbone was used, provided by the National Research and Educational
Network RENAM [2].

In 2014-2015, as a result of the participation of the Institute of
Mathematics and Computer Science (IMCS) and partner organization
RENAM in the regional project “Experimental Deployment of an In-
tegrated Grid and Cloud Enabled Environment in BSEC Countries on
the Base of gEclipse (BSEC gEclipseGrid)” supported by Black Sea
Economic Cooperation Programme (http://www.blacksea-Cloud.net),
resources of the distributed computing infrastructure were extended
and new technologies were deployed [3].

The experience and results accumulated during this project realiza-
tion allowed deploying Cloud infrastructure for applications develop-
ment, evaluation, and testing, based on OpenStack version 13 Mitaka
(release 2016), installed and accessible at https://cloud.renam.md/. It
was deployed using two computing nodes of the multiprocessor cluster
operated in IMCS, which were taken out of the mainstream configura-
tion of this computing facility. The total amount of resources of these
two servers was quite modest even for this time - only 16 CPU cores, 32
GB RAM, 750 GB HDD, 1 Gbit/s network. Despite this, the created
infrastructure was widely used, both for new applications evaluation
purposes, and in several short-term projects, in which it was used to
deploy quickly a small virtual infrastructure to test various scenarios
and products.

In 2018, the infrastructure was extended by modern high-performance
servers with 32*n CPU threads, 128 GB RAM, 4 Th RAM storage, and
10 GB network cards. This upgrade has opened a new stage in the de-
velopment of the computing facility at IMCS — additional resources for
several institutional projects in the field of Machine Learning and Neu-
ral Language Processing were provided and actively used (see Fig.1).

In 2019, the Cloud infrastructure of IMCS began to offer a new
service — support of online lectures organization in the Moldova State
University (MSU) and the Technical University of Moldova. The expe-
rience gained over these years and obtained users’ feedback allowed us
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to specify clear needs for further development of the computing infras-
tructure in IMCS. However, a simple increase of resources was no longer
an option — the technologies used in the existing OpenStack releases no
longer met modern security standards, and the manual installation pro-
cess applied to upgrade OpenStack created insurmountable difficulties
for infrastructure expansion and administration.

To overcome the known limitations of the initial realization of dis-
tributed computing infrastructure in Moldova, the Faculty of Math-
ematics and Computer Science of MSU, IMCS MSU, and RENAM
united efforts for developing and providing resources of the innova-
tive federated computing environment that ensures the efficient use
of available hardware and software resources, adaptive allocation of
resources, accumulation and development of various workflows, soft-
ware platforms, tools, technologies for research data analytics, research
and education services deployment and operation, solving problems
that require high-performance computing capacity and processing large
amounts of data.

Select a period of time to query its usage:

From: 2015-05-01 To: 2020-11-06 m The date should be in YYYY-mm-dd

format
Active Instances: & Active RAM: 80GB This Period's VCPU-Hours: 334666.22 This Period's GB-Hours: 7142319.25 This
Period’s RAM-Hours: 1278136459 55

Usage & Download CSV Summary
Project Name VCPUs Disk RAM VCPU Hours @  Disk GB Hours @ Memory MB Hours @
Nicolai 0 0Bytes 0OBytes 6.06 60.59 12408.04
T.Bumbu Al Praject 12 296GB  70GB 240799.12 5537919.45 112299677229
DICOM 0 0Bytes 0Bytes 476 152.23 974279
MQTT Playground 0 0Bytes 0OBytes 782.31 12516.95 801084.87
Demo project 0 0Bytes  (Bytes 589462 93527.35 99935985 59
Grigorii 0 0Bytes 0Bytes 13453.95 208004.00 2107988196
Infrastructure test 0 0Bytes 0OBytes 386279 7725571 7910984.25
USM_Cloud_Class 2 16GB 2GB 41728.87 358762.01 4273036666
utm 2 100GB  8GB 28133.76 854120.97 72601623.10

Figure 1. Example of computing resource usage in IMCS MSU
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Due to participation of Moldova in the EU-funded project EU4Digital
— EaPConnect, computing facilities operated in MSU, RENAM, IMCS,
and also in the Institute of Emergency Medicine, were upgraded as fol-
lows (Fig. 2): new high-performance servers for computing nodes and
storage elements were installed; a 10 Gbps optical network was de-
ployed between the main computing sites; IMCS and RENAM servers’
rooms were modernized — modern uninterruptible power supply sys-
tems for server equipment and industrial air-cooling systems were in-
stalled. Current activities focused on the deployment and develop-
ment of HPC cloud infrastructure by implementing SaaS, PaaS, and
TaaS service models for the joint use of parallel computing clusters
integrated into the common distributed computing environment. The
available computing resources now comprise more than 400 CPU cores,
2 NVIDIA T4 Tensor Core GPU units, and over 54 TB of RAM storage

IMI VA Cluster USM Cluster UTM2 Cluster IMU Cluster

*5 medium- *2 high- *6 high- *2 high-

performance performance performance performance
Dell R430 HPE ProLiant Dell R650 Dell R650
servers with DL380 Gen9 servers with servers with
16C/32T CPU, with 24C/48T 40C/80T CPU, 40C/80T CPU,
128Gb RAM CPU, 128Gb 256Gb RAM, 256Gb RAM,
2 high- RAM 4Tb SSD 4Tb SSD
performance *4 high-
Dell R650 performance
servers with Dell R730 —
40C/80T CPU, servers with
256Gb RAM, 20C/40T CPU, icatic 7
4Th SSD 256Gb RAM Application porting EGI Cloud
1 high-capacity 1 high-capacity Infrastructure
Dell R740xd Dell R740xd
Storage node Storage node
with 50Tb NAS with 50Tb NAS
1 NVIDIA Tesla 1 NVIDIA Tesla
T4 GPU with T4 GPU with
16Gb memory 16Gb memory

2 x 10Gbps (LAN & WAN)

Figure 2. Parameters of the distributed computing infrastructure

Distributed computing infrastructure uses the adaptive execution
frameworks that can be adjusted for the execution of different complex
applications, specific services, with the possibility to certify and on-
board some of them as generic services to EOSC. The research teams
from MSU, IMCS MSU, Institute of Applied Physics MSU, and In-
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stitute of Chemistry MSU developed several applications that require
scalable resources of multiprocessor clusters integrated in the common
distributed heterogeneous computing infrastructure.

The adaptive allocation of computing resources is used for deploy-
ing the following types of computing infrastructures dedicated to the
execution of specific workflows, depending on users’ requirements and
production operation of a predetermined set of commonly used services
and applications:

e Deployment of multiprocessor clusters for computing modeling,
complex applications development, and execution;

e Heterogeneous installations that include GPU cards for artificial
intelligence (AI) models development and machine learning sup-
port;

e Allocation of resources of virtualized and bare metal servers, soft-
ware platforms for production operation of widely used services
and applications;

e Scalable computing resources for scientific cloud infrastructure
operation;

e Storage servers’ infrastructure.

3 Adaptive Configuration of the available re-
sources

The fact is that the existing heterogeneous infrastructure, especially
the deployed OpenStack Cloud infrastructure is a very flexible and,
as a result, a very complex product, consisting of hundreds of open-
source “bricks” components combined into a single system, which have
many dependent on each other services and components, with their own
settings, which must be written into the configuration files before exe-
cuting the commands to “dock” the components into a single working
environment. Mistakes when installing and configuring such a complex
system are inevitable and sometimes irreversible, and necessitate re-
installing all components from scratch. This approach makes further
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administration and scaling of the system an absolutely impractical and
complicated process.

Installing and configuring heterogeneous infrastructure manually is
great for getting familiar with the internals of a system and under-
standing how its components interact. However, when installing the
system on large infrastructures, where clustering of more than 5-10
servers is used, manual installation is an absolutely inappropriate ap-
proach and is unpromising in terms of further scaling. To overcome
these limitations, increase the reliability and the possibility of further
upgrading and scaling of such a sophisticated system, a completely
different approach is required.

To solve this problem, it was decided to use a modern approach to
the infrastructure configuration and administration, usually applied to
cloud systems — using Deployment Tools, which allow creating scripts
to automate the installation of the system. It is difficult to imagine a
modern IT project without applying such solutions. About a dozen of
such kind of tools are already known to automate configuration pro-
cesses; the main ones and being used more often are Ansimble, Puppet,
Chef, Juju, ManageX. To deploy a new or improve the existing comput-
ing infrastructure on the basis of modern equipment, we have chosen as
a preferred solution a combination of open-source tools, such as MAAS
(Metal-As-a-Service), Juju Charms, and also ManageX for perspective.

MAAS is designed to deploy quickly and easily Ubuntu configura-
tions across multiple servers using techniques utilized for cloud plat-
forms. But unlike cloud platforms, resource allocation on such kind of
cluster occurs at the level of physical servers, not virtual environments.
At the heart of MAAS, there is the simple idea of Preboot eXecution
Environment (PXE) booting and a tool for deploying and maintaining
Juju environments, which turns the installation and configuration pro-
cess into an extremely simple task, performed by using two or three
commands [5]. It usually takes too much time to configure manually
the OS and services on each server node in the cluster, whereas tools
like MAAS can deploy an entire cluster in just a few minutes.

Juju is an orchestrator that can be used to declaratively describe the

40



Adaptive Computing Infrastructure for ...

infrastructure configuration of an application: which applications are
running, on which machines, in how many copies, and how they are
linked to other services. The custom code for configuring individual
virtual machines with Juju is called Charm [6].

Relatively recently, there was announced ManageX configuration
tool from Terawe Corporation that was studied and tested in the exist-
ing heterogeneous computing environment. This tool became popular
for managing computing resources in many universities and research
centers. ManageX is used to deliver on-demand, self-provisioned re-
search workspaces for compute-intensive, data-driven, and Al-enabled
projects. These environments support customized compute configura-
tions, automated data pipelines, HPC workloads, and integrated access
to cutting-edge Al models and services — all without the additional bur-
den of infrastructure management.

Having the installation of an automation system, we get not only a
gain in man-hours for deploying a ready-made production-ready infras-
tructure, but also flexibility in its administration and ease of scaling.
For example, having a Compute Node setup script written, you can
start provisioning any number of new nodes with a single command,
using an existing debugged configuration. This allows for minimizing
the occurrence of errors when commissioning new system components
and carrying out maintenance with minimal delays or even without
downtime.

The creation of new, adaptable infrastructure will allow us to elim-
inate many of the limiting factors of the infrastructure currently oper-
ating in our research computing infrastructure. The main advantages
of the updated system are: automated configuration of the extended
pool of computing resources, block-storage for creating a backup, a new
network model that allows users to independently create self-service lo-
cal networks with local addresses, and use the mapping of floating IP
addresses. This, in turn, increases security and significantly reduces
the use of limited assets like public IPs.
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4 Computing Resources for Production Oper-
ation of Services and Applications

Production services and applications require predetermined comput-
ing resources. These resources are mainly statically allocated for the
support of services and applications operation:

e Research data repositories platforms;

e Videoconferencing services — BigBlueButton and eduMEET in-
tegrated with LMS Moodle instances;

e Eduroam and eduGAIN federated services, including the opera-
tion of the National IdM Federation LEAF;

e Resources for DICOM Network distributed medical application;
e General content hosting services;

e Resources for Jupyter Notebook — a web-based interactive com-
puting platform.

e Resources for development, deployment, and operation of the Na-
tional EOSC node as a part of the common European EOSC
federation.

It is important to provide research and educational institutions ac-
cess to widely used platforms oriented to research data and publica-
tions collection, which are a convenient instrument for institutional
and thematic repositories deployment. As a solution for the creation of
universal data repositories, resources were allocated and instances for
operation DSpace and EuroCRIS platforms were installed [7, §].

One of the examples of use of pre-allocated resources is a multi-
node distributed video-conferencing system, which provides facilities
for the organization of online classes and has been operating since the
beginning of the lockdowns caused by the COVID-19 pandemic. Video-
conferencing system is offering access to two types of instances powered
by the open-source projects, BigBlueButton [9] and eduMEET [10].
The VC system is integrated with the LMS Moodle, creating a self-
sufficient distant e-learning platform, and it is now actively used for
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distant learning by the main universities of Moldova: the Moldova
State University, the Academy of Economic Studies of Moldova, as
well as by some smaller institutions in Chisinau and in the regions. It
allows hosting roughly 1.5-2k of concurrent users daily, with the peaks
up to nearly 3k users in about 100 separate virtual rooms distributed
among the servers’ clusters.

The effective use of the VC system has been achieved by uniting 9
distributed VC instances support nodes in a cluster using the Scalelite
project. Scalelite is an open-source load balancer that manages a pool
of VC servers. It makes the pool of VC servers appear as a single (very
scalable) server. A front-end, such as Moodle or Greenlight, sends
standard BigBlueButton and eduMEET API requests to the Scalelite
server, which, in turn, distributes those requests to the least loaded
VC server in the pool. In addition, Greenlight is used as a meeting
management plugin and a pool of three Traversal Using Relay NAT
(TURN) servers for relaying the traffic between peers behind the NAT.

Pre-allocated computing resources are also used for the opera-
tion of the Authorization and Authentication Infrastructure (AAI) in
Moldova: National Identity Management Federation (IdM) — LEAF
[11] and the national eduroam infrastructure. National IdM Federa-
tion is the main instrument for access to various services, including
computing resources. LEAF IdM Federation is linking now nine insti-
tutional Identity Management Providers (IdP), six of them are realized
and operated by using computing resources allocated to LEAF Feder-
ation.

Although some research and educational organizations in Moldova
continue to use different Authorization and Authentication mechanisms
to access various services in Moldova and internationally, the main pro-
posed approach for providing convenient access to national and interna-
tional service providers is the integration of all research and educational
institutions in the National IdM Federation. LEAF is a part of AAI
that is realizing eduGAIN service — a global inter-federation AAI that
integrates different types of user identification mechanisms and IdM
federations.
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The common computing infrastructure is offering resources for the
production operation of distributed applications, like the DICOM Net-
work medical information system [12]. The allocated computing in-
frastructure is used for collecting anonymized medical data extracted
from the application databases for data processing using various data
analytics tools. Available storage resources are also used for long-term
archiving of the collected medical data.

Resources of the created infrastructure are used for providing gen-
eral information hosting services. This presumes allocating various
hosting resources according to users’ requests:

o Allocation of VMs with preinstalled hosting platform;

o Installation and operation of a number of selected Content Man-
agement Systems (WordPress, Joomla, etc.) and providing users
access to these platforms.

Computing resources are used for the permanent operation of
Jupyter Notebook — a web-based interactive platform for research data
collection and analytics. The Notebook combines live code, equations,
narrative text, and visualizations. Jupyter Notebook allows users to
compile all aspects of a data project in one place, making it easier to
show the entire process of a project to your intended audience. Through
this web-based application, users can create data visualizations and
other components of a project to share with others via the platform.

In perspective, the allocation of production resources for the cre-
ation EOSC National node in Moldova is planned. This node will be a
part of a joint European federated infrastructure that unites the Cen-
tral EU EOSC node, a number of thematic and selected national EOSC
nodes [13]. According to the current plan, the node will provide the
following possibilities to users:

o Research Data sets repositioning;

o Access to Data services;

o Data workflows for research data analysis and open-source soft-
ware;
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o

Data processing services, including High Throughput and High-
performance computing;

@)

Storage services;
Virtual Research Environments (VRE);

Collection and cataloguing of scientific applications.

o

o

5 Resources for Scientific Cloud Infrastructure
Operation

In 2023, the concept of the creation of a heterogeneous computing
infrastructure was elaborated, which includes the deployment of multi-
zone laaS based on OpenStack cloud middleware [14]. Works on de-
ployment of the updated Scientific multi-zone IaaS based on the new
OpenStack version are progressing now, taking into account continua-
tion of physical computing resources upgrading by installation of new
servers in all three main datacenters. As a result, today in IMCS, MSU,
and RENAM, OpenStack version 2023.1 Antelope is deployed, which is
currently the stable release that will be actively maintained at least for
several upcoming years, offering more features, more processing power,
and flexibility of operation [15].

In the current distributed cloud understructure, useful and impor-
tant components — block storage and Virtual eXtensible Local Area
Network (VXLAN) traffic tagging are already implemented. These
tools will be used for the development of future cloud infrastructures,
too. Block storage allows the creation of volumes for organizing per-
sistent storage. The Block storage component, used in the created
multi-zone IaaS, is deployed on a separate storage sub-system and al-
lows the creation of block storage devices and mounting them on a
virtual machine through special drivers over the network. This type
of volume is a persistent storage that can be reused when the virtual
machines are deleted. Thus, you can easily move data from one virtual
machine to another, or quickly scale up VM performance by creating
a virtual machine with larger resources and simply mount volumes to
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it with all available data for further processing.

VXLAN is an advanced and flexible model of interaction with the
network. In the upgraded cloud infrastructure, in addition to the usual
“provider network” model, which allocates one real IP address from
the pool of provider network addresses to each virtual machine, a self-
service network is also available. A self-service network allows each
project to create its own local network with Internet access via NAT
(Network Address Translation). When using the self-service model,
the floating IP technology becomes available, which allows you to tem-
porarily bind the IP address from the provider network to any of the
virtual machines in the project, and at any time detach it and reassign
it to any other virtual machine of the project. The replacement occurs
seamlessly; that is, the address does not change inside the machine,
but remains the same — the address is from the internal network of the
project. The external IP address remains assigned to the project and
can be reused by other machines within the project.

For effective operation of the upgraded computing infrastructure,
a new 10G virtual networking segment was deployed that allowed to
switch connection of all servers to N x 10G interfaces [16].

6 Allocation of Resources for Multiprocessor
Clusters Operation

Many research teams in Moldova are developing scalable complex ap-
plications or using specialized software packages that are oriented on
parallel data processing, execution in a multiprocessor cluster environ-
ment. For these users, specific multiprocessor resources of the common
computing infrastructure can be allocated. These resources allow for
configuring multiprocessor clusters that unite several servers and al-
low for deploying a computing environment that provides a significant
number of compute cores and volume of high-speed memory for parallel
applications development and execution.

Multiprocessor Clusters can be created as a part of a virtualized
Scientific cloud infrastructure; also, resources for clusters’ operation
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can be configured using only bare metal servers, or it can be a combi-
nation of virtualized and bare metal servers. The process of computing
resource allocation and cluster configuration can be managed automat-
ically. The management tools for heterogeneous cloud infrastructure
configuration that are described in Section 6 can be applied to multi-
processor cluster configurations too.

For the simplification of multiprocessor clusters’ resource utiliza-
tion, it is important to have configuration tools for the adjustment of
the execution framework for running complex applications as part of
workflows used for the selected applications execution. Now, a new
approach is being developed and realized for the collection and sys-
tematization of different types of user workflows for the deployment of
libraries with annotated workflows, workspaces, and execution environ-
ment descriptions that will allow to re-use of created workflows and,
in perspective, to automate the adjustment of execution frameworks
according to users’ needs. In perspective, the Al-based technologies
can be applied for finding appropriate workflows and adjusting for the
execution of a target set of applications.

7 Specialized Infrastructure for AI Applica-
tions and Machine Learning

Expansion of the use of AI technologies in research and education
brings up different infrastructure needs to traditional research com-
puting. Traditional infrastructures are changing according to the two
major ‘phases’ of Al technologies utilization for applications develop-
ment and use:

o Al Training requires massive computational resources working in
perfect synchronization.

o Al Inference is when those trained models answer your questions
— lighter computing, but needs to be lightning-fast and globally
accessible.
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Large volumes and high-quality data are an essential need for Al
systems. Modern Al models require vast amounts of high-quality, di-
verse data to avoid biases and ensure their reliability. Universities and
research institutions across the globe are generating valuable datasets,
but without coordinated strategies to share this data responsibly, indi-
vidual institutions face significant limitations in both scale and diver-
sity. This is particularly problematic for Al research, research models
based on Al applications, where model quality is directly tied to the
breadth and depth of training data. Modern AI models require hun-
dreds or thousands of GPUs working in perfect concert, computational
demands that exceed most individual institutions and even national
infrastructures possibilities. For the intensification of Al technologies’
use in research and educational institutions, the following approaches
are recommended for realization [17]:

o Deploy specialised Al clusters: dedicated to GPU resources for
research training and inference;

o National Research and Educational Computing Infrastructure
Sovereignty: reduced dependency on commercial providers;

o Federated resource sharing: pool capacity across institutions and
borders during peak demand;

o Fair resource allocation systems: reservation and scheduling
across resources distributed among institutions.

Following the increasing necessity to use specialized, Al-oriented
computing resources, a part of the available computing infrastructure
is planned to be allocated for supporting Al-based applications and
models development. This pool of resources will comprise NVIDIA
T4 Tensor Core GPUs integrated with modern servers that will have
the ability to offer hundreds of CPU cores. The following tools for
supporting Al applications are ready to be preinstalled to simplify the
creation of research workspaces for data-intensive Al-enabled projects:

o TensorFlow 2 — an end-to-end open-source machine learning plat-
form.
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o Keras: Deep Learning for Humans. Keras is a high-level, deep-
learning API developed by Google for implementing neural net-
works. It makes the implementation of neural networks easy and
supports multiple backend neural network computations.

These tools and resources can be a useful facility for Natural Lan-
guage Processing and Machine Learning applications that are being
developed in IMCS USM.

8 Storage Infrastructure

The distributed computing infrastructure comprises dedicated storage
sub-systems for a large amount of data archiving and providing re-
sources for the whole distributed infrastructure data backup.

Systemic concepts for organizing data storage in a distributed
heterogeneous computing environment were proposed and analyzed,
based on the application of the multi-zone and multi-level storage con-
cept using various platforms for organizing data storage and archiving
(NextCloud, FreeNAS, other hierarchical memory management sys-
tems — including Oracle SAM-QFS, HPE Data Management Frame-
work, Quantum StorNext). Several approaches were realized and ap-
propriate storage management systems deployed for data collection and
storing that allow realizing reliable multi-level data archiving and im-
plementing various solutions for the organization of permanent data
storage.

Elements of the storage servers’ infrastructure are now distributed
among three sites for reliable data backup and archiving, which allows
storing copies of data at least in two different locations.

Automated back-up system is making multi-level backups that in-
clude copying of virtual machine images, regular copies of content
from operating software platforms, moving datasets from operative
databases to data preservation archives, etc.
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9 Conclusion

Heterogeneous computing infrastructures, virtualization, and Cloud
technologies give resource providers flexible tools for effective resource
manipulation in small to medium computing infrastructures.

The created adaptive computing infrastructure is a successful ex-
ample of adaptation of new technologies and open-source software plat-
forms for providing computational resources to the scientific and edu-
cational community (Fig. 3).

There are perspectives to continue developing the created scientific
computing infrastructure and technologies at national, regional, and
international levels. The works focused on the adaptation and imple-
mentation of new open-source tools for extending the usability of the
created federated computing infrastructure. A perspective direction
that can enhance the development of the national scientific comput-
ing infrastructure and services is cooperation with partners within new
activities and projects initiated by GEANT, European Grid Initiative
Foundation, and other European e-Infrastructures. There are perspec-
tives to be engaged in projects that comprise activities related to the
integration of the national distributed infrastructure in the European
Cloud and High Throughput computing infrastructures.

computing (HTC), Distributed Computing Infrastructures (DClIs)

National and European high-performance computing (HPC), high-throughput
Resources &

MD Research
Communities

Datacenters of
R&E
Institutions

Federated Scientific Clouds

Figure 3. Heterogeneous computing resources for Research Communi-
ties in Moldova
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We expect a positive outcome from the realization of the concept

described above of the adaptive computing infrastructure deployment.
This e-Infrastructure would provide a wide range of resources and uni-
fied services for national research and educational institutions, which
obviously contribute to the support of science and education develop-
ment in Moldova.
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Message segmentation vs. latency in computer
networks

Ton Bolun

Abstract

The degree of influence of message segmentation on latency
in wide-area computer networks, depending on various factors,
is examined. Based on some queueing models and calculations
performed, it is shown that the influence in question is not univo-
cal; there are many cases in which segmentation is inopportune
even at relatively large message sizes. With the decrease in the
number of “node-to-node” hops on the “source-destination” path,
the number of cases in which message segmentation is inoppor-
tune increases. Cases are identified where non-segmentation of
messages can reduce their latency by up to 6 times or more.

Keywords: data transfer channel, latency, pachet, router,
user request.

1 Introduction

At relatively high costs and high quality of the requested services, the
efficient use of the resources of wide-area computer networks is of great
importance. User requests to the network and the network’s response
to them constitute messages to be transferred. Request messages are
transmitted from each user station (SU) or from the user stations of
each separate local area network (LAN) (SU/LAN) to certain data cen-
ters (DC) of the network. To be transferred, messages are segmented,
the resulting segments are encapsulated in data packets, the latter be-
ing encapsulated in data frames that are transferred from node to node
along the path between source and destination.

©2025 by Ion Bolun
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In computer networks, the size of data packets is limited by the
set values of the maximum transmission unit (MTU). For example, in
the Internet (TCP/IP network technology), the size of IPv4 packets
can be up to 2!6 — 1 bytes (datagram packets), mandatory being the
acceptance of packets of up to 576 bytes [I], and the size of IPv6 packets
can be up to 232 — 1 bytes (jumbogram packets), mandatory being the
acceptance of packets of up to 1280 bytes [2]. However, for links that
can set the MTU value (e.g., PPP links), it is recommended to use an
MTU of 1500 bytes [2].

The MTU value of 1500 bytes is commonly used in networks. So,
one or more packets can correspond to a message. It has also been
shown that sometimes using MTUs larger than 1500 bytes can reduce
the message transfer time 7' [3]-[6].

In [7], it is shown that 9000-bytes jumbo frame connections are more
resistant to packet loss. The results of [6] show that the average latency
decreases as the packet size increases. Using the 9000 bytes MTU for
40 Gbps Ethernet, the overall output results exceed the current IEC
61375-2-5 ETB standards by up to 90% [§].

Thus, for certain network situations, it is preferable to use an MTU
of 9000 bytes compared to an MTU of 1500 bytes. But there are also
many cases in which it is preferable to use an MTU of 1500 bytes or
larger than 9000 bytes.

Of interest is the degree of influence of message segmentation on
latency during its transfer through the wide-area networks, depend-
ing on various factors. Such factors include: the size of the messages
to be transferred, the number of “node-node” hops on the “source-
destination” path, the size of packets, the performance and loading of
routers and data transfer channels (DTC), etc. Namely, such aspects
are examined in this paper.

95



Ton Bolun

2 Factors that influence message latency in
computer networks

Let’s examine some factors that could influence the latency T of mes-
sages during their transfer through the network.

The message size, according to [9], [10], can usually be, depending
on the requested service, from about 200 bytes to 200 KB and more.
The ITU-T Recommendation G.1010 [I1] specifies values from less than
1 KB (Telnet, interactive games) to 100 KB (static images), and for
bulk data — up to 10 MB. It will be assumed that the size of both
messages and packets is exponentially distributed with mean v and g,
respectively.

According to ([12], p. 415), the rate y, of processing packets by
a router is approximately equal to the rate p of processing messages.
Of course, for large values of the number g of packets corresponding
to a message, these rates differ, involving other factors, for example,
the time of recording data entities in the router buffer. Thus, in the
general case, it can be considered that p, € [u,gpu]. So, p, = g'~°pu,
where 0 < a < 1. The value of the difference (1 — a) characterizes
the degree of coincidence of the rate p with that p,: the coincidence
in question is the smallest at @ = 0 (y, = gp) and is total at a = 1
(Hp = pir)-

With reference to the incoming request flows in wide-area computer
networks, for overall calculations, they can be considered of the Poisson
type [13]-[15].

The most widely used characteristic of vulnerability to errors in
data transfer is the bit error rate (BER) — the average value of the ratio
between the number of erroneously received bits and the total number
of transmitted bits. In modern telecommunications, the BER value
is about 107 [16], in wired data transfer networks, the typical BER
value is 10712 or less, and in high-performance wireless networks — 10~
[17], [18]. At p = 1077, the probability of erroneous reception of a data
packet of ¢ = 1500 bytes is equal to [1-(1-p)37] ~ 9,6 x 107°. Similarly,
at g = 20, the probability of erroneous reception of a message of v =
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qg = 1500 x 20 = 30000 bytes is equal to [1-(1-p)8*30000] ~ 23 x 1075,
Both values are relatively small and, given the initial data examined,
would have little influence on the latency of messages. Therefore, the
vulnerability to errors of data transfer in computer networks will not
be examined in this paper.

3 Latency when segmenting messages

Two models (Models 1 and 2) regarding the latency of data transfer
in networks when segmenting messages, in order of increasing their
accuracy, are described and discussed.

3.1 Model 1 — simplistic

Model 1 — the simplest of the two, aims to define very general con-
clusions on the subject under examination. It is based on comparing
the transfer time of requests from users of SU/LAN z to DC z of the
network in the form of messages with that in the form of data packets
for a simplified case, namely:

- by one router is placed at SU/LAN z and at DC z;

- the message flow between SU/LAN z and DC z is elementary with
rate \;

- to one message correspond, on average, g packets;

- both the size of the messages and that of the packets are expo-
nentially distributed with the mean, respectively, v and ¢ = v/g;

- the service time by each of the k¥ (odd number) components
(routers and DTCs) of the network on the path between SU/LAN z and
DC z, of both the messages and that of the packets, is exponentially
distributed with the rate, respectively, u and gpu;

- the k components of the network serve only the requests of the
SU/LAN z flow to DC z. Under these conditions, the following rela-
tionships take place:

1 k
Test = k——v = ——, 1
v Sl (1)
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where 1/(u—M\) is the average retention time of a request by a router or
a DTC [15], and T}pes1 is the average retention time of a request in the
network on the path between SU/LAN z and DC z, in the case of its
transfer in message form;

k+g—1
Tmes Y 2
et g — A @)

where Tpmes1 is the average retention time of a request in the network
on the path between SU/LAN z and DC z, in the case of its transfer
in the form of packets.

Eq. [2for Tymes1 is obtained based on the following reasoning. The
transfer by the first router of the ¢ packet of the message starts after
(9-1)/[g(pn—A)] time units and reaches DC z in k/[g(u—\)] time units.
S0, Thachy = Tpmest = (9-1)/1g(u-N)]+k/[g(-N)] = (k+g-1)/[g(-N)]
time units.

Based on Egs. [I| and [2} it can be concluded that the dependencies
Trmest (1) and Tpmes1 (1) are decreasing, but to a different extent, depend
on the value of the quantity g. Respectively, the dependency Tpmes1(q)
is increasing.

So, under the defined conditions, the transfer of data in the form
of messages takes Tines1/Tpmes1 times longer than their transfer in the
form of packets, namely:

Tinest _ kg (3)
Tpmesl (k +9— 1)

As expected, at £ = 1 (one router and no DTCs) or/and g = 1,
the ratio Tines1/Tpmes1t becomes equal to 1, i.e., Tinest = Tpmesi- But
at g =k > 1, Trest /Tpmest|g=k = K2/ (2k-1) = ¢*/(2g-1) > k/2 = g/2
occurs, and, at ¢ = k >> 1, Test/Tpmesilg=k = k/2 = g/2 oc-
curs. Moreover, the limit equalities limy /g—00Lmes1 /Tpmes1 = g and
limg/kﬁoonesl/Tpmesl = k occur. At the same time, the ratio
Tinest/Tpmest, except for the cases k = 1 or/and g = 1, is to the same
extent increasing with respect to g and with respect to k. At g =k > 1,
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the relations Trnest/Tpmest € (9/2; g+¢€] and Tones1 /Tpmest € (k/2; k+¢]
occur, where € is a very small quantity.

To summarize, for k > 1 and g > 1, the relationship Tines1 /Tpmes1 €
[(min(g/2, k/2); min(g, k) + €] occurs. In real computer networks, the
relationships k >> 1 and g >> 1 frequently occur.

Also, from Eq. (3] it follows that the value of the ratio Tynes1/Tpmest
is increasing, to the same extent, with respect to the number ¢ of
packets that correspond to a message and with respect to the total
number k of routers and DTCs on the path between SU/LAN z and
DC z. More suggestively, the character of this dependence is in the
graphical form presented in Figure

Tmesl/Tpmesll times
10
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Figure 1. Ratio Tynes1/Tpmes1 dependence on g and k

Thus, under the assumptions defined in Model 1, taking into ac-
count the transfer of data in the form of packets, not in the form of mes-
sages, can considerably reduce the average latency of messages in the
network, namely: from min(g/2,%/2) to min(g, k) times. At the same
time, the more hops (routers) there are on the “source-destination”
network path, in the more entities it is appropriate to segment the
messages to be transferred.
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3.2 Model 2 - taking into account data processing time
by routers

Model 1, although it allows the identification of important general char-
acteristics of the subject under examination, is simplistic. For exam-
ple, it is assumed in it that the packet serving rate of routers is g times
higher than the message serving rate. However, as mentioned in Sec-
tion [2} it is appropriate to use pu, = g "%, where 0 < a < 1. Also,
the performance of routers and that of the DTCs are considered equal.
But, in real networks, they can differ considerably.

Thus, Model 2, taking into account the stipulations in Sections
and [3] is a development of Model 1, differing from the latter by the
following:

- the packet serving rate p, by each router is determined as p, =
g%, where 0 < a < 1;

- the message serving rate p. by each CTD is determined as p. = du,
and that pp. of packets is determined as pi,. = dgp.

Under these conditions, the average retention time 1,2 of a mes-
sage in the network on the path between SU/LAN z and DC z, in the
case of transferring requests in the form of messages, is equal to

Ty = %[T(k 1) 4 7ok — 1)), (4)

where the average retention time 7 of a message by each of the (k+1)/2
routers is 7 = 1/(pr—A), and that 7. by each of the (k-1)/2 DTCs is
Te = 1/(du—N).

In turn, the average retention time Tjnes2 of a message in the net-
work on the path between SU/LAN z and DC z, in the case of trans-
ferring requests in the form of packets, is determined as

pmes2 = 5 Tk + 1)+ (29 + k= 3), if h>d,

where the average retention time 7, of a packet by each of the (k+1)/2
routers is 7, = 1/(up—gA), and that 7, by each of the (k-1)/2 DTCs
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is 7pe = 1/(dp—g\).

Eq. [p|is obtained based on the following reasoning. If h < d, then
each DTC transmits packets faster than each router processes them.
The processing by the first router of the ¢g* packet of the message
representing the request is completed over g7, time units and reaches
DC z (transiting (k-1)/2 routers and (k-1)/2 DTCs) in 7,(k — 1)/2 +
Tpe(k —1)/2 time units. Adding these two expressions, the first line of
Eq. [f] is obtained.

However, if h > d, then each router processes packets faster than
each DTC transmits them. The first packet reaches the first DTC of
the path between SU/LAN z and DC z in 7, time units. This DTC
completes the transfer of the g packets to the second router in g7,
units of time. Accordingly, the transfer of the ¢g** packet, starting with
the second router and reaching CD z (transiting (k—1)/2 routers and
(k-3)/2 DTCs) takes 7,(k — 1)/2 4+ 7pc(k — 3)/2 time units. Adding
these three expressions, the second line of Eq. [b|is obtained.

Based on Eqs. [ and [f] data transfer in the form of messages takes
Trmes2/Tpmes2 times longer than in the form of packets.

For Model 2, some calculations are performed with the following
initial data: k= {1,3,5,...,19},¢9 = 1,20, A = 750 messages/sec, their
derivatives p = 7500 messages/sec, A/u = 0.1 (the load of each router
when transferring data in form of messages), A\/du = 0.125 (the load
of each CTD) and different values of quantity a.

Some of the results of the calculations, at a = 0,a = 0.25,a =
0.5,a =0.75,a = 0.9, and a = 1, are shown in Figures respectively.

At a = 0 the relationships A\/hp = A/ = 0.100 obviously occur,
and at a = 0.25 the value of the ratio A\/hu increases from 0.1 for g
= 1 to approx. 0.211 for g = 20. The ratio \/hu represents the load
of each of the (k + 1)/2 routers with the processing of the g packets
corresponding to a message.

According to Figure[2] at 0 < a < 0.25 and g > 1, the value of the
ratio Tines2/Tpmes2 is increasing with respect to k. At the same time,
at a = 0 with respect to g, the Tpes2/Tpmes2 value is decreasing at k
= 1 (starting with the value 1 at ¢ = 1) and is increasing at k < 3
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Figure 2. Ratio Tines2/Tpmes2 dependence on g and k at: a) a = 0, b)
b=10.25

(starting with the value 1 at ¢ = 1). But at 0 < a < 0.25 the rate
of increase of the Tpes2/Tpmes2 value decreases with increasing size a.
Moreover, with increasing size g it decreases to such an extent that
the ratio in question becomes decreasing; for example, for a = 0.25 at
k = 3 starting with g ~ 4, and at kK = 5 starting with ¢ = 9. Thus,
under the given conditions and 0 < a < 0.25, segmenting messages is
convenient for some cases at k > 3 and relatively small values of g, but
it is not convenient at k¥ = 1 and some cases at k > 3 and relatively
small values of g.

At a = 0.5 the load A/hu of each router increases from 0.100 for
g = 1 to approx. 0.447 for g = 20, and at a = 0.75 it increases from
0.100 for g = 1 to approx. 0.946 for g = 20.

According to Figure [3] at 0.5 < a < 0.75 and g > 1, as well as
at 0 < a <0.25 and g > 1, the Ties2/Tpmes2 value is increasing with
respect to k. At the same time, the character of the Tpes2/Tpmes2
dependence on g at 0.5 < a < 0.75 and g > 1 is radically different
from that at 0 < a < 0.25 (see Fig. . For some values of k, the ratio
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Figure 3. Ratio Tines2/Tpmes2 dependence on g and k at: a) a = 0.5,
b) b =0.75

Trmes2/Tpmes2 is increasing with respect to g at small values of g, but
is decreasing with respect to g at large values of g. Moreover, with
increasing a, the rate of increase of the ratio Tines2/Tpmes2 decreases,
but its decrease increases.

At a = 0.9, the load A\/hpu of each router increases from 0.100 for g
= 1 to approximately 0.936 for g = 12 (for g = 13, A\/hu > 1 occurs),
and at a = 1, it increases from 0.100 for g = 1 to 0.900 for g = 9 (for
g = 10, A/hp = 1 occurs).

Figure [4] shows the same trend as that of Figure |3 but stronger.
For example, at a = 1, message segmentation may be appropiate only
if K > 7, namely in 11 cases: {k =7,9=2},{k =9, g =2}, {k =11,
g=2}{k=13,9g=2}{k=13,9 =3}, {k =15, g =2}, {k = 15,
g=3h1{k=17,9=2},{k=17,9g =3}, {k =19, g = 2}, and {k =
19, g = 3}.
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Figure 4. Ratio Tynes2/Tpmes2 dependence on g and k at: a) a = 0.9,
b)a=1

4 Conclusion

The degree of influence of message segmentation on latency in wide-
area computer networks is investigated. The obtained results show
that the influence in question is not univocal. Although, in most cases
message segmentation is appropriate, there are also cases in which it is
not reasonable: in all the examined cases, message segmentation is not
appropriate at k = 1 and in very many cases at k = 3(1 < k < 3).

Under the used values of initial data:

- the ratio Tpes2/Tpmes2 is increasing with respect to k;

- as expected, with the inrease of the parameter a value (0 < a < 1),
the opportunity of segmenting messages is deccreasing. At large values
of a, there may be many cases where message segmentation is not
reasonable;

- for low values of the parameter a, the more hops (routers) there
are on the network path between the source and the destination, in the
more entities it is appropriate to segment the messages to be trans-
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ferred;

-at a = 0 and k > 3, the ratio Tines2/Tpmes2 is increasing with
respect to g;

-at a > 0.25 and k > 3, with respect to g the ratio Tines2/Tpmes2 is
increasing at small values of g, but is decreasing at large values of g;

- at a = 1, message segmentation may be appropriate only if k > 7,
namely in 11 cases out of the 380 in total — cases defined by the values
of the pair {g, k};

- at a = 1, the load of each router by packets flow increases from
0.10 for g = 1 t0 0.90 for ¢ = 9, and, at {g = 9,k = 19}, the message
latency in case of data transfer in the form of messages is lower than
that in the form of packets by more than 6.6 times.

References

[1] “Internet protocol,” RFC 791, IETF, September 1981, 45 p. [On-
line]. Available: https://www.rfc-editor.org/rfc/rfc791. Ac-
cessed June 5, 2025.

[2] S. E. Deering and R. M. Hinden, “Internet Protocol, Version 6
(IPv6) Specification,” RFC 8200, IETF, July 2017, 42 p. [On-
line]. Available: https://www.rfc-editor.org/rfc/rfc8200.
Accessed June 5, 2025.

[3] D. Murray, T. Koziniec, K. Lee, and M. Dixon, “Large MTUs and
internet performance,” in IEEFE HPSR, IEEE, 2012, pp. 82—=87.
DOI:/10.1109/HPSR.2012.6260832.

[4] S. Narayan and P. R. Lutui, “Network Performance Evaluation of
Jumbo Frames on a Network,” in IEEE ICETET, IEEE, 2013, pp.
69-72.

[5] A. Das and S. Debbarma, “Performance of Jumbo Sized Data on
Jumbo Frame and Ethernet Frame Using UDP over IPv4/IPv6,”
in IEEE ADCONS, TEEE, 2013, pp. 204-207.

65


https://www.rfc-editor.org/rfc/rfc791
https://www.rfc-editor.org/rfc/rfc8200
10.1109/HPSR.2012.6260832

Ton Bolun

[6]

[14]

K. Sharma and V. Badarla, “Curtailing latency in data center net-
work by adopting Jumbo Frames,” in IEEFE International Confer-
ence on Advanced Networks and Telecommunications, 2016, pp.
1-6. DOI:/10.1109/ANTS.2016.7947785.

M. Mathis, J. Semke, J. Mahdavi, and T. Ott, “The Macroscopic
Behavior of the TCP Congestion Avoidance Algorithm,” SIG-
COMM Comput. Commun. Rev., vol. 27, pp. 67—382, July 1997.
DOI: http://doi.acm.org/10.1145/263932.264023|

F. Ngobigha, G. Koczian, and S. D. Walker, “Towards Mobile
Data Centres: Provision of End-to-End 10 Gbit/s and 40 Gbit/s
Ethernet Train Backbones on International Rolling Stock,” IFEE
Transactions on Vehicular Technology, vol. 73, no. 2, pp. 1890-
1898, Feb. 2024. DOI: 10.1109/TVT.2023.3315516.

I. Bolun, “Synthesis of regional computer networks (on the ex-
ample of the RSS Moldova),” PhD dissertation, Kyiv: Institutul
Politehnic din Kyiv, 1978, 226 p. (in Russian).

I. Bolun, Macrosynthesis of computer networks, Chiginau: Editura
ASEM, 1999, 265 p. (in Romanian).

“ITU-T Recommendation G.1010: End-user multimedia QoS cat-
egories,” 1TU, 2001, 18 p.

A.S. Tanenbaum, N. Feamster, and D. Wetherall, Computer net-
works, 6th ed., Pearson Education Limited, 2021, 922 p.

B.I. Grigelionis, “On the accuracy of approximation of the com-
position of renewal processes by a Poisson process,” in Lithuanian
Mathematical Collection”, vol. 2, no. 2, 1962, pp. 135-143. (in
Russian).

S.A. Mayorov, G.I. Novikov, T.I. Aliev, et al. Fundamentals of the
Theory of Computing Systems, Moscow: Higher School, 1978, 408
p. (in Russian).

66


10.1109/ANTS.2016.7947785
http://doi.acm.org/10.1145/ 263932.264023
10.1109/TVT.2023.3315516

Message segmentation vs. latency in computer networks

[15]

[16]

T.G. Robertazzi, Computer networks and systems: quewing theory
and performance evaluation, New York: Springer-Verlag, 1994,
368 p.

“What is Bit FError Rate or BER? FverythingRF,” May
25, 2023. [Online]. Available: https://www.everythingrf.
com/community/what-is-bit-error-rate-or-ber:~:
text=Achieving}20a%20lower’20BER/200ften, ensurey,
20morej,20reliable)20dataj,20transmission. Accessed June
10, 2025.

" Loss, Latency, and Speed,” DataExpedition Inc., 2025. [Online].
Available: https://www.dataexpedition.com/support/notes/
tn0021.html. Accessed June 24, 2025.

“Bit error rate, PathFinderDigital,” 2025. [Online]. Avail-
able: https://www.pathfinderdigital.com/bit-error-rate-
berl Accessed May 5, 2025.

Ton Bolun

ORCID: https://orcid.org/0000-0003-1961-7310
Technical University of Moldova
E-mail: ion.bolun@isa.utm.md

67


https://www.everythingrf.com/community/what-is-bit-error-rate-or-ber:~:text=Achieving%20a%20lower%20BER%20often,ensure%20more%20reliable%20data%20transmission
https://www.everythingrf.com/community/what-is-bit-error-rate-or-ber:~:text=Achieving%20a%20lower%20BER%20often,ensure%20more%20reliable%20data%20transmission
https://www.everythingrf.com/community/what-is-bit-error-rate-or-ber:~:text=Achieving%20a%20lower%20BER%20often,ensure%20more%20reliable%20data%20transmission
https://www.everythingrf.com/community/what-is-bit-error-rate-or-ber:~:text=Achieving%20a%20lower%20BER%20often,ensure%20more%20reliable%20data%20transmission
https://www.dataexpedition.com/support/notes/tn0021.html
https://www.dataexpedition.com/support/notes/tn0021.html
https://www.pathfinderdigital.com/bit-error-rate-ber
https://www.pathfinderdigital.com/bit-error-rate-ber

Proceedings of Workshop on Intelligent Information Systems
WIIS2025, October 16-18, 2025, Chisinau, Republic of Moldova

On employing historical fonts generation for
PostOCR. correction

Tudor Bumbu, Liudmila Burtseva,
Svetlana Cojocaru, Alexandru Colesnicov,
Ludmila Malahov

Abstract

Processing texts from distant historical periods, especially
those handwritten in languages with low computational re-
sources, presents significant challenges. Even if modern methods
make it possible to achieve, after laborious machine learning pro-
cedures, a fairly good rate of correct character recognition, the
problem of the correctness of the resulting editable text remains
a topical one. This paper presents an approach that contributes
to the automation of the PostOCR proofreading process based on
the presentation of digitized text using historical fonts, similar to
those in the original document.

Keywords: historical fonts, OCR, PostOCR.

Rarity gives things value. What is common is cheap.
What is unique is priceless.

Baltasar Gracian, The Art of Worldly Wisdom (1647)

Introduction

Over the years, the interest in the literary-historical heritage is becom-
ing more and more accentuated, and the growing avalanche of scientific

©2025 by T. Bumbu, L. Burtseva, S. Cojocaru, A. Colesnicov, L. Malahov
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works in the field of old documents digitization is a further argument
in favor of the concern for revitalizing the heritage, thus ensuring its
accessibility and contributing to the preservation of the original doc-
ument by widely distributing its digital copy. In the works, realized
by the authors of this article, different historical periods of writing
Romanian texts in Cyrillic script have been covered. We moved from
the closer (20th century) to the earlier, descending into the depths of
the ages, now being at the processing of handwritten documents in the

Middle Ages.

When we are dealing with well-preserved documents, behind which
there are also rich digital linguistic resources from the historical period
in question (ground truth), the problem of obtaining an equivalent
editable product and, at the user’s wish, transliterated into modern
Latin spelling, possibly with updated spelling and vocabulary, can be
largely considered as solved.

The challenges arise when working with really old and rare prints
or manuscripts, where we are confronted with a much poorer quality
of the support on which the text was written or printed, including
traces left by the weather or poor conditions of preservation (stains,
tears, notes or comments of some readers), transcription errors in the
case of manuscripts, lack of standardized spelling rules, writing without
intervals or other marks of delimitation (scripta continua). In addition
to all this, there was also a large variety of fonts used, for which there
were also no standard norms, as we pointed out in [I], illustrating it
with the example in Fig. [I] and proposing, at the same time, a method
of font classification.

This variety of alphabets and fonts makes the problem of digitiz-
ing ancient texts even more complicated. Taking all these aspects into
account, it is natural to follow in the processing of medieval Roma-
nian texts, handwritten or printed in the Cpyrillic characters of the
corresponding era, some approaches specific to the processing of low-
resourced languages.

Broadly speaking, the process of digitizing an old document can be
operated through seven main steps, which are implemented in the HeDy
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Figure 1. Different presentations of letters in the medieval alphabet

platform [2]. One of these steps is the verification of the recognized text,
for which the platform offers certain facilities, mainly based on manual
intervention by the user.

On the other hand, there is a natural tendency to introduce ele-
ments of automation at this step as well, for example, in the identifi-
cation of post-processing errors. In this paper, we will examine some
of the approaches and experiments undertaken for this purpose, specif-
ically based on creating editable text in fonts similar to those of the
original image.

2 Historical fonts: problem complexity

Providing appropriate fonts is a necessary part of the historical doc-
ument digitization, being the essence of the process of restoration of
ancient texts and data augmentation for OCR/HTR. Whatever the
intended use of digital content, the visualization of the resulting dig-
ital content has to be as close as possible to the image of the source
document.

The first experiment to verify the correctness of page recognition
by comparing the original page image and the recognized text as an
image was a kind of naive approach to evaluate the quality of the result
using a well-preserved text from the 20th century. Fig. [2| represents a
fragment of the original text (Romanian language with Cyrillic script,
20th century) and its equivalent generated with ABBY Fine Reader.
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KOMMONENUA ATIACYAYR JMHIBHCTHK MOJAOBEMECK, KOMIOHEHUA ATIACY1Y i IHHT BHCTHK MOJLIOBEHECK,
BOAYMY 1, MAPTS Il BOAYMY.1 L NAPTS 1T

Figure 2. A fragment of XX sec.text: original(left) and OCRed(right)

Evidently, fonts differ in size, so the result is predictably low: 57.5%
of a similarity, with different letter sizes. After manually adjusting the
dimensions (height and width) of the recognized image, the similarity
result increased to 99.75% at a resolution of 300 pt.

Obviously, that manual adjustment may not be a suitable solution
in the case of historical fonts, which are very different by their nature.
Therefore, it is necessary to find a solution for the automatic generation
of fonts that are maximally similar to those in the original text.

3 Automating the generation of historical fonts

Automatic font generation is the creation of a new font library based
on the reference document images. The main challenge today is to find
a good balance between the automation of the process and the quality
of the resulting font. The quality measures vary depending on the
problem that needs to be solved. The designers require the capturing
of font family characteristics, serifs, stroke shapes, etc. Solving our
work tasks requires only the maximum proximity of letters between
the original image and the generated digital document.

Font generation is implemented in two stages: creation of letters
templates and library generation.

Font library generation

Font library generation is still challenging for a large alphabet with
complex letters. For European alphabets, which contain a compa-
rably small number of letters, the generation process today is well
developed, offering multiple online tools and software like FontLab,
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FontForge, Calligraphr. For the presented research, we chose Font-
Forge — a free and open-source font editor. FontForge is easy to
install on every operating system (OS), being included in standard
stores and repositories. It has standalone applications and APIs for
the most popular programming languages. FontForge’s main func-
tion is to input the letter template, to create the letter, and to place
the obtained letter in the corresponding position in the Unicode ta-
ble of the new font. The letter template can be a ready vector or
a raster image (BMP or PNG). The vector letter template is placed
directly at the cell, specified by Unicode value (Python example:
glyph = font.createChar(unicodeChar, charName)). The image
letter template initially has to be traced by applying the autotrace
function. Embedded FontForge tracing is well-trained on European al-
phabets, but results strongly depend on template image quality. Our
tests show that FontForge can trace a clear and strongly binary image
with very high precision, even for complex letters. An example of its
application is illustrated in Fig.

Source font (Blackadder ITC Std) % zz, ﬂoﬁo g
FontForge generated font gg (ﬁ(ﬁc g C

Python example:

glyph.importOutlines(img_name, background=True)

glyph.autoTrace()

Figure 3. Fancy Font Example

Letters templates creation

Automatically creating a letter template is now the main challenge
of image-based font generation.

The researchers are employing the language models, which achieve
significant results in solving recognition problems. But solving the
image-based font generation problem, language models stumble upon
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the Stroop effect, tending rather to read the text than to analyze the
font properties. In the paper [3](March 2025, USA), the researchers
tried to avoid the Stroop effect, evaluating different inference strate-
gies, including CoT prompting, MCQ, and few-shot learning. Based on
the tests conducted in this paper, the authors stated that the Stroop ef-
fect arose due to the modern implementation of attention mechanisms.
In their opinion, when solving the recognition problem, the attention
mechanism focuses on the edge information of the characters, which
pushes the font details into the background. In continuation of our
work, we intend to contribute to overcoming this issue and to use the
potential of well-trained language models recognition.

Aside from the research, a modern practical solution to the font
generation problem involves the creation of letter templates using con-
ventional text recognition software. The main feature of creating letter
templates using standard OCR is the need to catch segmentation at
the letter level. The APIs of the most popular OCR systems have the
corresponding functions, and the generative machine can answer the
prompt: ”Get the coordinate of the text block”. The problem arises
that the researchers are usually restricted by free tools. The majority
of OCR tools have access to character segmentation only in commercial
versions. Also, the prompt: ”Get the coordinate of all characters in
this text block” is marked as out of free license.

Experiment with the use of FineReader Engine

The second study was performed using the commercial API Fine-
Reader Engine 12 (the current version on which all currently used
FineReader versions are based). A program (about 200 lines of code)
was developed in Python using the comtypes and win32com interface
libraries to cut a handwritten text page image into separate letters. An
example of a handwritten page taken from [4] is shown in Fig.

To test the efficiency of this method, Russian was set as the recog-
nition language, since the goal was to debug the interaction with
FineReader Engine through its API in Python. Using FontForge, a
font was generated, and the original image of the page was compared
with the reproduced one, which gave a match of 85%. FineReader En-
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An example of a handwritten text

Va \J

! o ~ ’;\‘1
ZHOICHMEe€ U0 8% Ak b+ KABHIYH
"f,‘;?"f"ﬁﬁ‘f"T"{‘“Jr“"ﬁ'y‘“°TAﬁ"
(M Oy A ML 0K A OY HICH HITTA LY H.111 1

o . + I o - / O
ntrrkﬁrI:AL': “GA/GTA\&'}'K:[ohAIHI
U EA CHHALLATIPAB EA MM, TPITE MBI
ﬂtM't'p(ﬂmt(f:ms.rfa.uon/muiuf

¥ i ’ ~ ~

BBZHOCHITIEET ORA B IChi ﬁ’n'?n/q H

‘A Vi -~
hoy‘xcrrmtmuurtﬁgymufﬁe'(m’u
Aogorumn(rt'nc/o amf\ng.uurmoéo
luulgmf"’m’uaogoru'oka'ﬂMt;Aj

Several of the resulting images of individual characters
AN ' HA T ochutre ¢£

Figure 4. Segmentation by FineReader Engine

gine has started training of uncial Romanian fonts on the corresponding
manuscripts of the 13th-15th centuries.

Perspectives for using the TesseractOCR

In recent (2025) historical documents digitization works, the com-
bined approach that uses both traditional OCR and language models
is being researched. Among these works, USA [5], Norway [6], Eng-
land, and Germany [7] selected TesseractOCR as a traditional OCR
tools. Such a choice demonstrates how the free tools requirement in-
spired the modern revival of TesseractOCR. Despite TesseractOCR’s
outdated architecture, this software has most of the features demanded
by researchers: it is well trained on all rich-resources languages; it works
both online and on every operating system; it has an API for the most
popular programming languages. For example, in Fig. character
segmentation is done by the function pytesseract.image_to_boxes.
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In the case of the historical Romanian alphabets, TesseractOCR train-
ing is not time-consuming, since these alphabets differ from the usual
Cyrillic alphabet by only a few letters. The TesseractOCR repository
has a fine-tuning script that easily adds several characters to the exist-
ing model.

So, in addition to our tests of FineReader Engine, we tested Tesser-
actOCR for solving our problem.

Summarizing

Since font generation is a subtask of digitizing historical documents,
preprocessing and training can be considered as having been completed.
At the current stage of our work, this means that the task of creating
an image template is reduced to slicing boxes and then automatically
selecting the best template for each letter. In the framework of the
presented research, the selection is done manually, but it can be im-
plemented using language models, since the generation of ground truth
templates is achieved by simply typing the appropriate alphabet in
italics.

4 Conclusions and Further Works

The final goal of the presented research is to extend the HeDy historical
document digitizing pipeline by automatically generating a font library
based on the current document.

We selected the free TesseractOCR as a backend tool for characters
segmentation, due to a simple fine-tuning procedure that allows us to
create a model for historical Romanian alphabets.

Also, in continuation of the presented research, we intend to con-
tribute to overcoming the Stroop effect, which appears during font
recognition by well-trained language models, by developing adapters
for attention mechanisms.

Acknowledgments. The project SIBIA 011301 “Information sys-
tems based on Artificial Intelligence” has supported part of the research
for this paper.
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Abstract

This paper presents an approach to enhancing the pedagogi-
cal value of digitized historical materials, specifically focusing on
the Old Handwritten Archive of school math problems of teacher
and scientist B. Cinic (OHA’Cinic). While the initial digitization
of these materials into static formats like LaTeX preserves their
content, it fails to capture the dynamic and intuitive nature of
the mathematical concepts they represent. To bridge this gap,
our approach involves transforming these static problems into
interactive web-based visualizations. We detail a hybrid, human-
AT collaborative workflow developed to achieve this transforma-
tion efficiently. This paper analyzes our approach, highlighting
its significant advantages in rapid prototyping and its inherent
challenges, such as the need for constant human supervision to
correct the Al’s obscure and subtle mathematical and logical er-
rors. We conclude that this human-Al partnership is a powerful
and effective model for creating rich, interactive educational tools
from historical archives, augmenting the original material for a
modern pedagogical context.

Keywords: digitization, human-AI collaboration, AI tools
for visualization, web application.

1 Introduction

The digitization of historical documents is critically important, not
just for preserving the past, but for shaping how future generations
access, interpret, and engage with history. From literary texts [1] to

©2025 by 0. Caftanatov et al.
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musical scores [2], there were developed diverse specialized tools and
methodologies to tackle the unique challenges of the respective do-
mains. Within this field, the digitization of historical mathematical
texts presents a particularly complex problem. These documents are
not merely text; they are a dense combination of symbolic language,
complex formulas, and geometric figures, all of which are handwritten
and non-structured [3]. This poses unique challenges, including:

e non-standard symbols that lack standardized digital equivalents,
requiring expert interpretation because historical texts often use
author-specific notations. For instance, Carl Friedrich Gauss used
the symbol “=” to denote congruence in modular arithmetic,
which he introduced in his 1801 book Disquisitiones Arithmeti-
cae. In Bernoulli’s manuscripts, “y/” might mean a square root
or a decorative divider [4].

e preserving spatial relationships, such as fractions, matrices, and
geometric diagrams, relies on precise layout, which flat OCR often
destroys.

e handwritten ambiguities that appear because of cursive script,
which blurs distinctions between variables, operators, and anno-
tations.

e diverse nature of the content recorded on the original punch
cards; it interleaves proofs, figures, hints, and text in nonlinear
arrangements.

e machine-readability gaps: converting handwritten formulas to
computable formats (LaTeX /MathML) remains error-prone with-
out manual intervention.

The primary challenge in digitizing OHA’Cinic lies in the hetero-
geneous, unstructured nature of the content, written in Cyrillic script
with Latin denotations, which demands hybrid solutions that combine
Al-trained symbol recognition, IIIF-enabled image annotation, and a
scientific approach to preserve the mathematical meaning embedded
in these materials. More about these challenges in the digitization of
Cyrilic math manuscripts we presented in [3].
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This paper is structured as follows. Section 2 outlines the research
background and motivation, highlighting the significance of digitizing
OHA’Cinic and the importance of preserving his mathematical legacy.
Section 3 details our collaborative development workflow. Section 4
presents several case studies that demonstrate the application of our
approach to different types of mathematical problems. Section 5 offers
a critical analysis of the human-AT collaboration, examining its benefits
and limitations. Finally, Section 6 concludes the paper and proposes
future directions for this line of work.

2 Research Background and Motivation

Our work concerns the digitization of the large handwritten archive of
math problems created by the Moldovan professor and scientist Boris
Cinic, in order to preserve his legacy. He was renowned for his contribu-
tions to mathematical education. During his career, B. Cinic developed
hundreds of original problems for his lyceum students, meticulously
recording some of them on punch cards to serve as individualized as-
signments. His problems gained recognition, appearing in specialized
mathematical journals and being used in Olympiad competitions not
only inside the Republic of Moldova but also outside the country.

As detailed in our previous work [3], we successfully digitized a sig-
nificant portion of Boris Cinic’s archive, transforming the handwritten
Cyrillic text and mathematical formulas into a structured format using
a combination of OCR, Al-powered formula and text recognition tools
(such as MathPix and GPT), and meticulous manual verification and
correction in LaTeX.

Building on this effort, and in commemoration of what would have
been Cinic’s 90th birthday, we introduce the Virtual GPT Assistant —
an Al-powered system based on OpenAI’s GPT-4 — designed to emulate
his distinctive teaching style [5]. Rooted in the foundational principles
of Intelligent Tutoring Systems (ITSs), the assistant incorporates B.
Cinic’s pedagogical strategies, communication patterns, and methods
derived from his original handwritten problems, preserved on digitized
punch cards.

80



An approach to Al visualization of the problems from OHA

However, this successful act of preservation raises a critical peda-
gogical question: while static formats such as LaTeX-generated PDF
or even conversational interactions with the Virtual GPT Assistant can
retain the content, do they truly capture and convey its full educational
potential in the context of 21st-century learning environments?

The traditional, static format encourages a passive learning model
where a student reads and absorbs information. In contrast, modern
pedagogy increasingly emphasizes inquiry-based and active learn-
ing, where students construct knowledge by exploring, experimenting,
and receiving immediate feedback. According to Freeman et. al. [6],
students in active learning environments score on average 6 percentage
points higher and are 1.5x less likely to fail compared to traditional
lecture-based STEM courses.

The static nature of the digitized archive misses the opportunity to
involve the interactive potential of digital media to promote a deeper
and more intuitive understanding of mathematics.

The main (or core) challenge, therefore, lies not merely in preser-
vation but in pedagogical transformation: how can we efficiently
bridge the gap between a static historical archive and a dynamic, mod-
ern educational tool? Traditionally, developing custom interactive ed-
ucational software is a resource-intensive process, requiring collabora-
tion among subject-matter experts, educators, and software developers.
This complexity often acts as a barrier, preventing valuable historical
content from being adapted into effective learning materials.

This paper presents our approach to addressing the challenge of
transforming static mathematical archives into dynamic educational
tools. We propose and document a hybrid, human-AI collabora-
tive workflow for the rapid development of interactive mathematical
visualizations. Our methodology involves the capabilities of a state-of-
the-art large language model (LLM), Gemini 2.5 Pro, as a co-developer,
under the guidance and validation of a human expert. We illustrate
this approach through the development of a web-based application [7]
featuring 13 interactive visualizations based on selected problems from
the OHA’Cinic archive. This work aims not only to present the re-
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sulting application but, more importantly, to analyze the methodology
itself, highlighting both the significant efficiencies and inherent limita-
tions of using Al as a partner in the creation of specialized educational
software.

As part of the evaluation, we introduced this approach during a Pi
Workshop dedicated to International Pi Day, which included 45 pupils
from Da Vinci Private Lyceum and Theoretical Lyceum Gaudeamus.
During this event, students explored Al-generated visualizations of his-
torical methods for demonstrating the value of w. Feedback collected
from participants indicated a high level of engagement and approval,
with 85% of Da Vinci students and 80% of Gaudeamus students ex-
pressing a preference for the visualization-based approach to under-
standing mathematical concepts. Motivated by these findings, we ap-
plied this methodology to the OHA’Cinic archive. The outcomes of
this application are presented in the sections that follow.

3 Methodology

The primary objective of our work was not simply obtaining the static
digitization, but to develop a methodology for creating dynamic, in-
teractive learning tools from the source material of the OHA’Cinic
archive. To achieve this, we formulated a development methodology
centered on a hybrid collaboration between a human software devel-
oper and a large language model (LLM), specifically Gemini 2.5 Pro.
This section presents in detail the principles of this methodology and
the technological framework within which it was executed.

Our methodology is structured as an iterative workflow, which we
call the Prompt-Generate-Validate cycle. The cycle’s initiation and
oversight remain firmly under the control of the human expert, who
is responsible for ensuring the final product is both mathematically
correct and pedagogically sound. The process begins with the human
developer analyzing a given mathematical problem and formulating a
precise set of instructions, or a prompt, for the Al. For instance, in
developing the visualization for Card T48, the initial prompt was:

“Create a React component using SVG that displays a 2D Cartesian
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plane. The component should render two vectors, a and b, originating
from the center. These vectors should be interactive, allowing the user
to change their coordinates by dragging their endpoints with the mouse.
In a separate panel, display the real-time calculations for the dot product
of a and b, their respective magnitudes, and the cosine of the angle
between them.”

Upon receiving such a prompt, the LLM proceeds to the genera-
tion phase. In this stage, the Al acts as an accelerated code generator,
producing a functional software component based on the provided spec-
ifications. This includes generating the necessary React structure with
state management hooks, SVG markup for rendering, and JavaScript
functions for interactivity and mathematical calculations.

The final and most critical stage of the cycle is validation, which
is performed exclusively by the human expert. The generated code
is rigorously assessed against several criteria: functional correctness,
mathematical accuracy, pedagogical utility, and adherence to project-
wide coding standards. If the output is insufficient, the cycle repeats.
The developer provides specific, corrective feedback to the AI. A no-
table example of this was during the development of the visualization
for Card T46, where an early Al-generated solution was mathemati-
cally unstable. The corrective prompt was:

“The current implementation using trigonometric formulas is un-
stable. Abandon this method. Instead, implement a new strategy: for
each cevian, iteratively scan the opposite side with 100 discrete points.
For each point, calculate the resulting angle and find the point that
minimaizes the difference from the target angle. Use this point as the
segment’s foot.”

This iterative improvement, combining human strategic oversight
with the AT’s rapid implementation capabilities, forms the core of our
approach. It establishes a clear division of roles where the human
developer serves as the architect and final arbiter of quality, while the
AT functions as a powerful tool for execution and rapid prototyping.

To implement this workflow, we selected a specific set of modern
web technologies. The core application was built using the React
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framework with Vite as the development environment. Navigation
between the different visualizations was handled by React Router.
For the visualizations themselves, a hybrid solution was used. Sim-
pler function plots and diagrams were rendered declaratively using
SVG directly within React components. For more complex and dy-
namic geometric constructions, which require a continuous drawing
loop, we utilized the p5.js library. To ensure its stable integration
within the component-based structure of React, we developed a cus-
tom P5Canvas wrapper component to manage the lifecycle of the
p5.js sketches. Finally, to respect the bilingual context of the source
material, the entire platform was designed for both Romanian and Rus-
sian languages using the i18next framework.

4 Case Studies of AI-Driven Visualizations

To demonstrate the practical application and evaluate the effectiveness
of our human-AlI collaborative workflow, we applied it to create thir-
teen interactive visualizations for a carefully selected set of problems
from the OHA’Cinic archive. The picked out problems span various
mathematical fields, including geometry, algebra, and number theory.
This section presents a detailed analysis of three representative case
studies, each chosen to highlight a distinct facet of our development
process and its outcomes.

Case 1. The first case, concerning Card T48, exemplifies an ideal
scenario where the Al, given a well-defined problem, generated a correct
and functional visualization with minimal human intervention (see Fig.
1). The task was to create an interactive tool to calculate the cosine of
the angle between two vectors. The prompt requested a React compo-
nent with an interactive SVG plane where vectors could be manipulated
by dragging their endpoints, as well as a panel for real-time calculation
displays. The LLM produced a nearly perfect, self-contained compo-
nent in a single iteration. It correctly implemented useState for state
management, mouse event handlers for interactivity, and the required
mathematical formulas. In this instance, our method proved excep-
tionally efficient, with the Al performing as a competent programmer,

84



An approach to Al visualization of the problems from OHA

translating a clear specification into a functional prototype. The hu-
man expert’s role was primarily limited to minor stylistic refinement
and final integration.

Card T48: Cosinusul unghiului dintre vectori

Problemi: Gasiti cosinusul unghiului dintre vectorii a si b.

Formuli: cos(8) = (a + b) / (|a| * |b|). Selectati unul dintre exemple pentru a vizualiza vectorii si a

vedea calculul cosinusului unghiului dintre ei.

Selectati un exemplu: [IESIRINTCR)] a=(-32), b=(2.3) a=(4.4), b=(4.-4) a=(5,5), b=(5.5)

Calcule

a
Vector a: (1.00, 2.00)
Vector b: (-2.00, 1.00)

Produs scalar (a - b): 0.00
Jal: 2.24

[bl: 2.24

cos(6) = 0.0000

Figure 1. Visualization of the problem in Card T48

Case 2. A far more complex challenge was presented by Card T46,
which required a visualization for a problem involving the properties
of cevians in a triangle (see Fig. 2). This case study is crucial as it
illustrates the limitations of Al and underscores the indispensable role
of human expertise in navigating complex geometric problems. The
initial prompt asked the Al to create a visualization where three spe-
cific angles involving the cevians remained equal as a slider was moved.
The AT’s first attempt was a trigonometric formula that, while elegant,
was mathematically incorrect and produced an unstable visualization.
A second attempt, based on constructing arcs of circles, was theoret-
ically sound but the p5.js implementation was flawed, failing under
different triangle orientations. At this stage, human intervention be-
came critically important. Recognizing the fragility of the analytical
approaches, the developer formulated a simpler, more robust iterative
strategy. The subsequent prompt was ”Instead, implement a new strat-
eqy: for each cevian, iteratively scan the opposite side with 100 discrete
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points. For each point, calculate the resulting angle and find the point
that minimizes the error.” Given this clear, unambiguous algorithm,
the AI was able to generate a clean and perfectly functional p5.js im-
plementation. This case highlights a key finding: the AI succeeded in
implementing a well-defined algorithm, but failed at the strategic task
of designing an algorithm for an open-ended geometric problem, where
its ”hallucinations” led to unworkable solutions.

Card T46: Inaltimile in triunghiul ascutitunghic
Problemi: Punctele A, B, C: sunt alese pe laturile unui triunghi ascuitunghic ABC astfel incat unghiurile
2AAC, £BBiA si 2CCiB sunt cgale. Demonstrati ¢ scgmentele AAs, BB1, CC: sunt inaltimile triunghiului.

Vizualizare: Trageti de virfurile A, B, C pentru a modifica triunghiul. Folositi slider-ul din dreapta pentru a
schimba valoarea unghiurilor ZAAC, ZBB:A i 2CCiB. Observati ce se intampla cdnd unghiul este exact 90°.

ZAAC = ,BBA = £CC:B = 90°
La 90°, segmentele sunt INALTIMII
©

B1 ——

Glisati pentru a schimba unghiul.

a1
AT il B

Figure 2. Visualization of the problem in Card T46

Case 3. The third case study, for Card T55, demonstrates the
versatility of our approach in creating visualizations that are not geo-
metric but procedural and logical (see Fig. 3). The problem required
finding a number based on a specific arithmetic property. The devel-
oper first performed the necessary algebraic reduction, transforming
the word problem into the equation 9z +n = 1996. The prompt given
to the AI was not for a graph, but for an ”interactive solver” that
would allow a user to test possible values for the last digit, n, from 0
to 9. The request specified that the interface should have buttons for
each value and, upon interaction, display the resulting calculation for
x with a clear visual indicator of whether the solution was an integer.

The Al successfully generated a React component that implemented
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Card T55: Problema de logica cu numere

Problema: Gasiti toate numerele naturale in notatia zecimala care se reduc la 1996 atunci cind se scade din ele

acest numar fara ultima sa cifra.

Rezolvare interactiva: Urmati pasii de mai jos pentru a descoperi solutia. Vizvalizarca va ghideaza prin

procesul de transformare a problemei intr-o ccuatic si testarca sistematica a solutiilor posibile

Pasul 1: Transformarea problemei in ecuatie
Notdm numadrul originalca 10x + n

Ecuatia devine: (10x + n) - x = 1996

= 9x + n = 1996

= x = (1996 - n) / 9

Pasul 2: Testarea valorilor posibile pentru 'n*

'n' frebuie sa fie o cifra de la 0 la 9. De asemenea, pentru ca 'x' sa fie intreg, "(1996 - n)’ trebuie sa fie divizibil cu 9. Testeaza optiunile de mai jos:
n=0 n=1 n=2 n=3 n=4 n=»5 n=6 n=7 n==8 n=9

Selectati o valoare pentru 'n’ pentru a testa.

Solutia Finald

Singura valoare pentru 'n’ care produce un 'x' intreg este n = 7, ceea ce ne dd x = 221
Reconstruim numarul eriginal:

Numar=10"x+n=10"221+7 = 2217

Verificare: 2217 - 221 = 1996 Corect!

Figure 3. Visualization of the problem in Card T55

this logic, complete with interactive buttons and conditional rendering
for immediate user feedback. This case shows that our human-AT work-
flow is not limited to geometric figures. The human expert provided
the important mathematical abstraction, while the AI succeeded in
translating this abstract problem-solving process into an intuitive and
effective user interface. The final visualization does more than simply
present the answer; it guides the user through the systematic process
of elimination, thereby teaching the problem-solving method itself.

5 Discussion

The application of human-Al collaborative workflow to the problems
in the OHA’Cinic archive has provided a deeper understanding of both
the potential and the limitations of this development paradigm. The
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case studies presented in the previous section reveal a delicate relation-
ship between the human developer and the large language model, where
the success of the final product depends on a dynamic and critical part-
nership. This section evaluates the effectiveness of our approach and
discusses its broader implications for the development of educational
technology.

A primary advantage of our methodology is the significant accel-
eration of the development process. For well-defined tasks, such as
the vector visualization in Card T48, the LLM was able to produce a
functional prototype in minutes. This rapid generation of pattern and
component-level code freed the human developer from hours of rou-
tine implementation, allowing them to focus on higher-level architec-
tural decisions, pedagogical design, and the more complex challenges
that required human ingenuity. The AI’s vast knowledge of library-
specific syntax and application programming interfaces (APIs) further
simplified this process, effectively serving as an on-demand technical
reference.

However, the case of Card T/6 exposed the critical limitations of
the AI’s capabilities, particularly in domains requiring deep, intuitive
understanding. The model’s tendency to produce "mathematical hallu-
cinations” — solutions that are syntactically correct and seem plausible
but are actually wrong — was a serious problem. Its initial attempts
to solve the complex geometric constraints of the problem were elegant
but incorrect. It was unable to "reason” about the physical and geo-
metric stability of its own implementation, a task that required human
experience to diagnose. The successful resolution of this problem was
only achieved after the human developer abandoned the AI’s analytical
path and formulated a simpler, more robust iterative algorithm. This
demonstrates that while the Al is a powerful tool for implementation,
it currently lacks the strategic, problem-solving intuition necessary for
complex, open-ended tasks. Our approach, therefore, is not one of full
automation but of augmented development, where the human’s role
shifts from a line-by-line coder to that of a strategic director, validator,
and creative problem-solver.
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This workflow also produced an unanticipated benefit: the verifica-
tion and enhancement of the source material itself. As illustrated by
the analysis of Card T.Fig.01 (see Fig. 4), the process of attempting
to build a visualization forced a critical re-examination of the original
problem statement.

Card T.Fig.01: Teorema lui Ptolemeu

Problem: Cercul circumscris triunghiului ABC intersecteaza prelungirea medianci BM in punctul D.
Demonstrati ¢d AB - AD=CB - CD.

Nota: Problema originala din document este probabil incorectd. In schimb, vizualizarea demonstreazd o teorema
corectd 5i mai generald pentru patrulaterul inscriptibil ABCD, asa cum este ardtat in desenul original —

Teorema lui Ptolemeu.

Vizualizare: Tragefi oricare dintre cele patru varfuri (A, B. C, D) de-a lungul cercului. Teorema lui Ptolemeu
afirm ca pentru orice patrulater inscriptibil. produsul lungimilor diagonalclor sale este cgal cu suma produsclor
lungimilor laturilor opuse. Observai cum cgalitatea (AC - BD=AB - CD +BC - DA) se menfin indiferent de
‘pozifia vérfurilor.

Produsul diagonalelor:
AC - BD = 1296.00

Suma produselor laturilor:
AB - CD+ BC - DA=1296.00

V Egalitate confirmata

Figure 4. Visualization of the problem in Card T.Fig.01

This led to the discovery of an inconsistency between the writ-
ten problem and its accompanying figure. Consequently, the final in-
teractive tool did not just replicate the original task but corrected
it, demonstrating a more general and mathematically sound theorem.
This suggests that the rigorous process of building interactive models
can serve as a powerful tool for the validation and scholarly annotation
of digitized historical archives.

Ultimately, our approach redefines the role of the software developer
in the context of creating specialized educational tools. The develop-
ment process becomes less about the mechanics of writing code and
more about the art of formulating precise questions, critically eval-
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uating generated solutions, and providing the strategic guidance that
current Al models lack. This collaborative model proved to be a highly
effective method for rapidly producing the high-quality, interactive vi-
sualizations that constitute our platform, successfully bridging the gap
between a static historical archive and a dynamic learning environment.

6 Conclusion and Future Work

This paper introduced and evaluated an approach for the visualization
of a digitized, handwritten archive of mathematical problems, centered
on a human-Al collaborative workflow. Our methodology, which uses
the capabilities of a large language model under the strict guidance and
validation of a human expert, proved to be a highly effective and effi-
cient means of transforming static, historical documents into dynamic,
interactive educational tools. By applying this approach, we success-
fully developed a web application with thirteen distinct visualizations
that not only preserve the content of the OHA’Cinic archive but also
enhance its pedagogical value for a modern audience.

Our work demonstrates that the role of artificial intelligence in such
projects extends beyond simple text or formula recognition. When
used as a partner in a structured development cycle, an LLM can
significantly accelerate the creation of complex, specialized software.
However, our findings also underscore the indispensable role of human
oversight. The case studies revealed the AI’s limitations in strategic
problem-solving and its tendency to engage in "mathematical halluci-
nations,” supporting the view that the current generation of Al serves
best as a powerful tool for augmenting, rather than replacing, human
expertise. The developer’s function is transformed into that of a man-
ager, a leader, and a critical validator, guiding the process toward a
correct and meaningful outcome. This partnership model represents a
powerful paradigm for the rapid prototyping and development of per-
sonalized educational technology.

Looking ahead, there are several directions for future work. The
most immediate step is to expand the platform to include a larger
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portion of the more than three hundred problems from the OHA’Cinic
archive that are already digitized. A formal user study involving lyceum
students could be conducted to quantitatively assess the pedagogical
impact of these interactive visualizations compared to traditional static
materials. This would provide valuable data on the effectiveness of
inquiry-based learning facilitated by our tools.

Furthermore, the integration of these visualizations into a broader
AT Tutoring System, as mentioned in [5], is a key long-term objective.
Such a system could use the interactive components we have built, us-
ing another AT layer to provide students with dynamic feedback, hints,
and personalized learning paths based on their interaction with the vi-
sualizations. This would represent a significant step toward creating a
truly intelligent and adaptive learning environment from a rich histori-
cal resource. The approach detailed in this paper provides a foundation
for these future undertakings.

Acknowledgments. This work was supported by project SIBIA
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An Apriori-Based Recommendation System for
Grocery Stores

Cristian Cemirtan

Abstract

This paper showcases an automated recommendation system
tailored for grocery retail. The system analyses data from trans-
action history (sales) to generate real-time, personalised product
suggestions for customers. The core functionality of the system
relies on identifying relevant products for each customer and dis-
playing them in an order that considers not only the statistical
relevance of each product, but also its economic value.

Keywords: Apriori, data preprocessing, recommendation
system, model training.

1 Introduction

In the current context of retail, especially in the food sector, customer
loyalty requires the adoption of intelligent solutions that optimise the
shopping experience and, at the same time, directly contribute to in-
creasing revenues.

One of these solutions is represented by the implementation of a per-
sonalised recommendation system, capable of suggesting relevant prod-
ucts to each customer, based on their previous purchasing behaviour.
Prior to detailing the functionalities of the system, it is essential to
highlight the key concepts that underlie this approach:

¢ Recommendation — the process by which a customer is offered
a selection of products considered relevant, i.e., close to their
preferences, inferred from their transaction history.

©2025 by Cristian Cemirtan
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e Relevance — the extent to which a product is frequently asso-
ciated with other products purchased by customers, reflecting
its popularity within transactions. The more often a product
appears in completed shopping carts, the more relevant it is con-
sidered in the context of a recommendation.

From a behavioural perspective, the system takes advantage of a
customer’s natural tendency to follow suggestions considered ’smart’
or ’'personalised’, thus increasing the chances of impulsive or additional
purchases.

This effect is well known in modern marketing strategies and is
often associated with the phenomenon of consumerism, in which the
consumer accepts the system’s suggestions as beneficial and tailored to
their needs [I].

2 Data Understanding

To develop a recommendation system, a profound understanding of the
provided dataset is required. In this context, the dataset is provided
by a grocery store and reflects the shopping activity of customers and
the catalogue of available products.

The objective is to analyse the structure and relationships between
this data, as well as to evaluate its quality and usefulness in the context
of recommendations.

The provided dataset is illustrated in Table Analysing it, we
have the following data processing considerations:

1. Data cleaning — some transactions or products may contain
missing data.

2. Data matching — relationships between sets should be strength-
ened by using common IDs. This will allow links to be made be-
tween actual transactions and descriptive product information.
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3. Data transformation — for the data to be compatible with ma-
chine learning models that generate recommendations (e.g., Apri-
ori), it is necessary to transform product lists into standardised
formats (e.g., converting numeric text to a binary format).

Table 1. Presented data sets

Data set Fields Description
Transactions Product ID set The field enumerates
the bought products
in a transaction.

Products 1D, Price, Name | Self-explanatory.

Product image files | ID Each file is named in
accordance to its as-
sociated product.

3 Data Preprocessing

Data preprocessing is a crucial step in the development of any recom-
mendation system [2]. It involves a series of processes through which
raw data is cleaned and transformed so that it can be used effectively
for model training.

In this case, the datasets provided by the grocery store (Products
and Transactions), stored as CSV files, were subjected to be prepro-
cessed.

3.1 The Products dataset

The Products dataset, initially composed of 246 records, contains in-
formation about the items available in the store.

Our initial observations on Table [2| are that some products have
missing names, and that the names are not uniformly formatted (exis-
tence of capitalisation variations).
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Table 2. products.csv sample

ID | Price Name

0 | 2.51 Swiss Cheese

1 | 5244 cherry coke

2 | 28.22 Bio Coke

3 | 4.00

4 | 1.04 Scrambled egg

5 | 3.90 | Alkopops(rum/cherry)

The following operations were performed on the set:

1. Missing value elimination:

e 3 records were identified and eliminated that had missing

values in the 'Name’ field.

e A product record with missing values cannot be properly
identified and is therefore unsuitable for recommendation.

2. Product name consistency:

e To avoid variations caused by different writing styles and to
ensure consistency of display, all names were converted to
capitalised format, meaning that each word begins with a
capital letter (for example, ’cherry coke’ to 'Cherry Coke’).

3. Ambiguous product identification:

e Some products were found that have the same textual name

but are associated with different icons.

e This visual discrepancy indicates that although the prod-
ucts are named the same, they may have distinct physical
or qualitative attributes (e.g., different weight, type of pack-

aging).

96




An Apriori-Based Recommendation System for Grocery Stores

e These products were kept as distinct entities to faithfully
reflect the commercial reality.

After preprocessing, the Products dataset now contains 243 (3 re-
moved) cleaned and usable objects to train a recommendation system.

3.2 The Transactions dataset

Moving on to the Transactions dataset, which contains lists of prod-
ucts purchased together in a single shopping session. The structure of
each record is represented by a list of purchased product IDs (separated
by spaces).

The Transactions dataset contains 2869 completed shopping carts,
each representing a list of product IDs purchased together in a single
shopping session.

Table 3. transactions.csv sample

Product ID set
224 80 109 177 50 ...
56 95 106 186 103 ...
9196 184 1198 ...
9196 184 119 88 ...
228 9 193 127 163 ...
94 9 22 133 107 ...

Our initial observations on Table Bl are that each transaction is
a string of space-separated IDs, and that the structure is provided
textually, but requires conversion to a binary format for compatible
interpretation in Section

On this set, a single operation was performed — transaction integrity
validation: each transaction was checked to contain only references to
the products not affected by Step [1] in Subsection

Finally, it was found that there is no transaction that references
removed products. Thus, the Transactions set remains unchanged in
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quantity, still containing 2869 valid transactions.

4 Training

To train a recommendation system based on transactional data, the
Apriori algorithm was used. Apriori is a classic data mining method
used to identify frequent item sets and generate association rules be-
tween products. It is based on the analysis of repeated transactions
and product co-occurrences in shopping carts.

The algorithm works on the principle of item frequency and uses
prior knowledge about their properties to gradually expand frequent
product sets. It is an iterative algorithm, where:

1. We start with frequent sets of size k.

2. These are expanded into candidate sets of size k + 1, which are
then tested for the minimum support metric.

In short, if certain products frequently appear together in trans-
actions, then there is a high probability that these products will also
appear together in future customers’ carts. The Apriori algorithm pos-
sesses the following essential properties [3]:

e Apriori — all subsets of a set of frequent items must also be
frequent.

e Anti-monotonicity — if a set of items is not frequent, none of
its supersets can be frequent.

The evaluation of the quality of the association rules generated by
the Apriori algorithm is carried out through three fundamental metrics
from market basket analysis: Support, Confidence, and Lift. They
provide a quantitative perspective on the frequency and relevance of
the correlations identified between products.

Let:
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e productA — the antecedent product (or set of products), i.e.,
present in the shopping cart.

e productC — the consequent product, i.e., recommended based on
the association.

The following functions are defined [4]:

° Support(products) — represents the proportion of transactions
containing the products, divided to the total number of trans-
actions.

e Confidence(productA, productC) — measures the probability that
productC will appear in a transaction that already contains
productA.

e Lift(productA, productC) — represents an indicator of the depen-
dence between productA and productC. Values greater than 1
suggest a positive correlation.

The Apriori algorithm is based on these essential steps [5]:

1. Candidate generation — identifies all product combinations in
transactions.

2. Filtering by support — keeps only combinations that appear in
transactions in a percentage greater than the minimum support
threshold.

3. Iterative cardinality increase — arrays with frequent products
of length k are combined to generate new arrays of length k + 1,
until £ = maxK.

4. Rule extraction — from frequent sets, rules of the form A — B
are generated (A — antecedent, B — consequent), which are kept
only if they meet the minimum confidence threshold.
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5 Implementation in KNIME

For practical implementation, the KNIME platform was used, which
provides visual modules for data processing, model application, and
export of results. From Figure (1], we illustrate the following steps:

1. Preprocessing the Products dataset (Subsection [3.1)):
(a) Read the products.csv file containing the product ID,
price, and name.
(b) Apply name capitalisation for uniformity.
(¢) Remove products containing missing values.

(d) The cleaned product set is saved in a new CSV file.
2. Processing the Transactions dataset (Subsection [3.2)):
(a) Read the transactions.csv file, where each row represents

a transaction (a list of product IDs).

(b) Transform the character strings into collections of items
(lists).

(c) Filter out transactions containing products removed in Step

M

(d) The result is ready for the rule generation process.
3. Modeling by generating association rules:

(a) The Apriori algorithm is applied through the ’Association
Rule Learner’ component implemented by Christian Borgelt
[6], with the following parameters:

e Minimum support: 1% — to exclude rare products,
which are not statistically relevant.

e Minimum confidence: 50% — to ensure that the rule
has a significant probability of occurrence.

(b) A filter is applied to keep only relevant rules with Lift > 1.
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Figure 1. The KNIME workflow

(c) The final rules are prepared and exported to a CSV file.

Through the visual environment provided by KNIME, the process
becomes easy to follow, modular, and reproducible, thus facilitating
the development of an efficient grocery recommendation system.

After running the workflow, 8631 association rules were obtained,
each with the following columns: Antecedent (single product ID), Con-
sequential (multiple IDs), Lift, Support, and Confidence.

The resulting rules were exported to a CSV file, which will serve as
a source of knowledge for the recommendation system.

Within an external application used by customers, the generated
association rules are applied as follows:

1. The exported rule set is first loaded and sorted in ascending order
by Confidence, enabling fast filtering and selection.

2. For the active shopping cart, a relevant subset of rules is ex-
tracted, i.e., those where productA (an item currently in the cart)
appears as Antecedent.

3. This subset is then re-ordered in descending order according to
the following priorities:
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e Lift — to emphasise rules with the strongest associative im-
pact.

e Support — to prioritise rules observed more frequently in
transaction data.

e Mean of consequent product prices — to maximise the
potential economic value of the recommendation.

For example, if a customer chooses items with IDs 157 and 19, then
the recommendations would look similar to those in Table [l

Table 4. ordered_rules.csv sample

Antecedent Consequent Lift | Support | Confidence
157 93, 128, 235, 12 | 10.826 6 20
157 93, 128, 235 10.826 6 20
157 93, 128, 12 10.826 6 20
19 46, 200 10.433 6 20

6 Conclusion

This paper addressed the development of a recommendation system
based on association rules, implemented in the context of grocery shop-
ping. The aim was to integrate the Apriori algorithm in order to extract
association rules with their practical insights ready to be leveraged in
external retail applications.

Preprocessing techniques were applied to transform raw textual
data into binary data to be interpreted as valid training arguments for
our recommendation system model. Subsequently, the trained model
generated a set of 8631 associative rules.

The imposed training thresholds: Support > 1%, Confidence >
50% — ensured a balance between coverage and precision, leading to a
robust set of rules.

102



An Apriori-Based Recommendation System for Grocery Stores

References

1]

S. Sridharan, “New consumerism: Where algorithms shape
aspirations,”  Policy  Clircle, ~ 2025. [Online].  Available:
https://www.policycircle.org/society/social-media-
role-in-consumerism.

N. Chaudhary and D. R. Chowdhury, “Data Preprocessing for
Evaluation of Recommendation Models in E-Commerce,” Data,
vol. 4, no. 1, Article No: 23, 2019. DOI: https://doi.org/10.
3390/data4010023.

C. K. S. Leung, “Anti-monotone constraints,” in Encyclopedia of
Database Systems, L. Liu, M. T. Ozsu, Eds. Boston, MA: Springer,
2009, pp. 98-98. DOI: https://doi.org/10.1007/978-0-387-
39940-9_5046.

R. Agrawal et al., “Mining association rules between sets of
items in large databases,” ACM SIGMOD Record, vol. 22, no.
2, pp. 207-216, 1993. DOI: https://doi.org/10.1145/170036.
170072, in 1993 ACM SIGMOD international conference on Man-
agement of data.

M. Al-Maolegi and B. Arkok, “An Improved Apriori Algorithm
for Association Rules,” arXiv e-prints, 2014. DOI: https://doi.
org/10.48550/arXiv.1403.3948.

KNIME, “Association Rule Learner (Borgelt),” [Online]. Avail-
able: https://hub.knime.com/knime/extensions/org.knime.
features.ext.itemset/latest/org.knime.ext.itemset.
nodes.learner.AssociationRulelLearnerNodeFactory.

Cristian Cemirtan

ORCID: https://orcid.org/0009-0001-7113-4650

Mol

dova State University, Vladimir Andrunachievici Institute of Mathematics and

Computer Science
E—mail: cemirtan.cristian@outlook.com

103


https://www.policycircle.org/society/social-media-role-in-consumerism
https://www.policycircle.org/society/social-media-role-in-consumerism
https://doi.org/10.3390/data4010023
https://doi.org/10.3390/data4010023
https://doi.org/10.1007/978-0-387-39940-9_5046
https://doi.org/10.1007/978-0-387-39940-9_5046
https://doi.org/10.1145/170036.170072
https://doi.org/10.1145/170036.170072
https://doi.org/10.48550/arXiv.1403.3948
https://doi.org/10.48550/arXiv.1403.3948
https://hub.knime.com/knime/extensions/org.knime.features.ext.itemset/latest/org.knime.ext.itemset.nodes.learner.AssociationRuleLearnerNodeFactory
https://hub.knime.com/knime/extensions/org.knime.features.ext.itemset/latest/org.knime.ext.itemset.nodes.learner.AssociationRuleLearnerNodeFactory
https://hub.knime.com/knime/extensions/org.knime.features.ext.itemset/latest/org.knime.ext.itemset.nodes.learner.AssociationRuleLearnerNodeFactory
https://orcid.org/0009-0001-7113-4650

Proceedings of Workshop on Intelligent Information Systems
WIIS2025, October 16-18, 2025, Chisinau, Republic of Moldova

Some Modifications of the
Demoucron-Malgrange-Pertuiset Algorithm for
Testing Planarity of Undirected Graphs

Constantin Ciubotaru

Abstract

Some modifications are proposed to the Demoucron-Malgrange-
Pertuiset (DM P) algorithm for testing planarity of undirected
graphs that specify the notion of segment (fragment, bridge)
and develop an algorithm for calculating and updating the seg-
ments after each iteration, based on a depth-first search strategy
(DFS).

Keywords: biconnected graph, DM P algorithm, segment,
face, embedding, updating.

1 Introduction

The DMP algorithm offers certain possibilities for the development
of automatic drawing methods of the planar graphs, unlike other algo-
rithms in this field.

It is well known that drawing hierarchical structures (graphs, trees,
schemes) is one of the most attractive ways to present information.
Thanks to the geometric structures used in drawing, the range of ap-
plications of this subject is very wide: mathematics, computer science,
social networks, databases, bioinformatics, linguistics, artificial intelli-
gence, etc.

One and the same graph can be drawn in several ways. Some may
be simpler, more comprehensible, having an attractive aesthetic appear-
ance, others — more difficult to perceive, with an unsatisfying structure.

©2025 by Constantin Ciubotaru
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All drawings from Figure represent the same graph. Figure a)
represents a variant drawn manually, the other variants being drawn
semi-automatically: Figure [I.1[b) represents a variant with placement
randomness of nodes that we will call “spaghetti”, Figure (c) - a
planar variant obtained automatically by the method of circular orbits,
and the Figure[L.1d) - a variant based on the faces structure obtained
by application of the DM P algorithm.

Figure 1.1. Four figures

Having multiple representations of the same graph, it is quite easy
to choose the most suitable option, especially having a lot of available
appreciation criteria, usually of an aesthetic nature. It is quite difficult
to transmit these criteria to the computer. Here comes not only the
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problem of formalizing the criteria, but also the fact that some of them
may be contradictory. In these cases, inevitably arise the compromise
situations. Most planarity checking algorithms [I] are based on the
application of two methods. The first method refers to the Kuratowski
theorem (or the Wagner theorem). The second method is based on the
fundamental property of the closed Jordan curve, which states that no
point inside the curve can be connected to any other point outside it
without intersecting the curve.

The Demoucron-Malgrange-Pertuiset algorithm (DM P) (|2, 3, 4, 5,
6]) is a well-known algorithm based on this property, which, in parallel
with the planarity test, also constructs a partition of the graph (a set
of faces, .#), that offers possibilities for the development of automatic
graph drawing methods. This problem is no less complicated than the
planarity test. This paper proposes several essential modifications to
the DMP algorithm, which simplify its implementation and make it
easier to understand. In the work [6], the DM P algorithm was called
“the v algorithm®.

The implementation of the DM P algorithm requires to specify the
notions (structures) used in the description of the algorithm, such
as segment (fragment, bridge, component), face, a-chain, but also to
choose the methods for constructing these structures. Most descrip-
tions of this algorithm bypass the practical aspects related to the con-
struction of these structures and the actual drawing.

2 Demoucron-Malgrange-Pertuiset algorithm

Any subgraph G; of a planar graph G can be obtained from the
drawn image of the graph G by removing some number of edges and
vertices. Thus, any subgraph of a planar graph is also planar. If G; is
a subgraph of the graph G, then the vertices of the subgraph G; are
called contact vertices. The reverse action is also possible: building a
new planar subgraph by adding to G some number of edges and vertices
from G \ G;. This is the idea of the DM P algorithm. When describing
the algorithm, the notions of fragment and a-path play an important
role.
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Below is inserted the pseudocode of DMP algorithm [2, 3] 4, 5] [6]
(Algorithm 2.1). By G; = (V;, E;) we denote any subgraph of the graph
G = (V,E). A planar graph divides the plane into regions (bounded
by edges), called faces. We denote the set of faces by # and the set
of segments (fragments) by .. The face f is valid for the segment s if
the end vertices of s are contact vertices of f. By .%(s) we denote the
set of all faces valid for s.

_[ Algorithm 2.1. Pseudocode of DMP algorithm ]—

1. Let G = (V,E) be a biconnected undirected graph.

2. An arbitrary simple cycle of the graph G is selected and embedded
(drawn) obtaining a planar graph (subgraph of the graph G) denoted
by Gc:(Vm Ec)-

. if G.=G then return “The graph is planar”.

. The set of all fragments . of G with respect to G, is built.

. if /=0 then return “The graph is planar”.

. For all fragments s of . build the set of all admissible faces for s,
F(s)-

. if 3 s with #(s)=& then return “The graph is nonplanar”.

. if 3s with | #(s)|=1, Z(s)={f}, thenlet | be an arbitrary a-path of
the fragment s else let s be an arbitrary fragment for which |7 (s)|>1,
f an arbitrary face from .#(s), and [ — an arbitrary a—path of the frag-
ment s.

9. [ is embedded in f and .Z is modified. G, := G, U [.

10. goto 4.

S ULk W

o

From the description of the DM P algorithm, it is observed the im-
portance of checking the graph for connectedness and biconnectivity.
If the graph is connected, then the set of bicomponents can be con-
structed, and apply a well-known theorem that a graph is planar if and
only if all its bicomponents are planar [7]. Thus, without imposing se-
rious restrictions, we will consider the problem of testing planarity and
graph drawing only for biconnected graphs. The biconnected graph will
contain only one bicomponent, the graph itself.

For implementation of the algorithm, additional explanations of no-
tions “fragment (segment)”, “H-fragment”, “bridge” are needed. Tt is
necessary to mention (or add) the methods that select the initial cycle
and build the sets .7, F, Z (s).
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It is easy to see that at any iteration of the algorithm, only one
a-path is drawn. As an «-path is at the same time a fragment (seg-
ment), we can operate on the implementation of the algorithm only
with slightly modified a—path.

As follows, we present some modifications of the DM P algorithm
concerning the specification of the notions used and the application of
simple and most comprehensible methods in order to achieve the deci-
sive phases, possibly decreasing the efficiency, bypassing the methods
considered more effective, but sometimes difficult to understand and
implement.

3 Segments building

Let us first specify the notion of segment which will be used fre-
quently along the way.

—[ Definition 3.1. Segment }

The notion segment of G = (V, E) with respect to the sub-

graph G; = (V;, E;) is defined as:

o the edge e = (u,v), e ¢ E;, u,v € V; (segmeni—edge), or

e the simple path (ejea...e,) = ((wgv1) ..., (Un—1Un—1)(unvn)),
e1,6e9,...,en & E;, uy, vy, € Vi, (u1,v, are contact vertices),
{v1,u2,v9, ..., Un—1,Vn—1,uy }NV; = & (segment—path).

The Segment Building algorithm includes the following stages:
1. The biconnectivity of the graph G=(V, E) is checking and a fun-
damental cycle of maximal length G.=(V., E.) is selected, which,
obviously, is a planar subgraph of G [§].
2. The set Segment—FEdges is building.
3. The set Segment—Paths is building, applying the DF'S strategy.
4. S=Segment—FEdges U Segment—Paths.
It should be noted that throughout the exposure and during per-
forming the operations, it will be taken into account that (u v) =
(v u), the edge (u w), if necessary, can also be interpreted as
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a path ((u v)), also “palindrome” path will be considered equal:
((vo v1)(v1 v2)(v2 v3)(v3 va)) = ((v4 v3)(v3 v2) (V2 V1)(V1 v0))-

Choosing the cycle of maximum length contributes to shrink the
number of iterations, which depends on the number of edges included
in E;. After the last iteration, F; = E; thus, it is important to include
at each iteration as many edges as possible in the updated E;.

4 Segments embedding

The segments embedding algorithm is an iterative process, which
at each iteration embeds (draws) one segment. At the same time, the
planarity of the graph is checked, and the sets .%, ., V;, and E; are
modified. The process lasts as long as the set . is not empty. Finally,
if the graph is planar, it will be drawn completely; otherwise, a planar
subgraph will be drawn and the set .4, of nonembeddable segments
(which generate edge intersections) will be printed.

Initially, the process starts with the subgraph G. = (V, E.), two
faces — internal face f; = V,, external face fy = V., iter=1 and the
set of segments %, built by the algorithm Segment Building. 1t
should be mentioned that fy will denote the external face throughout
the execution of the algorithm.

Figure 4.1. Face split schema

The Segments embedding algorithm embeds a segment into one
of its valid faces. If the selected face is internal, it will be divided into
two new internal faces. In the case of an external face, the division
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will also produce two new faces: one internal and one external. This
operation leads to the modification of the set .%: the selected face is
replaced with two newly constructed faces. The scheme of this process
is inserted in Figure 4.1

Since, as a result of this operation, new faces and contact vertices
appear, the Segments updating algorithm is still called, which up-
dates the sets .7 and the set of faces valid for segments of ..

Segments embedding generates new faces and new contact vertices.
Thus, the need to modify the set of segments inevitably arises. Due to
the fact that only two new faces appear at each iteration, modification
of only the segments that have certain tangents to these faces will be
undergone. More precisely, the segments, inside which new contact
vertices appeared, must be modified.

5 Segments updating

Obviously, the set of valid faces for these segments will also be
changed. This problem is solved by the Segments updating al-
gorithm. The idea behind the change is simple. Any segment con-
taining at least one new contact node will be split into two new seg-
ments. For example, if the segment s=(vgv1 ... 0; Ve Vig1 .. Up_1Vp),
where vy and v, are old contact vertices and v. — new contact ver-
tex, then s will be split into two new segments: s1 =(vg vy ... V; Uc)
and so=(Vc Vi41 ... Un—1vy). This algorithm will be called after each
embedding, which generates new contact vertices. It should be noted
that for segment—edges, the Segments updating algorithm will not
be called.

6 Modified DMP algorithm

The modified DM P algorithm (M DM P) is obtained by assem-
bling all the algorithms presented above, including the biconnectivity
verification. By .4, we denoted the set of segments that could not

be incorporated. Below is inserted the pseudocode of the algorithm
(Algorithm [6.1)).
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—{ Algorithm 6.1. Modified DMP algorithm |——

1. Let G = (V, E) be an arbitrary undirected graph. The algorithm ex-
posed in [13] is applied for checking biconnectivity and building the fun-
damental set of cycles.

2. If the graph is biconnected, a fundamental cycle of maximum length is
chosen, subgraph of the graph G is denoted by G.=(V,, E.). Otherwise
return “The graph is not biconnected”.

3. if G.=G then return “The graph is planar”.

4. Initial assignments:

F={fo, 1}; fo:=Ve; fi=Ve; S=0; Np:=0; iter:=1;

5. The “Segments building” algorithm is called, which builds
the set of all segments ..

6. do while V # @

7. iter:=iter+1,;

8

9

for alls€ 7 do Z(s):={f| f € Z, [ is valid for s}; end for all.
The “Segments embedding” algorithm is called, which checks the
non-planarity of the graph, embeds a segment, modifies the set of
faces %, and updates the set of segments .7 by calling the algo-
rithm Segments update.

10. end do while

11. return (“The graph is planar”, 7).

7 Conclusions

This paper presents some modifications of the DM P algorithm with
all necessary explanations. The algorithm can be used for testing pla-
narity of graphs, generating planar graphs, and elaborating automatic
graph drawing methods.

The algorithm also works for nonplanar undirected graphs by final
construction of a planar subgraph and displaying the set .4, of seg-
ments that cannot be embedded, so as they generate edge intersections
when drawing. Unlike the original DM P algorithm, which, after each
iteration, recalculates the set of segments (fragments), the modified al-
gorithm calculates this set only once. It is easy to develop an algorithm,
which for the set of constructed faces .# and any segment from .4, will
allow us to find the minimum number of intersections needed to draw
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this segment. This algorithm, of course, does not solve the crossing
number problem, which is known to be N P-complete [9], but can be
used to build a plausible drawing version.

Acknowledgments. The project SIBIA 011301 has supported part of the
research for this paper.
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Abstract

This article examines the use of artificial intelligence in folklore re-
search, using Russian and Bessarabian proverbs and sayings as a case
study. Artificial intelligence (Al) tools were used to generate or find
illustrations for these folklore objects. The study presents a compara-
tive analysis of several Al image generation platforms, evaluating their
performance, features, and limitations. The key evaluation criteria in-
cluded image quality, generation speed, economic models, and prompt
accuracy.

The findings highlight significant differences in the capabilities of
the platform. The results suggest that the choice of an Al tool should be
based on specific user needs, balancing factors such as image quality,
speed, cost, and semantic accuracy.

Keywords: Idioms, Al image generation, comparative analysis,
generative Al, image synthesis, neural networks.

1 Introduction

Rapid advancement of artificial intelligence (Al) has introduced new meth-
ods for visual content creation, particularly through the application of neural
networks. These systems are able to produce unique and contextually rele-
vant images by learning patterns from large-scale datasets. In 2023 alone,
approximately 15 billion Al-generated images were produced, while 87% of

©2025 by V. Colesnicova, I. Titchiev, A. Fron, D. Caganovschi,
0. Caftanatov, A. Colesnicov
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companies reported perceiving Al-based solutions as a source of competitive
advantage [1] — [3].

Al-based image generation platforms transform textual descriptions
(prompts) or uploaded images into visual representations. Depending on their
design, such platforms are accessible as web-based applications, standalone
tools, or professional design utilities. The generative process typically in-
cludes the following:

1. input of a textual prompt;

2. natural language processing and semantic interpretation;

3. image synthesis using generative models;

4. post-processing for visual refinement.

The present study investigates the comparative performance of selected
platforms with a focus on their ability to interpret abstract prompts, including
Bessarabian and Russian proverbs. Such prompts provide a robust test of
semantic accuracy and contextual adaptability.

For several selected reviews on the topic, please refer to [9] — [12]].

2 Research goal and methodology

The primary goal of this research is to identify the specific advantages, weak-
nesses, and limitations of selected Al image generation platforms. The fol-
lowing research methods were applied:

* Comparative analysis of five platforms (Google Gemini [4], Ope-
nArt.ai [3], ChatGPT Plus [6], NightCafe [7]], CGDream [8]) was eval-
uated using Bessarabian proverbs and sayings as prompts. In parallel,
ten additional platforms (ReCraft, Sora, Canva, FreePik, Stable Diffu-
sion, Fusion Brain, Pollo Al, Shedevrum, Supermaker, and Gencraft)
were tested with Russian proverbs and sayings;

* A combination of logical and synthesis-based analysis was applied to
compare platform performance and identify recurring patterns;

* Specialized assessment criteria were adopted to measure semantic rele-
vance, contextual accuracy, and visual quality of the generated outputs;

* To ensure consistency, the same set of idiomatic expressions and
proverbs was used across all platforms, allowing for controlled com-
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parisons of contextual interpretation;

* Performance indicators included generation time, output quality (both
aesthetic and semantic), accessibility for end-users, and subscription
models.

This methodological design allows for both qualitative and quantitative
insights into how effectively Al image generation platforms interpret abstract,
culture-specific prompts such as proverbs and idiomatic expressions. The
results of this comparative analysis are presented in the next section.

3 Results and Comparative Analysis

Google Gemini demonstrated notable strengths, including the ability to gen-
erate unlimited images free of charge and a rapid image synthesis process
that consistently produced outputs of high visual quality, see Fig.1. However,
a key limitation lies in the recent restriction of its functionality: the free ver-
sion no longer supports direct image generation, offering instead only image
editing or analysis of uploaded content.

A fi cu musca pe caciula A calca pe bec A da perle la porci Banii n-au miros
To have the fly on one's cap: To step on the lightbulb: To give pearls to pig: Money has no smell:
To have a guilty conscience To mess up / To screw up To offer something valuable Money doesn't stink

to someone who cannot
appreciate its worth

Figure 1. The result of Google Gemini’s proverb to image transformation

OpenArt.ai stands out for its user-friendly interface, wide range of cus-
tomization options, and stylistic versatility, which are further enhanced by
support for custom model training. At the same time, the platform exhibits
occasional inconsistencies in semantic alignment, relies on a credit-based us-
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age system, and poses challenges when attempting to manage large-scale con-
tent generation.

The integration of DALL-E into ChatGPT Plus enables the genera-
tion of high-quality, semantically accurate images, particularly effective for
schematic or comic-style representations. Furthermore, the platform allows
for unlimited generation. Its main drawback, however, is a slower processing
speed, with image creation typically requiring between two and five minutes.

NightCafe offers rapid image generation, initial free credits, and a vi-
brant community that fosters engagement through rewards and competitions.
Despite these strengths, the reliance on a credit-based system limits exten-
sive use, with each generated image costing approximately 0.5 credits once
the initial free quota has been exhausted.

CGDream is valued for its fast generation process, daily allocation of
free credits, and opportunities to earn additional credits via competitions.
Nevertheless, the platform demonstrates low semantic accuracy and fre-
quently produces images that fail to align with textual prompts.

ReCraft delivers highly detailed and visually impressive images, along-
side a generous number of free attempts that do not require an immediate
subscription. The platform also benefits from an intuitive interface, fast gen-
eration, and support for multiple styles and formats. Its limitations, however,
include fewer options for deep customization compared to professional-grade
tools and occasional restrictions on image size or resolution for free users.

Sora distinguishes itself with highly accurate and stable generation, pro-
ducing realistic images with impressive speed. Users benefit from several
free daily attempts and browser-based accessibility, eliminating the need for
installation. On the downside, continued use requires a subscription after the
free quota is consumed, while customization options for depth and generation
parameters remain limited, and the diversity of styles is narrower than that of
some competitors.
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Canva excels in accessibility, offering a simple, intuitive interface sup-
ported by an extensive library of templates and design elements. Its inte-
grated workflow allows users to combine image generation with editing, text
addition, and graphic design, making it suitable even for those without prior
expertise. The platform’s main constraints stem from the subscription model:
advanced Al-generation functions are locked behind a paywall, the free ver-
sion is heavily restricted, and some assets include watermarks. Additionally,
image rendering is comparatively slower than in specialized generators.

FreePik combines Al image generation with access to a vast library of
ready-made images, icons, and templates, making it particularly convenient
for quick design needs. Its generator is fast and requires minimal configura-
tion, offering a straightforward entry point for casual users. However, free
use is capped at around twenty downloads, and the quality of Al-generated
images falls short of more specialized platforms. Moreover, much of the con-
tent library requires a paid subscription to unlock.

Stable Diffusion is distinguished by its open-source nature and complete
accessibility, allowing unlimited image generation when deployed locally.
The platform offers an extensive ecosystem of models and modifications,
enabling high levels of customization and adaptation to specific user needs.
These features make it particularly attractive to advanced users seeking flex-
ibility. Nonetheless, its use is associated with significant barriers to entry:
installation requires a powerful computer, and the system can be challeng-
ing for beginners. Without additional fine-tuning and external models, output
quality may be inconsistent, and the steep learning curve can lengthen the
initial setup and usage process.

Fusion Brain provides a wide selection of artistic styles and a convenient
interface that allows users to enhance images by selectively editing different
regions. While the platform excels in stylistic variety, its limitations are ev-
ident in relatively long generation times and strict daily usage restrictions,
offering only ten generations per day.
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Pollo Al is valued for its fast image generation based on textual prompts.
However, its functionality is constrained by the absence of style options and
a restrictive credit-based model: only ten credits are available to new users,
with each prompt consuming three credits. As a result, the platform’s acces-
sibility is highly limited without additional purchases.

Shedevrum combines ease of use with generous daily allowances, offer-
ing up to seventy generations per day. Users can also select output aspect
ratios, and the resulting images are generally sharp and visually appealing.
Despite these advantages, generation speed can be inconsistent, with some
prompts requiring up to two minutes to process.

Supermaker delivers rapid image generation but is restricted by a lim-
ited credit system, providing only eight free credits per day, with each image
costing two. Furthermore, the platform offers a narrow range of styles, which
reduces flexibility for users seeking diverse outputs.

Gencraft offers fast generation, an intuitive interface, and an extensive
variety of styles and customization options, making it appealing for both
novice and experienced users. Nevertheless, its free usage is restricted to five
prompts per day, and the platform’s heavy reliance on advertising detracts
from the overall user experience.

4 Prompt interpretation: literal meaning

A key challenge in Al image generation is the accurate interpretation of user
prompts, particularly when they involve abstract or idiomatic expressions.
This study highlighted the difficulty of visualizing proverbs: while most
platforms were able to capture the literal meaning, some exhibited signifi-
cant limitations. For instance, when prompted to illustrate the Bessarabian
proverb ,,A fi cu musca pe céciuld” (“To have a fly on one’s hat”), NightCafe
depicted a fly near a hat, whereas CGDream failed to generate either element,
illustrating its limited capacity for semantic alignment (see Fig. 2).
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Figure 2. Few examples of literal illustration of bessarabian proverb

Further exploration using a range of proverbs and different prompt strate-
gies offered deeper insights into platform performance. As an illustrative ex-
ample, the Russian proverb , 'Bosik B oBeuneit mkype’ (“A wolf in sheep’s
clothing”) was tested using prompts in three languages: English, Romanian,
and Russian, allowing for cross-linguistic comparison of Al interpretation
and visual generation, see Fig.3.

ReCraft Sora Canva FreePik Stable Diffusion

Figure 3. Example of cross-linguistic comparison

Figure 4 illustrates ReCraft’s capability to render both the literal and fig-
urative interpretations of a proverb.

For the literal interpretation, the platform generated a photorealistic im-
age of a large grey wolf cleverly disguised in a fluffy white sheepskin. The
disguise is nearly complete but imperfect, with the wolf’s snout protruding
from the fleece, revealing sharp teeth and intelligent, predatory yellow eyes.

For the figurative interpretation, ReCraft produced a cinematic scene
symbolizing hidden danger and betrayal. The image depicts a smiling, el-
egantly dressed man in a bright, modern office, shaking hands. However,
his shadow, cast by the low evening sun, reveals a monstrous, predatory sil-
houette with sharp claws and fangs, highlighting the duality between out-
ward charm and concealed menace. The expression of the person shaking
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his hand conveys trust and naivety, while the overall atmosphere combines
visible friendliness with an underlying threat. The scene employs cinematic
lighting, high contrast, and hyper-detailed symbolism to convey the proverb’s
meaning effectively.

Figure 4. ReCraft literal vs figurative meaning

S Prompt analysis and emotion classification

In the article [13]], an innovative approach was proposed to preserve and re-
vitalize Bessarabian idioms through the application of Al technologies. A
curated collection of 100 idioms was digitally transformed, generating vivid
visual representations of both their literal and figurative meanings.

Large language models, ChatGPT and DeepSeek, were employed to in-
terpret the idioms. Both models successfully captured literal meanings, while
ChatGPT demonstrated superior accuracy in figurative interpretations, reveal-
ing a stronger grasp of culturally nuanced language.

Based on the emotional analysis and classification of 100 Bessarabian
idioms, a statistical distribution by categories was obtained (see Table [)).
The data reveal a dominance of critique, pragmatism, and caution, balanced
by elements of hope and respect.
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Table 1. Statistical summary of Bessarabian idioms by emotional category

Emotional category Percentage
Critique and disapproval 33.0%
Realism and pragmatism 25.0%

Caution and prudence 12.0%

Resignation and pessimism 9.0%

Optimism and hope 8.0%

Empathy and respect 5.0%

Frustration and annoyance 5.0%

Desperation and pressure 2.0%

Resilience and indifference 1.0%
Total 100.0%

Key observations include:

* Critique and disapproval dominates with 33%, reflecting cultural ten-
dencies to judge social flaws and human weaknesses.

* Realism and pragmatism (25%) highlights a practical worldview, em-
phasizing achievable actions and wisdom.

» Caution and prudence (12%) points to cultural appreciation for fore-
sight and careful decision-making.

* Optimism and hope (8%) and Empathy and respect (5%) balance
the more critical idioms with moral values and positive outlooks.

These findings guided the design of AR scenarios: critical idioms were
visualized through satirical metaphors, pragmatic idioms — through realistic
daily-life contexts, and optimistic idioms — through dynamic, positive ani-
mations. The classification also supported cross-linguistic comparison with
Russian equivalents, highlighting similarities and divergences in cultural ex-
pression.
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6 Recommendations for users

Choosing the ideal Al image generation platform is a critical decision that
depends largely on the user’s specific needs, budget, and desired level of
control. Users should carefully consider ease of use, cost, suitability for par-
ticular project types, and potential limitations. It is recommended to test
several options to explore and compare their capabilities. Users should also
be prepared to refine their prompts or provide additional context, as the first
generated image may not always meet expectations.

7 Conclusion

Al-powered text-to-image platforms have demonstrated considerable poten-
tial for creative industries, education, scientific visualization, and digital de-
sign. Their capacity to generate contextually appropriate and visually com-
pelling illustrations presents both practical and artistic opportunities. Nev-
ertheless, platform selection should consider criteria such as semantic accu-
racy, economic accessibility, and processing speed. Future research should
expand evaluation to include cross-linguistic prompt interpretation, assess-
ment of ethical implications, and quantitative analysis of visual fidelity using
standardized benchmarks.

Acknowledgments. This research has been supported by the project
25.80012.5007.79SE “Expressing cultural identity through the digital trans-
formation of native idiomatic expressions using AR and Al technologies, with
implementation in education.”
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Intelligent Decision Support in XR-Based
Medical and Educational Systems

George-Gabriel Constantinescu, Adrian Iftene

Abstract

The integration of Extended Reality (XR) technologies, in-
cluding Virtual Reality (VR) and Augmented Reality (AR), with
Intelligent Decision Support Systems (IDSS) is an area of growing
research interest. This paper explores the potential of combin-
ing immersive XR environments with Artificial Intelligence (AI)
approaches to support decision-making in education and health-
care. Rather than presenting a finalized system, this study inves-
tigates conceptual frameworks, prototype features, and possible
applications that illustrate how XR-based platforms could pro-
vide context-aware, intelligent guidance. Through exploratory
case studies, we highlight how decision support could enhance
training and diagnostics, while also discussing limitations and
challenges that need to be addressed before large-scale adoption.

Keywords: Extended Realities (XR), Virtual Reality (VR),
Augmented Reality (AR), Decision Support Systems (DSS), Ar-
tificial Intelligence (AI), Intelligent User Interfaces, Education,
Medical Diagnostics.

Introduction

Extended Realities (XR), including Virtual Reality (VR) and Aug-
mented Reality (AR), are increasingly being investigated as tools for
transforming education and healthcare. These immersive technologies
allow learners and practitioners to interact with complex environments
in ways that are not possible through traditional methods. At the same

©2025 by George-Gabriel Constantinescu, Adrian Iftene
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time, Artificial Intelligence (AI), Natural Language Processing (NLP)
offer opportunities for developing intelligent decision support systems
(IDSS) capable of providing adaptive and context-aware recommenda-
tions.

This paper does not introduce a complete or operational XR-IDSS
platform. Instead, it explores the potential integration of XR and in-
telligent decision support, focusing on conceptual architectures, pro-
totype elements, and scenarios where such systems could be impact-
ful. We argue that XR-IDSS could transform how learners engage
with knowledge and how practitioners approach diagnostics by offer-
ing exploratory pathways toward adaptive, intelligent, and interactive
systems.

The contributions of this work are:

e Reviewing existing trends in XR and intelligent decision support
in both education and healthcare.

e Exploring a conceptual architecture that outlines how XR envi-
ronments could integrate decision support elements.

e Discussing prototype features and illustrative case studies that
highlight the opportunities and challenges of XR-IDSS.

2 Exploratory Architecture

To investigate how XR might interact with intelligent decision support,
we explore a conceptual architecture composed of three layers. This
architecture is not fully implemented but serves as a framework for
future development:

e Data Acquisition Layer: Explores ways to capture multimodal
data from XR environments, such as student performance met-
rics, biometric inputs, or medical imaging.

e Analysis and Reasoning Layer: Investigates how Al models
could process this data to provide adaptive feedback or detect
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anomalies. Techniques such as neural networks, decision trees, or
reinforcement learning are considered at a prototype level.

e Visualization and Interaction Layer: Examines how XR de-
vices like Meta Quest 2 (VR) and HoloLens 2 (AR) might de-
liver context-aware insights through immersive feedback, conver-
sational agents, or visual overlays.

Conceptual Architecture Exploring XR-Based Intelligent Decision Support

Data Acquisition Layer
Sensors, XR interactions,
Biometric inputs, Medical imaging
& A J

( T N
Analysis & Reasoning Layer
Al/ML models, Anomaly detection,
Adaptive feedback, NLP agents

| A J

s T a
Visualization & Interaction Layer
VR/AR devices (Quest 2, HoloLens),
Immersive feedback, Conversational Ul
- A -/

T
User (Students / Doctors)
Receives feedback,
Interacts with XR system

Figure 1. Conceptual Architecture Exploring XR-Based Intelligent De-
cision Support

This architecture remains exploratory and is currently supported
by prototypes built with Unity and Blender. These prototypes serve
as testbeds for investigating the potential of XR-IDSS rather than as
finalized solutions.
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3 Prototype Features

Based on the conceptual framework, we have developed exploratory
prototypes that showcase the potential of XR-IDSS in education and
medicine. These prototypes illustrate, rather than fully implement, the
following features:

e Real-Time Exploratory Feedback: Prototypes investigate
how XR simulations could provide adaptive hints. For exam-
ple, a CPR training environment explores giving rhythm and
depth feedback, while a chemistry lab simulation explores pro-
viding safety reminders.

e Adaptive Learning Pathways: The prototypes examine how
task difficulty could be adjusted based on user performance, en-
abling progression from beginner to advanced levels in both edu-
cation and medical training.

e Conversational Agents in XR: Early experiments integrate
NLP chatbots into VR scenarios, allowing users to ask questions
and receive basic support. This exploration suggests directions
for how more advanced agents might enhance learning or diag-
nostics.

e Simulation of Complex Scenarios: Digital twin concepts are
explored at a prototype level — for instance, simulating a medical
device or a simplified anatomical model — to demonstrate how
XR-IDSS might support realistic training.
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Figure 2. Earthquake scenario while observing the user movement

4 Exploratory Case Studies

4.1 Education

In education, XR-IDSS prototypes are being explored for virtual labs
and university campus simulations. In a chemistry lab prototype, stu-
dents interact with virtual elements and receive basic intelligent sup-
port such as warnings about unsafe reactions. In a Mixed Reality
Campus prototype, exploratory features include adaptive navigation
assistance and real-time feedback on task performance. These studies
suggest how decision support could enhance engagement and personal-
ization.

4.2 Medical Training and Diagnostics

In medicine, exploratory prototypes investigate XR-IDSS in two direc-
tions:

e Training: VR-based CPR simulators provide real-time ex-
ploratory feedback, highlighting how intelligent support could
improve skill acquisition.
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e Diagnostics: AR overlays on medical imagery (e.g., with
HoloLens 2) are tested at prototype level, exploring how Al-based
anomaly detection could be integrated into physician workflows.

These prototypes remain conceptual but highlight the opportunities for
future XR-IDSS applications.

Figure 3. VR Phobia simulator with a lower level of interaction

5 Challenges and Limitations

Our exploration highlights several challenges:

e Technical Feasibility: Current prototypes show limitations in
latency, device performance, and cross-platform support.

e Data and Ethics: Using sensitive medical or educational data
raises ethical and privacy concerns, especially in exploratory en-
vironments.

e Validation: The concepts are not yet validated in real-world
clinical or large-scale educational settings.
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e User Perception: Teachers, students, and clinicians may be
skeptical of intelligent support systems until prototypes evolve
into reliable tools.

Figure 4. Sample public discussion with virtual agent in a VR environ-
ment

6 Future Directions

Future work will move beyond prototypes toward more mature explo-
rations, including;:

e Integrating Large Language Models (LLMs) into XR environ-
ments for advanced conversational support.

e Developing richer digital twins to simulate patients, students, or
devices with predictive capabilities.

e Exploring interoperability frameworks for cross-device XR-IDSS
applications.

e Investigating inclusivity by designing exploratory XR-IDSS envi-
ronments adapted to diverse learners and patient needs.
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7 Conclusion

This paper explored the potential of integrating intelligent decision
support into XR environments for education and medicine. By focusing
on conceptual architectures and exploratory prototypes, we highlighted
opportunities where XR-IDSS could enhance diagnostics and learning
outcomes. While the work remains at a prototype and conceptual level,
our findings suggest promising directions for future systems that move
from exploration to real-world deployment.

This exploration highlights the promise of XR-IDSS and sets the
stage for future collaborative research between academia and health-
care institutions.
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VR Chatbots in Education: Chemistry
Laboratory

Alina Duca, Adrian Iftene

Abstract

In the emerging context of immersive technologies, the use
of Virtual Reality (VR) in education offers innovative ways to
experience and understand complex concepts, such as chemical
reactions. This paper highlights the potential of VR chatbots in
STEAM education by offering an innovative, interactive learning
experience. In a virtual laboratory, students can explore chem-
ical reactions while being guided by an intelligent chatbot that
provides real-time explanations, answers questions, and adapts
to individual learning needs. Combining AI and VR fosters a
safe, engaging, and personalized environment that enhances cu-
riosity, supports knowledge retention, and promotes a deeper un-
derstanding of complex scientific concepts.

Keywords: VR, Chatbots, Natural Language Processing
(NLP), Artificial Intelligence (AI), Game Development, eLearn-

ing.

Introduction

Virtual Reality (VR) has made impressive progress, revolutionizing the
educational [1], medical [3], gaming [4] [5], and entertainment sectors

VR provides a safe and immersive environment for students to

conduct chemistry experiments and explore scientific concepts interac-
tively. Our application enhances this experience by introducing a voice-
controlled chatbot powered by speech recognition and natural language
processing (NLP), making learning more accessible and personalized.

©2025 by Alina Duca, Adrian Iftene
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The application is divided into three core components: the Lab Assis-
tant chatbot, an educational module “Learn to make reactions”, and
an assessment module “Test your knowledge”. This structure supports
both guided learning and independent evaluation, encouraging deeper
engagement.

This paper details the design and evaluation of a VR platform,
which combines a realistic virtual laboratory with an intelligent con-
versational agent. Early feedback highlights the system’s effectiveness
in adapting to user needs and improving content delivery, pointing
toward a more inclusive and interactive future for digital chemistry
education.

2 Technologies used

1. UnityE] is a popular game engine for reasons such as its power-
ful tools, its excellent learning curve, and its ability to develop
games for many platforms, like desktop (Windows, Mac, Linux
Standalone), mobile (i0S, Android), console, Oculus, PlayStation
VR, and other AR/VR devices. Unity supports 2D /3D graphics,
AR/VR/XR visualizations, and scripting in three languages, in-
cluding C#, JavaScript, and Boo. In the process of creating the
present application, we used the Unity version LTS 2021.3.31f1,
and the scripts were written in the C# programming language,
in the Visual Studio 2022 editor, which we will talk about in the
following. Among the Unity packages we have used are XR Plu-
gin Management, XR Interaction Toolkit, MockHMD XR Plugin,
Oculus XR Plugin, OpenXR Plugin, and Shader Graph, the latter
being useful for simulating the effect of liquid substances.

2. Blender] is a free and open source 3D creation suite used for
creating animations, visual effects, art, 3D-printed models, mo-
tion graphics, interactive 3D applications, virtual reality, and,

"https://unity.com/
*https://www.blender.org/
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formerly, video games. Blender is primarily used for 3D model-
ing, which involves creating and manipulating digital objects in
a 3D environment.

3. Oculus Quest QEL also known as Meta Quest 2, is a standalone
VR headset, meaning it works independently without requiring
a connection to a computer or game console. It was launched in
October 2020 and is one of the most popular VR devices on the
market due to its combination of high performance, portability,
and affordability.

3 Architecture

As we mentioned previously, the application consists of three parts:

e The “Learn to make reactions” part, in which the user will be
guided in learning and will be explained step by step what are the
stages of making the reactions. In this module, users are guided

Figure 1. “Learn to make reactions” part

through reactions such as substitution reactions; for example,
the reaction between water and an alkali metal or the reaction

3https://www.meta.com/quest /products/quest-2/
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between water and alkaline-earth metal, the double substitution
reaction between a base and an acid, combination reactions, or
decomposition reactions. In Figure 1, you can observe the reac-
tion between HoO and sodium, whose basicity is highlighted by
adding the pH indicator called phenolphthalein.

The “Test your knowledge” part, structured in the form of a
game, in which the user will be able to test his accumulated
knowledge, to see how well he has assimilated the notions and
stages of making certain reactions, and based on this, he will be
given a score. The score will be given depending on how quickly
the tasks are completed. If the time allotted for the task ends,
then the user will receive 0 points for that task and will move on
to the next stage. Based on the points obtained in this part, the
user will be able to unlock new reactions from the learning stage.

The Lab assistant part, where users can ask chemistry-related
questions and receive answers from an Al-powered character (see
Fig. 2) made with InworldAIﬁ

Figure 2. Lab Assistant

Each of the mentioned parts is made in different Unity scenes, to

which is added the scene containing the Main Menu (see Fig. 3).

*https://inworld.ai/
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Figure 3. Main Menu

4 Usability tests

We conducted usability tests to assess the effectiveness and accessibility
of our application involving people with a range of technical skills and
minimal knowledge of chemistry.

Our evaluation methodology for the VR laboratory involved a sim-
plified three-part process: (1) introducing participants into the system,
(2) engaging them in VR using Oculus Quest 2, (3) collecting feedback
through a post-test questionnaire.

To understand the user experience at different skill levels, we di-
vided the participants into technical and non-technical groups, allowing
a focused analysis of the use and dynamics of interaction with the ap-
plication.

Two groups participated: six individuals with technical back-
grounds (including two with VR experience) and three with non-
technical backgrounds.

Performed tasks: In the tasks performed, the participants inter-
acted with the chemistry laboratory and the virtual assistant, having
to carry out chemical reactions under guidance, and then test the infor-
mation they retained in the test phase, after which they could clarify
their curiosities and concerns by discussing with the virtual assistant.
The virtual assistant provided information about the pH of some sub-
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stances, the color of the chemical product resulting from a combina-
tion, and existing acidity indicators, where some substances are found
in nature or in what form, showing its ability to engage in the learning
process and to respond to user ambiguities.

Remarks: Both groups expressed satisfaction and enthusiasm in
interacting with the application. The technical group found the con-
trols easily, while the non-technical participants encountered some diffi-
culties. Some participants reported dizziness, a common problem with
VR systems, while others reported headaches, eye pain, or even motion
sickness. The valuable feedback from these sessions is critical to our
ongoing development efforts, ensuring that our solution not only meets
current standards in education but also anticipates future needs and
trends.

While the usability tests highlighted certain constraints, such as
a limited group of participants and the scope of the experiment, the
overwhelmingly positive response underscores the appeal of our VR
laboratory. Users appreciated the new way to interact with substances
and chemistry, signaling a strong interest in the wider application of
VR applications for education. This enthusiasm is a testament to the
significant potential of our VR application to revolutionize the way
information about the study of chemistry is accessed and delivered.

5 Conclusion

The presented eLearning application was built not only for pupils, but
also for students who want to strengthen their ways of developing chem-
ical reactions and the results of combining some chemical compounds.
It was built in such a way as to be immersive, to be as close to reality
as possible, and to be intuitive, representing the perfect solution for
someone who wants to learn to make chemical reactions.

Being a very important science that is the basis of a field such as
medicine or the pharmaceutical industry and the food industry, we
want to encourage a lot of people to try this application, especially
pupils and students. With our application, we want to increase ev-
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eryone’s curiosity about VR applications and increase interest in the
science of chemistry, and also enjoy such new concepts that we believe
will have a huge impact on the future of our lives.

6 Future improvements

Future development plans include implementing an interactive Periodic
Table. It would be useful for users to know not only how substances
react when combined, but also what the atoms of the chemical elements
from which those substances are made look like. Thus, a Periodic Table
could contain information such as atomic number, atomic mass, the
chemical symbol, or the element’s radioactivity.

When interacting with an element on the periodic table, an atom
of that element will be displayed, showing the nucleus made up of
protons and neutrons, the electron shell along with the specific orbitals
and electron filling at each level, and a brief description of the element,
as well as the places or objects where it can be found in nature or the
environment.
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Interoperability in the contemporary healthcare
system

Constantin Gaindric

Abstract

This paper discusses the problems related to the health infor-
mation systems’ structure and requirements to ensure the shar-
ing of medical data and information between the institutions to
which a patient refers in the investigation and treatment process.
The experience of some countries is presented, through which it
is demonstrated that the implementation of Electronic Medical
Records (EMR) and European standards is a necessary condi-
tion for ensuring data exchange and creating medical reposito-
ries and data registries. The rethinking of the health care system
is proposed based on the information technologies that will en-
sure data interoperability between territorial and state medical
institutions.

Keywords: Health management system, Interoperability,
Electronic Medical Records, Fast Healthcare Interoperability Re-
sources, Integrated Data Repositories, FAIR principles.

1 Introduction

The current level of health services can no longer meet either patients’
needs nor management requirements without ensuring the implemen-
tation of Electronic Health Records (EHR) and coordinated use of data
from Electronic Medical Records (EMR) both in the medical center in
which they were elaborated and in any medical institution to which the
patient addresses.

©2025 by Constantin Gaindric
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Interoperability is the ability of each element in a medical system
(a center of family physicians, a hospital, a laboratory, a clinic) to
communicate with other institutions to share, consolidate, and use the
data. First of all, data portability in a timely and non-discriminatory
manner at the level of a medical institution, territory, country, and sub-
sequently, at mutual agreements, at the state level as well, is required.
The key requirement is that all the system’s actors respect the same
standards for creating data structures and data sharing. The goal of
medical assistance interoperability is to ensure that clinicians have pa-
tients’ complete and precise history, including information connected
with visits, treatment plans, drug prescriptions, and immunizations,
to cope with the challenges and opportunities that appear due to the
informational technologies.

Both Sustainable Development Goal 3 of the “The 2030 Agenda for
Sustainable Development: Transforming our world”, which consists of
ensuring healthy lives and promotiing well-being for all at all ages, elab-
orated in 2015 by UN General Assembly, and Political Declaration of
the High-Level Meeting on Universal Health Coverage and Resolution
adopted by the United Nations General Assembly on 10 October 2019
aim to strengthen the health system as the main means of accelerating
actions to achieve universal health coverage and eliminate inequalities
in access to health, ensuring the full spectrum of medical services from
prevention to treatment and palliative care. Also, the initiative of the
G20 Summit in Riyadh on November 21-22, 2020, which through Dec-
laration No. 3, "Implement a standard global minimum dataset for
public health data reporting, and a data governance structure tailored
to communicable diseases” from the adopted recommendations relies on
the implementation of information technologies in the health system.

At present, in the health system, there exist different medical infor-
mation systems, some of which are used by medical organizations for
everyday activities automation, and the others are used for statistical
and financial information gathering for reporting to the superior organs
of hierarchy. Thus, these information systems resolve some health in-
formatization problems. However, international experience shows that
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medical information systems have a broader role, including patients’ in-
vestigations and treatment, institution management, thus contributing
to the health system effectiveness and new clinical knowledge dissem-
ination as well, being also a training platform, by default, preventing
medical errors.

It is generally accepted the use of Electronic Medical Records, which
are the data source about patients; they are practically the digital
equivalent of diagnosis registration, prescriptions, and patient’s inves-
tigation results at a family doctor or in the clinical information system
of the institution in which his treatment is carried out.

2 Electronic Medical Records — a necessary
condition for the comprehensive digitization
of medical services

The EMR concept not only supposes the elimination of traditional
records but also essential modifications of organizational structure, of
patients’ treatment management so that patient’s investigation data
are accessible for any institution to which he addresses, regardless of
the place where they were carried out. For this, it is foreseen that
the data from EMR to be transmitted into the data archive, by this
completing and actualizing data from the patient’s Electronic Health
Record. Thus, an advanced culture will be generated in the treatment
activity and in health management, which in its turn, inevitably will
stimulate the creation of some functional databases validated and with
non-homogeneous data (structured and unstructured). This is one of
the minimum requirements for the successful functioning of a modern
healthcare system.

EHRs involve the gathering of all digitized information concerning
the person’s health. EHRs are not only the base for storing and archiv-
ing clinical information, but also can serve as an important source for
research in medicine and data science. The main objectives of the
implementation of a secure territorial health data system should be
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a data warehouse (repository) that would integrate a set of special-
ized registers with data from source systems in real time, capable of
processing data in a way that takes into account their heterogeneous
nature and is based on the Findable, Accessible, Interoperable, and
Reusable (FAIR) principle. The data collected during the investiga-
tion and treatment process are incorporated into the institution’s in-
formation system for internal use and are transmitted to the repository,
following the adopted regulation and standards, for use in any medical
institution to which the patient applies. The collecting must be carried
out following Regulation (EU) 2016/679 of the European Parliament
and of the Council of 27 April 2016 on the protection of natural persons
with regard to the processing of personal data and on the free move-
ment of such data, and repealing Directive 95/46/EC (General Data
Protection Regulation)[1].

One of the issues that requires careful resolution is the degree of
centralization of the repository: decentralized (distributed) in the units
where each institution’s data was created, and which are managed by
their own managers, but can also be accessed from the national reposi-
tory, or all specialized databases and registries are concentrated in the
national repository. A universal solution probably does not exist. But
in some European countries, there are national IT systems unified at
the national level within the framework of National Health Information
Systems [2].

NFDI4Health is a consortium funded by the German Research
Foundation to ensure the accessibility of structured medical data at the
international level, according to the FAIR principles. Its goal is to con-
solidate data users and data holding organizations (DHOs), i.e., those
in public health and clinical studies. These DHOs are local data hubs
(LDHs) for decentralized management of local research data within
their organizations, with the option to publish metadata through cen-
tralized NFDI4Health services, such as the German Central Center for
Health Studies [3].

In the Czech Republic, a unified information system works that
maintains the National Health Registers and processes data on the
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health status of the population.

In Sweden, there are over 100 national registries created on spe-
cific areas of the health system that contain personal data regarding
healthcare (diagnosis, treatment, and result of treatment).

In France, the National Health Data System (Systéme National des
Données de Santé - SNDS) includes health insurance data (SNIIRAM
database), data about hospitals (PMSI database), and data on people
with disabilities.

In Denmark, data from the NICE registry have the potential to
provide long-term knowledge about changes in the characteristics of
patients admitted to intensive care units and the etiology of mid-term
mortality after an episode of severe acute illness [4].

However, because there are already information systems operating
in various medical institutions, depending on the needs but also on the
perception of those who developed them, data exchange encounters
difficulties and, in many cases, is even impossible.

This impediment can only be removed if a systemic approach is
taken in the architecture of the health system, starting from services
of family doctors, clinics, outpatient services, laboratories to the terri-
torial management system by applying general standards to ensure the
processes of creating EMRs, registries, repositories, and data sharing
in all medical institutions to which the patient addresses.

User involvement is important to ensure compliance with work pro-
cesses, but the design of medical information systems requires an overall
systemic vision to ensure components’ interoperability, and the imple-
mentation to ensure functioning as expected.

A possibility to benefit from data necessary for treatment, research,
and management is offered by medical technologies EMR, EHR, and
DW (data warehouses) that already ensure data exchange between dif-
ferent medical units, still limited in some territories.

Integrated Data Repositories (IDRs), also known as clinical data
warehouses, are platforms used to integrate multiple data sources
through specialized analytical tools that facilitate data processing and
analysis. IDRs offer more opportunities for clinical data reuse, and
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the number of institutions implementing an IDR has steadily increased
over the past decade.

IDR implementations are complex activities that depend on the
data flow, diversity of sources, target users’ requirements, and the ap-
plication scope definition [5],[6].

Ensuring health data interoperability depends on several factors.

3 Standards as a condition for the exchange of
medical data and information

Most healthcare organizations have procedures that define the internal
uses of the data they collect and store. These procedures ensure and
regulate data access and information sharing for subdivisions’ members
and the manner of reporting to the organization’s management.

Each medical institution has its own health management system
(HMS) to collect, structure, and process data from its structures. Typ-
ically, the transition to EMR, and therefore, to EHR is carried out ac-
cording to the clinic managers’ own visions. And it is not certain that
partner clinics have adopted the same way of sharing data for EHR.
Message formats, FHIR and EHR interoperability standards have dif-
ferent rules for information exchange, which creates implementation
obstacles.

There are different causes, but in each institution, specific moments
can be found: resistance to changing the way and style of work, the
emergence of new duties in data collection, in some cases, the medical
staff who used to make recordings in paper medical records now, in
addition, also complete the electronic form.

Also, information blocking and the fees imposition to access patient
EHR data may occur. Interoperability can only be ensured through
joint efforts of all healthcare actors and especially the government,
because clinic budgets cannot cover the expenses necessary for imple-
mentation. However, they are significant. It is also necessary to ensure
the competence of personnel in using interoperable systems. So, to
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ensure interoperability, data integration tools and solutions for ana-
lyzing EHR/EMR information from internal hospital and laboratory
systems are needed. It is obvious that to avoid duplication of informa-
tion obtained during costly investigations, regulations are needed for
data exchange and sharing of medical information. Interoperability of
medical services and information tailored for personalized informatics
and a set of requirements and specifications for data and knowledge
sharing is already ensured by a set of standards [7].

An extremely important step was taken by adopting the standard
“ISO/HLT7 27932:2009 Data Exchange Standards — HL7 Clinical Docu-
ment Architecture, Release 2” which formed the basis of a standard for
patient health data in a single document called HL7 CDA Release 2 —
Continuity of Care Document (CCD). CCD contains the patient’s per-
sonal data, list of diseases, diagnoses, prescribed medications, allergies,
treatment plan at the time of document creation, and health insurance
information, all in the format prescribed by the CDA standard.

In turn, the information systems that would ensure the sharing of
medical documents and the functioning of the repository need tools for
creating data structures, interpreting customer requirements, creating
vocabularies of professional terms, interpreting natural language, and
appropriate classification schemes. One such tool is UMLS (Unified
Medical Language System), created for the development of information
systems that ”understand” healthcare information.

Data exchange between EHR systems is carried out according to
the standard for the exchange of medical information SO13606 and
HL7.FHIR (Fast Healthcare Interoperability Resources) [8].

FHIR is a global standard that is used in many countries around
the world [9].

Its global adoption has been facilitated by the fact that it is an open
standard. It is an interoperability specification designed to exchange
health data and information known as ”resources” and an applica-
tion programming interface (API) for the electronic exchange of health
records. The standard was developed by the medical standards organi-
zation Health Level Seven International (HL7). An API is an interface
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that provides developers with access to a software application.

FHIR has become one of the most popular protocols for connecting
heterogeneous systems that can be implemented without compromising
information integrity and uses a rigorous mechanism for data exchange
between applications. A priority of the standard is the interaction
between old health systems, as well as access to medical data from
different devices (computers, tablets, mobile phones).

And for the management and storage of electronic health records
(EHR), openEHR is used - an open standard in which information
is focused on the person and stored throughout life, regardless of the
organization that placed this information.

DICOM (Digital Imaging and Communications in Medicine) is a
standard for creating, storing, transmitting, and viewing digital medi-
cal images and documents of examined patients.

The Global Consortium for eHealth Interoperability promotes
global data exchange and helps national health systems valorize emerg-
ing interoperability standards. It includes the Healthcare Information
and Management System Society (HIMSS), Integrating the Healthcare
Enterprise (IHE), and Health Level 7 (HL7).

The HIMSS EMRAM (Electronic Medical Record Adoption Model)
is a model for assessing the adoption of electronic health records (EHR),
including clinical outcomes, patient interactions, and physician use of
EHR technology. EMRAM is the first internationally recognized ICT
model specifically designed to help organizations measure the success
of their EHR implementation.

The model consists of eight stages that characterize the use of EHR
technology and gives the possibility to compare the level of the medical
facility with similar organizations in the country and the world. They
establish the correct processes of informing in the clinic and connect
them into a secure network, with integration between departments,
equipment, specialists, and similar external systems. Data access levels
are regulated for each of the user roles. Data input is structured,
formalized, and reduces the possibility of error thanks to control and
monitoring tools.
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An important point is that any employee, following the system’s
instructions, will correctly fill out the medical record and give the in-
dicated medications.

Through another model, the Ambulatory Electronic Medical Record
Adoption Model (A-EMRAM), the degree of application of EHRs in
outpatient clinics is monitored.

HIMSS, together with the Finnish Ministry of Social Affairs and
Health, established a platform for key decision-factors in Europe called
DHAGE (Digital Health Advisory Group for Europe) to facilitate the
collaboration of European Union member countries with the World
Health Organization in the field of digital health policies.

DHAGE promotes the digitalization of health ceare in Europe and
recommends solutions for establishing, together with representatives
of ministries, international organizations, and non-governmental as-
sociations, roadmaps that would facilitate information exchange and
interoperability [10,11].

4 Conclusion

There is probably no manager in the healthcare system who would
directly oppose medical information systems, but their implementation
and adoption leaves much to be desired, even though the benefits for
patients, medical staff, and the entire system are enormous.

The experience of the annual meetings of the Healthcare Informa-
tion and Management System Society (HIMSS) helps to raise aware-
ness of the benefits of solutions related to interoperability and data
confidentiality in health informatics, the need to use secure protocols
Hypertext Transfer Protocol Secure- HT'TPS, Transport Layer Security
— TLS, and Secure File Transfer Protocol — SFTP to provide authen-
tication, trust, and confidential transmission.

In any medical information system, especially in a territorial or
state information system, access must be based on a mechanism that
would guarantee that only authorized personnel can have access to sen-
sitive data. European standards and established policies are required
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to maintain compliance with confidentiality regulations. A decisive role
in promotion is played by governments and regulatory bodies, which
should establish clear regulations to promote data sharing and protect
the confidentiality of patients’ personal data.

A reliable health system requires continuous formation of a culture
of awareness of the importance of compliance, data security and confi-
dentiality, and interoperability so that all participants in the treatment,
care, and management process in the health system can use the benefits
offered by medical information systems in a qualified and reasonable
manner.
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School Education
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Abstract

This article presents the relationship between artificial intel-
ligence and education. Inclusive education aims to address the
diverse needs of all students, including children with disabilities
and those who face learning difficulties. Artificial intelligence
(AI) is now becoming an important tool for expanding access to
quality education. Modern Al-based technologies are capable of
adapting the educational process to the individual needs of each
student, creating personalized learning programs and providing
access to educational materials in a convenient form. The use
of artificial intelligence by schoolchildren can not only help and
facilitate the learning process, but also, by providing false in-
formation, can misinform and lead to an incorrect perception of
information. The number of children with special needs is grow-
ing every day. Artificial intelligence could also be a good assistant
for children with special needs, an assistant in the learning pro-
cess for blind children. AI can use voice commands to make it
easier to assimilate certain information. AI has become a pow-
erful tool for improving the quality of children’s education — the
use of advanced technologies in education helps not only make
the process more interesting and interactive, but also adapt it to
the individual needs of the student.

Keywords: artificial intelligence, education, inclusive edu-
cation, security, digital education.
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1 Introduction

Artificial intelligence is the science and technology of creating intelli-
gent machines, especially intelligent computer programs. Al is related
to the similar task of using computers to understand human intelli-
gence, but is not necessarily limited to biologically plausible methods
[1]. Artificial intelligence (Al) is a powerful tool that offers us enor-
mous potential to improve our lives and solve complex problems. One
of the key areas of Al is machine learning, a data analysis technique
that allows computer systems to learn and improve on their own with-
out explicit programming. Machine learning allows Al to automatically
process large amounts of data, recognize patterns, analyze texts, and
make decisions. This opens up many opportunities in various fields,
including medicine, finance, manufacturing, art, and more [2]. There
are always pros and cons to any technological progress. There is a lot
of debate about the benefits and risks of Al at all levels. But what does
AT do beyond headlines that stoke either hype or fear? The benefits
range from optimization, time savings, bias elimination, and automa-
tion of repetitive tasks, to name a few. Disadvantages include things
like costly implementation, potential loss of jobs, and lack of emotion
and creativity.

2 Benefits of AI in Education.

e Personalized learning — Al can be used to create customized
learning plans for each student based on their individual mental,
physical abilities, interests, and predispositions. This will help
to unlock the potential of each student based on their ability or
interest.

e Integration of interactive educational materials — Al can
generate a variety of content in real time, increasing student en-
gagement in the learning process, increasing their attention, inter-
est, and enhancing conversion from learning. Interactive learning
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can take place in a continuous game process, allowing children to
concentrate on the material. Learning as an exciting game in any
specialty — what could be better for children? This is a revolution
in the field of education.

e Virtual assistants — You can get a comprehensive answer to
any question, even the most inconvenient one, in any format,
from informal/game-like to strict academic style.

e Objective Student Evaluation Mechanism — An impartial
and unbiased student evaluation mechanism based on the actual
net performance of each student.

e Developing critical thinking and problem-solving skills —
AT can present complex and realistic scenarios that require stu-
dents to analyze, think critically, and solve problems [3].

3 Disadvantages of Artificial Intelligence in
Education.

e Lack of personal contact — Teachers play a key role in shaping
students’ emotional intelligence, moral values, and social skills —
aspects that Al systems cannot effectively address.

e High implementation costs — Schools, especially in disadvan-
taged areas, may struggle to acquire the infrastructure and tech-
nology needed to integrate Al, further widening the digital divide.

e Data privacy issues — Al systems rely heavily on data to func-
tion effectively. This often involves collecting sensitive informa-
tion about students, including academic performance, behavior,
and personal details. If not managed securely, this data can be
vulnerable to hacking, raising serious privacy concerns.

e Over-reliance on technology — Al systems may inadvertently
promote over-reliance on technology, where students and teach-
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ers may prioritize convenience over critical thinking and problem-
solving skills. This reliance may hinder the development of inde-
pendent learning abilities and resilience.

e Job cuts among teachers — As Al takes over administrative
tasks and even some teaching roles, fears of layoffs loom among
educators. While Al cannot completely replace human teach-
ers, it could lead to fewer opportunities and redefined roles for
teaching professionals.

e Limited creativity and flexibility — Al systems are great at
structured tasks, but struggle with creativity and adaptability.

e Accessibility issues — Those with limited access to technology
or who lack the digital literacy skills needed to interact with
Al systems may face significant learning barriers, exacerbating
existing inequalities.

e Potential for decreased social interaction — Virtual class-
rooms and Al-based automated systems may limit students’ abil-
ity to interact with peers and teachers [4].

4 The best neural networks for students

Students increasingly use artificial intelligence for learning. Creating
essays, studying incomprehensible topics, solving math problems, or
other tasks assigned as independent work. Below, we will consider 5
neural networks:

e GigaChat and YaGPT — help you find information, explain
complex topics, and formulate answers to questions. These tools
allow you to quickly understand a new topic, clarify details, or
prepare for a test.

e ChatGPT — universal assistant. It helps with various educa-
tional tasks: explains theories, offers examples, and checks texts.
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e DeepSeek — Chinese text neural network. Works similarly to
ChatGPT and helps process large volumes of text. It is suit-
able for analyzing educational materials, translating terms, and
finding arguments for essays.

e Midjourney — Image generators. Creates illustrations and dia-
grams that make learning more visual.

e Perplexity AI - is an Al-powered search engine that finds
information and shows sources immediately. It helps students
find accurate and relevant information for their school projects
and research [5].

Answers from neural networks and Al services for studying can be use-
ful but do not always work without errors. Most often, neural networks
give correct answers to tasks in mathematics, simple problems, equa-
tions, algebra, and geometry. The correctness of the answer is based on
algorithms plus knowledge bases. Such neural networks as Grammarly,
Writefull cope well with grammar. But the fields, where mistakes are
possible, are in complex mathematics, physics tasks, where you need to
complete several steps, and can be solved incorrectly. History, science
can be inaccurate; facts and dates are sometimes incorrect. Therefore,
the help that Al provides us is not small, but you should not rely on
it completely.

5 Conclusion

As a conclusion, we can say that society is not ready for the intro-
duction of AI. The introduction of school textbooks on the study of
artificial intelligence in China indicates that the country, having made
great progress in Al research, has decided to make the study of this
technology accessible to as many children as possible. In Moldova, Al
is not fully implemented, but it still exists. Robotics, creating classes
of the future in small steps, appears in schools. But in Moldova, there
are also schools that cannot afford it. Often, for the implementation
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of innovations, there is a need to find sponsors. In general, neural net-
works are assistants and trainers, not absolute teachers. They speed
up the work and help to understand, but the final check should be for
the student himself.
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Enhancing Interactive Learning on Mobile
Platforms
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Abstract

This paper explores the integration of synthetic consciousness
into a mobile chess application to enhance interactive learning
and user engagement. Building on an existing chess platform,
we propose to extend the system beyond rule-based play by in-
corporating adaptive, context-dependent mechanisms. Synthetic
consciousness offers the possibility of developing opponents with
distinct “personalities”, strategic assistants capable of explain-
ing moves, and adaptive tutors that adapt difficulty and exer-
cises to a player’s style and progress. In addition, synthetic con-
sciousness enables natural interaction through conversational in-
terfaces, supports the simulation of grandmaster playing styles,
and facilitates large-scale automated testing of the application
by generating diverse test scenarios. By using concepts based on
synthetic consciousness, this paper contributes to broader efforts
to design intelligent, human-centered systems that, in addition
to technical rigor, also take into account pedagogical value.

Keywords: synthetic consciousness, adaptive learning, chess,
mobile applications, human—computer interaction.

1 Introduction

In recent years, the concept of synthetic consciousness has emerged
as a cutting-edge paradigm in artificial intelligence (AI) research, aim-
ing to go beyond traditional computational models of problem solving
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and decision making [1]. Unlike conventional AI systems, which rely
on deterministic or probabilistic algorithms, synthetic consciousness
emphasizes awareness-like properties, adaptive behavior, and context-
sensitive decision making. This shift has opened up new opportunities
in diverse domains where human-like reasoning, adaptability, and learn-
ing are needed. In healthcare, synthetic consciousness has been used
for patient-centered systems capable of empathic interaction, treatment
personalization, and continuous adaptation to each patient’s health
profile [2]. By simulating aspects of human consciousness, such sys-
tems go beyond classical diagnostic algorithms, providing support that
is not only clinically accurate but also perceived as more human and
trustworthy. In the field of law and governance, research into synthetic
consciousness has suggested applications in legal reasoning, argument
generation, and ethical deliberation [3]. Here, the capacity to contex-
tualize information dynamically, interpret ambiguous rules, and weigh
competing principles has been proposed as a potential breakthrough in
domains where rigid logic alone is insufficient. When it comes to com-
puter science and human-computer interaction, synthetic consciousness
is being investigated as a way to design adaptive agents that can learn
from users’ behavior, predict their intentions, and maintain coherent
interactions over the long term [4]. This perspective has inspired the de-
velopment of digital tutors, companions, and decision-support systems
that mimic aspects of human personality in addition to human cogni-
tion. Furthermore, in education and training, synthetic consciousness
has been proposed as the foundation for adaptive learning systems, ca-
pable of dynamically adapting content to the learner’s style, progress,
and cognitive load [5]. Such systems act less as automated platforms
and more as mentors, capable of providing context-sensitive explana-
tions, encouragement, and feedback.

These advances highlight a common trend: the shift from algorith-
mically efficient systems to systems that are meaningful in terms of user
experience. The introduction of synthetic consciousness into domains
traditionally dominated by structured, rule-based approaches opens up
new forms of interactivity and personalization. In this broader context,
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the present work explores the application of synthetic consciousness in
the field of digital chess education and training. By extending a mobile
chess platform with synthetic consciousness features, the goal is to move
from a purely computational chess engine to an adaptive, context-aware
mentor, thereby enriching both the game and the learning outcomes.

2 Existing Solution Overview

In [6], we present the design and implementation of a mobile chess
application developed for the Android platform. The primary ob-
jective of this project was to provide a fully functional and interac-
tive chess environment while also offering an extensible and modular
software structure that could support future enhancements. The ap-
plication was implemented in Kotlirﬂ within Android StudioE], lever-
aging the Android SDK and Jetpackﬁ libraries for efficient Ul man-
agement and state handling. The software architecture follows the
Model-View—Controller (MVC) paradigm, ensuring a clear separation
of concerns: the Model represents game states using an 8 x 8 matrix
encoded with Forsyth-Edwards Notation (FEN) [7], the View provides
a responsive graphical interface, and the Controller enforces the rules
of chess, including move legality and special conditions such as check
and checkmate (see Figure 1).

2.1 Technologies and Development Environment

The application was developed in Kotlin, a modern programming lan-
guage that offers full interoperability with Java while reducing boiler-
plate code and improving type safety. The development process was
carried out in Android Studio, the official IDE for Android applica-
tions. It utilized the Android SDK and Jetpack libraries (e.g., Live-
Data and ViewModel) for robust Ul and state management. Testing

"https://kotlinlang.org/
https://developer.android.com/
3https://jetpack.com/

162



Synthetic Consciousness for Adaptive Chess

O E &
Ak a4 | @
N A B

.I.l.I.I

H B 2N
20 E AAA
H B B8

Figure 1. Chess position with FEN notation 3r3k/1ppln2b/2p1N3/8/
8/5Q2/B2r1PPP /6K1 (it is not specified who is moving)

and debugging were supported by Android Studio’s integrated emula-
tor and Logcat for runtime monitoring. The project was developed on a
Windows-based operating system, ensuring compatibility with Android
development tools.

2.2 System Architecture

The system architecture follows the Model-View—Controller (MVC)
paradigm:

Model (Data Layer) — The chessboard is represented internally as
an 88 matrix, with game states encoded using Forsyth—Edwards No-
tation (FEN) for efficiency and standardization. The ChessPiece class
encapsulates attributes such as position, ownership (White/Black),
rank (King, Queen, Rook, Bishop, Knight, Pawn), and graphical repre-
sentation. Enumerations were defined for player roles and piece types
to enforce type safety.

View (User Interface) — The graphical representation of the
chessboard and pieces was implemented in Kotlin, providing an in-
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tuitive interface that is synchronized with the underlying game logic.

Controller (Game Logic) — The controller implements the full
set of chess rules, ensuring legal move validation, handling special cases
(e.g., check, checkmate), and updating the model accordingly. The
controller also interacts with debugging and logging components to
validate the correctness of moves during runtime.

2.3 Functionalities

The main features of the application include:

e Legal Move Validation: Correct implementation of all standard
chess rules for each piece.

e Interactive Graphical Interface: A responsive and user-friendly
UI for mobile devices.

e State Synchronization: Consistency between the logical represen-
tation of the game and its visual counterpart.

e Debugging and Logging: Real-time feedback for validating game
states and tracking application flow.

e Testing on Multiple Configurations: Verification of performance
and stability using both emulators and physical Android devices.

2.4 Evaluation

The usability tests demonstrated that the application performs effi-
ciently in terms of response time and stability, offering a seamless chess-
playing experience. The modular structure of the codebase ensures that
additional features can be integrated with minimal overhead, making
the solution suitable for both educational and recreational use.

164



Synthetic Consciousness for Adaptive Chess

3 Improving Existing Solution with Synthetic
Consciousness

Current and future work focuses on using elements of synthetic con-
sciousness to improve existing application. There are several possible
directions that we will detail below.

1. Gameplay — opponent with a “personality”

Instead of a classic engine (deterministic, based exclusively on
movement analysis), we could integrate a synthetic model of con-
sciousness that simulates emotional states or playing styles:

e aggressive opponent — seeks a quick attack;
e cautious opponent — prefers solid defense;

e creative opponent — “unorthodox” moves, that are hard for
the opponent to classify as good or bad, mainly in order to
burn a good amount of their clock time.

Thus, the app doesn’t just calculate optimal moves but “plays”
differently depending on the context.

2. Strategic assistant with explanations

Synthetic consciousness can analyze the board and explain moves
(for example, ”if you move this pawn here, you create pressure on
the king’s side of the board”). In this way, the system evolves from
simply recommending moves to being a mentor who talks to the
user and helps them understand the advantages/disadvantages of
a move, almost like a personal trainer.

3. Adaptive personalization of the experience

The model can learn the user’s style and provide suggestions and
challenges based on their level, dynamically adjusting the diffi-
culty. It can also suggest personalized exercises: for example,
if the user often makes mistakes in pawn endgames, the engine
generates examples and problems of that type.
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4. Interface extension

Integrating a synthetic consciousness chatbot directly into the
application, so that the player can talk to his ”chess mentor”, not
just play. For example, after losing a game, the user asks ”Why
did I lose?”, and the system responds based on the context and
the moves the user made.

5. Simulating a grandmaster’s consciousness

Profiles inspired by great chess players like Kasparov, Carlsen,
Fischer, etc. could be ”modeled”, and the application would allow
the user to play matches against the synthetic consciousness of
these masters, simultaneously adapting to this version of chess
and imitating their playing style.

6. Testing and validation through synthetic consciousness

During the development of various functionalities, a synthetic
consciousness agent could simulate thousands of game scenarios
based on context for automated application testing, identifying
errors or unexpected situations faster than traditional tests. In
this way, their implementation would be faster and with better
quality.

4 Conclusion

This paper presents how synthetic consciousness can be integrated into
a mobile chess application as a means of improving interactivity, adapt-
ability, and learning outcomes. Proposed directions include generating
opponents with distinct personalities, providing strategic explanations,
offering personalized training tailored to the user’s style and progress,
and enabling conversational interaction. In addition, synthetic con-
sciousness can simulate the playing styles of grandmasters and support
large-scale automated testing by generating diverse game scenarios.
Together, these improvements highlight a broader shift in artificial in-
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telligence applications — from systems optimized primarily for computa-
tional efficiency to systems designed for meaningful human experience.

Future work will involve practical implementation and evaluation

of these extensions, focusing on measuring their impact on user engage-
ment, learning effectiveness, and overall system robustness.
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Integrated Platform for Managing Access to
Research Infrastructure

Cosmin Irimia, Adrian Iftene

Abstract

This paper presents the design and implementation of a uni-
fied digital platform for managing access to research infrastruc-
ture at Alexandru Ioan Cuza University of Iasi (UAIC). The sys-
tem addresses the growing need for efficient, transparent, and
scalable coordination of specialized equipment usage across multi-
ple research centers. It enables students, researchers, and labora-
tory coordinators to submit, approve, and monitor equipment ac-
cess requests through a secure, role-based web interface. The sys-
tem ensures modularity, performance, and maintainability while
offering features such as real-time request tracking, role-based
workflows, equipment inventory management, and secure authen-
tication via JWT. This work demonstrates how digital infrastruc-
ture can streamline operational processes and enhance resource
accessibility in academic research environments.

Keywords: research infrastructure, equipment access, user
management

1 Introduction

Efficient management of research infrastructure is a growing chal-
lenge in academic institutions, where demand for specialized equipment
spans multiple faculties and user roles. Traditional manual processes
for accessing such resources are often time-consuming, opaque, and
prone to administrative bottlenecks.

©2025 by Cosmin Irimia, Adrian Iftene
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To address these issues, we developed a centralized web platform at
Alexandru Ioan Cuza University of Iasi (UAIC) that streamlines the
process of requesting, approving, and managing research equipment
access. The system supports students, researchers, and administrators
through a secure, role-based interface, automating key workflows and
improving transparency.

Built using modern web technologies and supported by a DevOps
infrastructure, the platform provides scalable and maintainable func-
tionality tailored to the needs of academic environments. This paper
outlines the system’s design, implementation, and potential as a digital
backbone for managing research resources efficiently.

2 State of the art

In leading universities such as Stanford or Harvard, centralized plat-
forms for managing research equipment [1] access have become stan-
dard, offering features like role-based access control, real-time schedul-
ing, and inventory tracking. These systems enhance efficiency and ac-
countability but are often tailored to specific institutional ecosystems
and require significant resources to implement and maintain.

In contrast, many academic institutions in Central and Eastern Eu-
rope still rely on manual or fragmented processes. In Romania, plat-
forms like Campus Virtual UBB or the UPB Virtual Campus focus
mainly on educational content and do not support research infrastruc-
ture management. As a result, workflows involving laboratory equip-
ment remain inefficient, with limited transparency and coordination.

Recent advances in web technologies — such as React, Next.js,
Spring Boot, and PostgreSQL — combined with modern DevOps prac-
tices have created opportunities for scalable, secure, and modular plat-
forms. However, few implementations in Romanian academia fully
leverage these tools for managing scientific infrastructure. The sys-
tem presented in this paper addresses this gap with a solution tailored
to the operational needs of universities.
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3

Our Solution

To address the limitations of manual and fragmented equipment man-
agement [2] workflows in academic environments, we have developed a
web-based platform that centralizes the process of requesting, approv-
ing, and monitoring access to research infrastructure at Alexandru Ioan
Cuza University of Iasi (UAIC). The system is designed with scalabil-
ity, usability, and security in mind, ensuring that all user roles — from
students to administrators — can interact seamlessly within a unified
digital environment.
The platform provides the following core functionalities:

Role-Based Access Management: Users are assigned roles
such as student, researcher, coordinator, or administrator. Each
role has clearly defined permissions, ensuring controlled access to
equipment and administrative functions.

Equipment Request and Approval Workflow: Students and
researchers can submit requests for equipment usage within spec-
ified timeframes. Depending on the type and value of the equip-
ment, the request may require co-approval from a supervisor or
collective approval from a laboratory committee.

Real-Time Status Tracking: Users can monitor the status of
their requests (pending, approved, rejected) and receive updates
through the interface. Coordinators are notified of incoming re-
quests and can approve or deny them based on availability and
institutional policies.

Inventory and Laboratory Management: Administrators
can add, update, or remove equipment and laboratory entries.
Equipment availability is tracked and updated in real time.

Security and Authentication: The platform uses JSON Web
Tokens (JWT) for secure user authentication and role verification.
Passwords are hashed using bcrypt before being stored in the
database.
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e Responsive Interface: The frontend is developed using React
and Next.js with TypeScript, offering a modular and responsive
user interface optimized for both desktop and mobile access.

On the backend, the system is built using Spring Boot and Post-
greSQL for robust data management and API functionality. All
services are containerized using Docker and orchestrated via Docker
Compose. Continuous integration and deployment are managed with
GitHub Actions, while application performance is monitored through
Prometheus and Grafana.

This architecture ensures modularity, maintainability, and exten-
sibility, making the platform suitable for deployment across multiple
research centers and adaptable to future institutional needs. It bridges
the gap between technical infrastructure and administrative processes,
enabling a transparent and efficient resource management workflow for
all stakeholders involved in research activities.

ISMA UAIC E-mail System
[Person] Sends [Software System]

Outlook UAIC e-mail system

-

Sends e-mail

using [SMTP]
-

Integrated System for
Managing Access to the UAIC
Infrastucture and resources
[Software System] Equipment Management
Database

Platforma le permite utilizatorilor [Software System]

(cercetatori, coordonatori de laborator,
studenti, etc) sa ceara acces pentru un
anumit tip de echipament, ofera o buna
organizare a acestuia, gestioneaza
documentatia necesara pentru aprobarea
utilizarii

Contine toate informatiile brute despre
echipamentul de cercetare, despre
utilizatori, despre cererile depuse spre a fi
aprobate.

Figure 1. C4 Diagram of the system
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4 Future work

While the platform currently offers a robust foundation for managing
access to research infrastructure, several enhancements are planned to
extend its functionality and impact:

e Notification System: A notification module will be imple-
mented to alert users of status changes to their requests. This
system may be extended to support email notifications via inte-
gration with institutional mail servers.

e Research Archive and Equipment Reuse History: Users
will be able to associate uploaded project outcomes with specific
equipment. This feature could support inspiration and reuse, fos-
tering collaboration and knowledge sharing within the academic
community.

These improvements aim to further enhance the platform’s usabil-
ity, transparency, and adaptability, ensuring its long-term sustainabil-
ity and value as a digital infrastructure for academic research environ-
ments.

5 Conclusion

This paper presents the design and implementation of a web-based
platform for managing access to research infrastructure at Alexandru
Toan Cuza University of Tasi. By centralizing workflows for equipment
requests, approvals, and inventory management, the system addresses
critical challenges in academic environments — namely inefficiency, lack
of transparency, and fragmented communication.

The platform leverages a modern technology stack to deliver a scal-
able, secure, and user-friendly experience across different institutional
roles. Through role-based access, real-time request tracking, and auto-
mated workflows, it streamlines administrative tasks and improves the
coordination of valuable scientific resources.
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The modular architecture and DevOps integration ensure main-
tainability and support future extensions, such as document handling,
advanced logging, and research project archiving. Overall, the system
provides a replicable model for digital infrastructure in higher educa-
tion, promoting efficient, transparent, and responsible use of research
assets.
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Unsupervised Deep Learning for Web Server
Log Anomaly Detection

Cosmin Iulian Irimia, Madalin Andrei Matei

Abstract

This paper presents an unsupervised deep learning model de-
signed to detect anomalies in web server access logs. Utilizing an
autoencoder neural network, the model identifies deviations from
normal system behavior without requiring labeled training data.
The data preprocessing phase incorporates classical methods for
transforming numerical and categorical values, alongside spe-
cific techniques for textual data, such as tokenization, bigrams,
and Inverse Document Frequency. Ultimately, this work demon-
strates that developing an anomaly detection system requires an
integrated approach, encompassing not only model training but
also all aspects of data processing and software implementation.

Keywords: Unsupervised Anomaly Detection, Web Server
Logs, Deep Learning (Autoencoders).

1 Related work

In the paper An Anomaly Detection Method to Detect Web Attacks
Using Stacked Auto-Encoder[l], a method for detecting attacks is pre-
sented, which uses an n-gram model for feature construction, followed
by a Stacked Autoencoder model for anomaly detection.

The architecture is composed of an encoder that compresses the
input data into a latent space, and then a decoder that tries to recon-
struct the original data. Through this process, the network learns to
extract significant features from the input data. Because the attributes

©2025 Cosmin Iulian Irimia, Madalin Andrei Matei
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are character strings, they are transformed into word vectors using a bi-
gram model. The experimental results show that the proposed method
has an accuracy of 88.32% on the CSIC 2010[Y] dataset, which consists
of web server access logs. This model is implemented differently from
the one proposed in the present work, as its training is semi-supervised,
while the model to be described is unsupervised.

2 Development of the Anomaly Detection Mo-
del

2.1 Anomaly Recognition

Once a web service is launched into production, the need arises to secure
its communication and access methods. For this purpose, reverse
proxies are used to manage requests and responses to and from the
web server. Another significant advantage is that these proxies can
be configured to monitor and record all requests and responses, being
containerized together with the web service. Nginx [| is one of the
most popular open-source solutions, and the logs it generates can be
analyzed to detect potential anomalies.

Each request that Nginx mediates includes essential data, such as
the client’s IP address, HTTP method, requested URL, status,
size, and response time, plus the user agent. This information is
sufficient to detect a range of anomalies, considering that most of the
generated traffic is normal, and any deviation from it can be considered
suspicious. Therefore, an anomaly is not necessarily a malicious action;
it can also be a human error or unexpected client behavior.

A traditional method for detecting an attack is to use a signature-
based system, which compares requests and responses with a list of
pre-defined rules. This method is effective for known attacks but is
insufficient for detecting new or modified attacks. In contrast, Artifi-
cial Intelligence-based methods are capable of detecting anomalies,

Lwww.isi.csic.es/dataset

*https:/ /nginx.org/en/

176



Unsupervised Deep Learning for Web Server Log Anomaly Detection

even if they are unknown. These are further divided into three cate-
gories: supervised, semi-supervised, and unsupervised. In the case of
training a supervised model, the data must be labeled, in this context,
into two classes: normal and anomalous. This is difficult to achieve in
practice, as manual labeling of logs is not feasible for large amounts of
data. Instead, semi-supervised methods are more suitable because
they do not require labeling all data. They are capable of detecting
anomalies in an unlabeled dataset, using labeled data to learn what
is normal. The present work will focus on unsupervised methods,
which are capable of detecting anomalies without needing labeled data,
assuming that most of the traffic is normal.

2.2 Autoencoder Model Architecture

An artificial neural network is a mathematical model that approximates
complex functions, capable of learning relationships between input and
output data. An autoencoder is a special type of neural network that
learns to extract relevant features from normal traffic, so it can detect
deviations from it.

Its architecture consists of two parts: an encoder and a decoder.
The encoder receives the input data and transforms it into a latent for-
mat, which contains a compressed representation of the original data.
On the other hand, the decoder receives the compressed data and trans-
forms it back into the original data. The reconstruction error, i.e.,
the difference between the original and reconstructed data, is used to
train the model. If the input data is normal, the reconstruction error
will be small, but if the data is anomalous, it will be large. Thus, an
autoencoder can be used to detect anomalies without needing labeled
data.

The autoencoder is composed of a single hidden layer, but this
architecture is too simple to learn the complex characteristics of Nginx
logs. To increase the model’s learning capacity, more hidden layers
can be added, so the encoder learns a more abstract representation of
the input data, and the decoder learns to reconstruct it with greater
accuracy. This architecture is known as a stacked autoencoder.
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Of particular importance in achieving good results is the choice of
the model’s hyperparameters, such as the number of hidden layers,
the number of neurons per layer, activation functions, and the cost
function. In addition to all these, the training hyperparameters, such
as the learning rate, number of epochs, and batch size, also need to be
determined.

3 Application Evaluation

In this chapter, the stacked autoencoder model will be evaluated in
comparison with another unsupervised learning model, considering a
wide range of metrics to better understand where each algorithm has
advantages and disadvantages.

3.1 Model Comparison

The main objectives of an anomaly detection system are to identify
rare events and minimize the number of false alarms. Training was
performed on the dataset from Chapter 2. For evaluation, we used
a different dataset, which contains 50% normal examples, and the re-
maining 50% generated using Metasploitﬂ This framework is used
to test system vulnerabilities, being a powerful tool for penetration
testing attacks. The attack used was a Directory Scanning type,
which consists of attempting to access directories on a web server to
find sensitive information or identify possible vulnerabilities.

3.2 Comparison with One Class SVM

One Class SVM is an unsupervised learning algorithm that attempts
to find a hyperplane that separates normal from anomalous data. For
a fair comparison, we used the same datasets for training and testing;
the implementation used was from the scikit-learnﬁ] library, and the

3https://www.metasploit.com/
“https://scikit-learn.org/
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hyperparameters are taken from the paper A new one-class SVM for
anomaly detection [2].

The metrics used for evaluation are accuracy, precision, recall,
and F1 score. Accuracy is a measure of the correctness of a classifier,
but it is not always a good metric for evaluating an anomaly detection
model. Instead, precision emphasizes the number of false alarms, and
recall emphasizes the number of detected anomalous examples. F1
score is the harmonic mean of the two metrics, being a measure of the
performance of a classifier.

Table 1. Comparison of metrics between Stacked Autoencoder and One
Class SVM

Metric Accuracy | Precision | Recall | F1 score
Stacked Autoencoder 0.95 0.96 0.98 0.97
One Class SVM 0.96 0.94 0.92 0.93

According to the results, the two models have similar performances,
both models having very close accuracy. The Stacked Autoencoder has
a better F1 score of 0.97, compared to 0.93 for One Class SVM. This
means that the neural network has a better balance between the num-
ber of false alarms and the number of detected anomalous examples.

4 Conclusion

While many published works in this field focus solely on analyzing a
single system component, this paper covers all necessary steps to build
a comprehensive, yet minimal, system that can be further developed
and improved. Although the literature largely emphasizes machine
learning algorithms, many challenges arise during their integration into
a production system. Therefore, this work provides a holistic view of
a complete anomaly detection system.
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Text Detoxification

Maia Kuzmitkaia, Alexandr Moroz, Victoria Bobicev

Abstract

Automated mitigation of toxic social media content, such
as hate speech and abusive language, is crucial for safe on-
line communication. In this work, we investigated widely used
hate speech combating approaches and presented a detoxification
pipeline that combined pretrained sequence-to-sequence models
with back-translation for data augmentation. The results were
assessed using automated metrics and human judgments on style,
meaning preservation, and fluency. Our study revealed the ca-
pabilities and limitations of current approaches, offering insights
for scalable and effective content neutralization.

Warning: Offensive texts appear in this paper for
demonstration purposes only.

Keywords: text detoxification, hate speech, social media
moderation, style transfer, back-translation, transformer models.

Introduction

Toxic language includes hate speech and related behaviors such as cy-
berbullying, discrimination, flaming, abusive language, profanity, ex-
tremism, and radicalization [37]. The use of any of the aforementioned
forms of speech poses a threat to online safety and constructive com-
munication. Traditional methods for combating hate speech, consisting
of simple blocking or censoring, are often insufficient. Frequently, they
are not only ineffective in concealing aggressive forms but also seriously

disrupt the structure and meaning of what was said.
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Machine learning-based detoxification enables the creation of a
more "understanding” tool that comprehends context and can provide
a semantic equivalent of rudeness while preserving content and neutral-
izing form. To ensure a universal detoxification framework regardless
of the source language, we employ a backtranslation mechanism [33] as
well as transformer models such as BART [34] and T5 [36].

In this work, we investigated an automatic detoxification pipeline
integrating back-translation and pretrained models. The obtained re-
sults were evaluated using automatic metrics and human judgments
on style, content preservation, and fluency. Our results highlight the
strengths and limitations of current methods, providing insights for
more effective content moderation in social media contexts.

2 Traditional Text Detoxification Approaches

2.1 Trigger Warnings

A Trigger Warning is a short notice at the beginning of content that
warns users about the presence of topics that may cause negative emo-
tions. This approach gives people the opportunity to emotionally pre-
pare for the content or completely avoid interacting with unwanted
material. Despite the fact that this method does not alter the text,
but merely informs users about the possible presence of offensive ele-
ments, it is frequently used on forums and social media.

The social network X (formerly Twitter) demonstrates a growing
number of posts containing trigger warnings about potentially trau-
matic content. It is assumed that this trend provides people with a
safe and supportive space for self-expression. In addition, the use of
trigger warnings helps people identify the most acute topics, thus form-
ing a conscious, tolerant, and empathetic online community. However,
despite this positive dynamic, most of the potentially traumatic content
on X remains without any labels [19].

It is important to emphasize that the discussion regarding the ef-
fectiveness of trigger warnings is rather controversial, as in some cases
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they prove to be not only ineffective but also potentially harmful. It
has been found that the presence of trigger warnings does not con-
tribute to increased avoidance. Moreover, they themselves often cause
an amplification effect of anticipatory anxiety even before interacting
with the content. For impressionable or already anxious audiences, this
is highly likely to cause emotional stress. Finally, trigger warnings have
only a minimal impact on how content is perceived, raising questions
about the effectiveness of this method as a tool for detoxification [20].

2.2 Censoring

Censoring by hiding characters or entire words is one of the most com-
mon forms of text detoxification. It involves replacing part of the letters
or the entire offensive word with special symbols, most often with an as-
terisk “*”. Since 2020, the Steam gaming platform has been using this
method, offering users the ability to create custom settings, including
enabling or disabling filters for their own list of words. Because gam-
ing environments are often highly toxic, Steam ironically uses the heart
symbol to mask swear words [21].

However, the rules for applying such censorship vary widely since
there is no single standard. One might encounter obfuscation by hiding
only vowels, masking or preserving just the first letter, and so on. Here,
a balance must be struck between the desire to preserve meaning and
the need to prevent the spread of hate. At the same time, simple
substitutions of individual letters, such as f**k, are largely ineffective:
for people already familiar with such vocabulary, the meaning remains
obvious [22].

A similar dilemma arises in mass media, especially in cases where
profanity becomes part of socially significant discourse. This is high-
lighted by the editorial policy of The Guardian, where swear words are
published in full, but only when necessary to understand the material
or to convey a character’s voice. Moreover, as public debates show,
the key issue is not the mere fact of using a swear word, but rather its
context, its function, and its cultural connotation [23].
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2.3 Moderation

Moderation is the process of removing content that does not comply
with the rules of the platform. This process includes a range of mea-
sures, from deleting individual comments to completely blocking ac-
counts that regularly violate community standards. Depending on the
platform, the moderation process varies, combining both automatic fil-
tering systems and manually submitted user reports, either together or
separately.

In the case of YouTube, if a publication contains hate speech, it is
subject to removal with notification to the content author via email.
The first violation usually receives a warning without penalty, but re-
peated violations can lead to strikes, and three strikes within 90 days
result in channel deletion. However, if hateful statements are used in
educational, documentary, scientific, or artistic contexts, they are not
subject to removal. This could be documentary footage from a war
zone, news footage of abuse, quotes from historical figures, etc. The
key aspect here is that the context in which such material is shown
includes condemnation, refutation, or presentation of opposing view-
points.

Meta, where text is the predominant form of content, also has a sep-
arate policy for combating hate speech that prohibits insults, profanity,
ridicule, and calls to violence. Despite this, if any of the aforementioned
content is deemed satirical in nature, it will not be considered a viola-
tion of community standards. The criteria by which Meta can deter-
mine the presence of irony or satire in text that does not demonstrate
important contextual cues, such as intonation and facial expressions,
remain unknown. Additionally, this platform declares its commitment
to supporting inclusion, yet allows content that argues for restrictions
based on sexual orientation for religious reasons. It also prohibits pub-
lishing any materials related to the provision of goods or services for
change of sexual orientation or gender identity [25].

The streaming platform Twitch, unlike the previous examples, fo-
cuses on real-time moderation. This is because the content creator’s
interaction with viewers occurs live and requires immediate interven-
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tion when rules are violated. AutoMod plays a special role in real-time
moderation, a tool that uses machine learning and NLP to hold po-
tentially risky messages, so the channel owner can review them before
they become visible to other viewers. There is also the ability to con-
figure personal filter lists using regular expressions to block unwanted
language, along with its morphological variations.

Due to the absence of unified regulations to combat hate speech
on the internet, social media policies differ noticeably from each other
in their strictness. What remains common is that, despite efforts to
limit toxic content, this at best only protects victims of attacks from
interacting with them, while the offender remains unchanged in their
opinion. Moreover, another problem with moderation is the overly
broad blocking of topics related to health problems, mental illness,
or suicidal thoughts. Materials of this kind are mistakenly caught by
moderation as discriminatory or promoting suicide, depriving people of
the opportunity to be heard, share their experience of fighting illness,
and gain support [26].

2.4 Neutralization

Neutralization constitutes a specialized branch of style transfer tasks,
which involves transforming toxic expressions into more neutral or po-
lite ones. This practice is often used in traditional media: for example,
on television, profanity is muted and replaced in subtitles with the
same content but in neutral form. This approach enables both the
elimination of toxicity and the preservation of the structure and logic
of the statement.

Unfortunately, at present, text transfer to neutral form is carried
out manually by program editors; however, this practice is not yet
used at the level of mass services. On communication platforms, the
most suitable approach would be automatic toxicity neutralization us-
ing machine learning, since manually handling the amount of content
published daily is hardly possible. It works by detecting special lexical
markers: crude and obscene vocabulary in the source text, with their
subsequent replacement by neutral equivalents (Dale 2021). Currently,
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extensive research shows that automatic neutralization is possible, al-
beit complex.

However, there are also other limitations. First, the concept of
neutrality is subjective and heavily depends on the cultural context.
Second, algorithms may distort the meaning of a message or oversim-
plify it. Nevertheless, text neutralization is considered one of the most
promising methods, as it allows the preservation of important informa-
tion and message structure while eliminating toxic elements. This is
also evidenced by the very recently (in July 2025) created first mul-
tilingual benchmark for detoxification, demonstrating the relevance of
this topic [24]. The main advantage of this method lies in the fact that,
unlike censoring or moderation, neutralization preserves respect for the
author’s context and intentions, makes text more accessible to a wide
audience, and promotes more productive interaction between people.

3 Related Work

Although manual review of comments on social networks is still widely
used, it is clear that this task should be automated. The first step in
this task is the detection of toxic comments and decision of how toxic
is each one.

The research community addressed such types of online texts as
“hate speech” [4], texts with profanity [3], cyberbullying [5], abusive
texts [6], misogynic texts [7], racism and xenophobia [§].

Online competitions, such as GermEval-2018 [9], OffensEval 2020
[1], OSACT-2020 [10], and HASOC-2020 [I1], included tasks of toxic
texts detection in various languages in order to involve more researchers
in solving this problem. Each competition offered annotated corpora
for training. While most linguistic resources are in English, competition
organizers aimed to include as many languages as possible: German
(GermEval), Arabic, Danish, English, Greek, and Turkish (SemEval),
as well as Arabic (OSACT), Hindi, German, and English (HASOC).
Almost all corpora offered in these competitions are collected from
Twitter; this platform has the most open license that allows collecting

186



Text Detoxification

tweets and sharing their collections with third parties. Besides, tweets
contain a great amount of all kinds of toxic content: profanities, hate,
racism, etc.

The corpora annotation varied, but the main idea was to detect
toxic content in texts. The simplest variation was the binary classifica-
tion: toxic or non-toxic, contained text with hate or no [I0]. Some cor-
pora had multi-class annotation, for example, profanity, insult, abuse,
other [12], level of sentiment strength on the scale from 1 to 5, and the
target of this sentiment expressed in the text [I]. In some cases, only
the span of text that contained hateful content was annotated [11].

An exhaustive overview of the entire domain of abusive content
detection is presented in [6]. The survey contains a detailed taxonomy
of abusive content types, a description of multiple corpora, and their
annotations. Studying hundreds of papers on various approaches to
the detection of abusive texts, the authors formed a graphical structure
with the methods and algorithms applied to the task.

In the process of abusive content detection, the texts were prepro-
cessed using Natural Language Processing tools: texts were cleaned,
corrected, tokenized, stemmed, or lemmatized in order to create lists
of features for machine learning algorithms. However, the newest ma-
chine learning models based on deep neural nets do not require such a
kind of preprocessing, but in most cases need word vectorization.

In 2018, of 20 participating teams in GermEval, 9 teams used tok-
enization, 6 teams used part-of-speech tagging, 5 teams used lemmati-
zation, 2 teams applied stemming, and only 2 teams used parsing [9].
The features used for machine learning in this challenge included word
and character n-grams, word embeddings, and lexicon-based features.
Almost every participating team used lexicons; some used sentiment
lexicons with negative words, some used collections of profanity words,
several teams created their own vocabularies of swearwords, slurs, or
offensive words [14]. All participation teams used Machine Learning;
a notable number of teams relied exclusively on traditional supervised
learning. Support Vector Machines (SVMs), Random Forests, Naive
Bayes, and some other classical methods, although highly dependent
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on preprocessing for special features creation, achieved top results in
this challenge. Neural networks such as CNN, LSTM, and GRU were
also actively used, but could not outperform traditional methods.

Later, this direction, as the others in the domain of natural lan-
guage processing, experienced a dominant trend toward using large
pre-trained language models like BERT (Bidirectional Encoder Repre-
sentations from Transformers) and its multilingual variants. In 2020,
OSACT4 Arabic Offensive Language Detection Shared Task (Mubarak
2020) reported that most participating teams already used various
types of pre-trained neural models and word embeddings, though it
should be noted that the classical machine learning algorithm SVM
with character n-gram still obtained one of the best results.

However, in SemEval 2020, most teams used various kinds of pre-
trained Transformers: typically BERT, RoBERTa, XLM-RoBERTa
[13], and word embeddings. They did not need intense text prepro-
cessing and were already trained for multiple languages.

The rapid development of these models opened the possibility of
more advanced treatment of toxic text. The first experiments in this
direction had moderate results [15], but large language models changed
it in several years [16], transforming toxic content into politically cor-
rect with a similar sense. Even for languages with a lack of developed
models, it became possible by translating and correcting in the lan-
guage with a good model [17].

Unfortunately, we are still far from the ultimate solution to the toxic
messages problem. As it was pointed out in [I8], the results obtained
in experiments on curated and annotated corpora were much higher
than on real texts; the developed systems tended to over-adapt to the
corpus used in the experiments; most corpora and experiments were
performed for English texts.

One of the latest challenges, PAN 2024 [2], offered participants
corpora in 9 languages and the task of text detoxification.
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4 Experiment Methodology

4.1 The Dataset

In this study, we rely on multilingual paradetox (MLP) — a parallel
corpus containing pairs of toxic and neutral texts, presented at CLEF
(Conference and Labs of the Evaluation Forum 2024). This dataset
was specifically designed to support research in text detoxification and
covers nine languages: English, Russian, Ukrainian, German, Spanish,
Ambharic, Japanese, Arabic, and Hindi. For each language, the corpus
contains 400 human-created statement pairs, reaching 3,600 aligned
pairs.

The parallel structure of the corpus ensures that each toxic input
statement is accompanied by a manually neutralized semantic equiva-
lent, making it a gold standard for supervised model training and eval-
uation in detoxification tasks. Each entry in MLP follows the format
“toxic sentence — non-toxic sentence.” For example, the toxic statement
“You made a mistake you *ss” is transformed into the neutral version
“You made a mistake.”

Although the corpus is multilingual by nature, this study places
particular emphasis on the Russian segment. This focus allows for
a more detailed analysis of detoxification in a language rich in various
obscenities. Importantly, the dataset is openly available to the research
community, enabling active use of the selected dataset.

4.2 The Algorithms

To improve the quality of detoxification, we apply the back-translation
(BT) technique. Formally, for each input sentence xy in language /,
the processed version Z, is obtained as follows:

(z0,2¢) : & = BT (Detox(Trans(zy — Ten))). (1)
Here:

e 1, — toxic sentence /;
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e Trans(xy — Tep) — translate to eng with model NLLB;
e Detox() — neutralization with BART;
e BT() — Back Translate ¢ with NLLB.

Methodologically, the research represents translation, paraphrasing,
data augmentation through back-translation, and subsequent evalua-
tion. Translation serves two functions: it provides routing to the most
suitable detoxification model and supplies a paraphrastic signal for data
augmentation. Paraphrasing is implemented by seq2seq [35] models
that are architecturally adapted for attribute transfer, jointly mod-
eling content preservation, and toxic style removal. Data augmenta-
tion arises implicitly through the translate-detoxify-backTranslate cy-
cle, i.e., translation for languages without direct detoxification models.
The resulting pairs (zy, &) are exported for evaluation and can support
future fine-tuning.

From the perspective of tools and libraries, Hugging Face transform-
ers provide unified abstractions for BART [34], T5 [36], and NLLB-
compatible [33] architectures’” models and tokenizers, enabling in-
terchangeable loading of M2M100ForConditionalGeneration, BartFor-
ConditionalGeneration, and T5ForConditionalGeneration. PyTorch
ensures tensor operations execution and device management; the script
detects CUDA at runtime and automatically places models and en-
coded batches on GPU when available, otherwise uses CPU. The pan-
das library is used for data loading and saving, including direct read-
ing of Parquet format files from Hugging Face Hub and systematic
export of pairs resulting from CSV runs for subsequent evaluation and
error analysis. tqdm provides progress monitoring during batch gen-
eration, which is important to measure throughput and detect delays
in large runs. Fast tokenizers (NllbTokenizerFast, BartTokenizerFast,
T5TokenizerFast) are used to reduce preprocessing latency (Hugging
Face, n.d.).

In the algorithm, the translation component implements an encoder-
decoder transformer with shared multilingual parameters and tagged
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decoding through language codes and forced sentence beginning to-
kens for target language control. Detoxification models use denoising
and text-to-text generation paradigms: BART performs sequence re-
construction from corrupted input and is well-suited for monolingual
rewriting, while T5 formulates all tasks as text-to-text, enabling at-
tribute control through conditioning. Greedy decoding with n-gram
blocking is intentionally conservative. It avoids trade-offs between di-
versity and quality that arise with sampling and prevents trivial loops
and phrase duplication, but not character duplication. Generation
length limitation prevents excessive lengthening and helps maintain
correspondence with input text, which is particularly important for
short social media utterances that are commonly found in toxic cor-
pora.

The sequence of data operations corresponds to the structure
of the described dataset: toxic inputs are read from the multilin-
gual paradetox section, and the multilingual toxic lexicon is pre-
installed for analyzing the presence of lexical triggers. The script out-
puts a limited sample of toxic neutral pairs for qualitative review and
saves the complete set of pairs to disk, ensuring precise alignment be-
tween the original and rewritten text. This facilitates both automatic
evaluation (meaning preservation, style, fluency, and toxicity reduc-
tion) and manual evaluation protocols. Although metric computation
is not performed in this block, the exported CSV is specifically format-
ted for integration with standard neutralization and generation quality
evaluation tools; corresponding results are presented in the experiments
section.

Infrastructure solutions are selected for simplicity and reproducibil-
ity. All models run in eval() mode with gradient computation disabled
to avoid overfitting. Batch processing amortizes tokenizer and model
overhead, and device placement is managed once for each component.
Since decoding is not stochastic, execution is deterministic with fixed
model versions and input order, which simplifies ablations and error
analysis.

As a result, we combine a multilingual translation framework with
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specialized detoxification generators and use back-translation as a prin-
cipled data augmentation mechanism. Translation provides cross-
linguistic access to detoxification and provides controlled paraphrastic
diversity; detoxifiers perform attribute transfer from toxic to neutral
style while preserving content. This configuration allows for obtaining
the results ready for subsequent evaluation.

4.3 The Evaluation Metrics

In this subsection, we formalize the protocol for automatic and human
evaluation of text detoxification methods. The goal of the metrics is to
provide a comparable, scalable, and reproducible assessment across key
aspects of the task: meaning preservation, style preservation, fluency,
and toxicity reduction. All metrics are normalized to the range [0,1]
to avoid disproportionate contributions and ensure comparability. The
final leaderboard metric combines the system’s quality multiplicatively
for each example and then averages throughout the corpus, encouraging
balanced solutions and strictly penalizing failures in any aspect.

Style Transfer Accuracy (STA): this metric measures how well a
system has “removed” toxicity from an utterance. We use a toxicity
classifier model (XLM-RoBERTa-large) trained to distinguish between
“toxic” and “neutral” texts. The model outputs the probability that
a text is neutral, which is used as the STA value. Since this number
ranges from 0 to 1, it reflects the model’s confidence: the closer to 1,
the higher the probability that the text is indeed neutral (Eq. 2).

d_
sta_scores + X Combarecscores
STA = - (2)

2 )

where:

sta_scores = classifier_prob_neutral(output_generated)
compared_scores = sta_scores < ref_sta_scores

ref_sta_score = classifier_prob_neutral(outputgold).
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Content Preservation (SIM) — this metric measures meaning preser-
vation using cosine similarity between LaBSE embeddings (Eq. 3).
Texts are encoded, and cosine similarity between the vectors is com-
puted. To normalize to the 0-1 range, a linear transformation is ap-
plied. SIM includes a weighted sum of two similarities: between the
input and the generated text, and between the reference and the gen-
erated text, to simultaneously account for proximity to the original
utterance (weights 0.4/0.6 reflect the greater importance of matching
the target when a reference is available).

g = (cos+1)

(3)

Fluency (FL) — this metric assesses how natural and grammati-
cally correct the output is. We use an automatic text quality score
(xCOMET) and scale its values in the 0-1 range for comparability
with other metrics.

Joint metric — for each example i, the three aspects are multiplied
(Eq. 4). The final system score on the leaderboard is the average of
these products across all examples in the corpus. The multiplicative
form prevents “compensation,” e.g., high fluency cannot hide meaning
loss or unsuccessful detoxification.

J = Xcometﬂuency (iHPUtv OUtputgoldv OUtPUtgenerated)
X (0.4 x Similarity (input, outputgenerated)

+ 0.6 x Similarity(outputgold, outputgenerated)) x STA. (4)

5 Results and Discussion

This section presents the obtained detoxified sentences, their evalua-
tion using the previously described STA, SIM, and FL metrics, and the
resulting Joint metric, as well as a discussion of the results. In addition
to automatic evaluation, the quality of sentence neutralization was as-
sessed by three human evaluators using the same metrics to compare
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the degree of agreement. Human evaluations were discretely assigned
from 1 to 5 on the detoxified Russian segment, since the evaluators
were native speakers. After that, the evaluations were normalized, and
their average value was taken to enable comparison with the automatic
evaluation. Some examples of results in Russian are presented in Figure

!

3aBTpa B xabapoBcke BABLUHWKMK 6yayT 3aBsTpa B xabapoBcke BABLWHWUKK 6yayT
pasroHsTb 6blAno PasroHsTb HeafeKBaTHY MONoAEXb

Tomorrow in Khabarovsk the paratroopers Tomorrow in Khabarovsk the paratroopers

will disperse the rabble. will disperse the unruly youth.
Bbl 4yTO €6****ble Ha BClo ronosy??? Bbl yTO coBceM He B cebe?
Are you f**king insane or what? Are you totally not in your right mind?

Figure 1. Toxic and detoxified sentences

As can be seen from them, the model excellently manages to identify
toxic elements, replace them with neutral synonymous ones, and also
grammatically coordinate them. This feature favorably affects fluency.
In the STA and FL metrics, the model and human evaluations have
similar mean values — 0.8106 versus 0.9120 in style preservation and
0.9591 and 0.8975 in fluency (Table 1).

Table 1. Model & Human scores

Metric Model Value | Human Value
Mean STA 0.8106 0.9120
Mean SIM 0.5173 0.8566
Mean FL 0.9591 0.8975
Joint mean 0.4045 0.7169
Joint std 0.1149 0.2333

Interestingly, there is a significant difference in terms of meaning
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preservation assessment between humans and automatic evaluation —
the model evaluated this property at 0.5173, while humans rated it at
0.85667. An explanation could be that the automatic metric is more
focused on lexical unit matching and uses synonymous substitutions as
a sign of meaning preservation. However, in the field of obscene vo-
cabulary, such an approach proves to be inadequate. Often, profanities
refer to sexual organs, but in terms of meaning, they are not meant at
all literally. The model tends to interpret expressions literally, which
leads to an underestimation of “meaning preservation” in cases where
the meaning is correctly captured by a native speaker but expressed in
a different lexical form.

In the graph in Figure [2] one can observe the distribution of au-
tomatic and human evaluations. At first glance, it is evident how the
model and humans converge in a high evaluation of metrics such as
STA and FL, although the model is more critical. There are reasons to
believe that there will be a high correlation between humans and the
model for these metrics. This is absolutely not expected in the case of
meaning preservation, and consequently, the resulting Joint metric.

Violinplot: Model vs Human evaluation comparison

10
0.8

STA siM FL Joint
Metric

Figure 2. Violin plot: Human vs Model

However, the correlation analysis (Table 2) showed that there is
no statistically significant relationship between automatic metrics and
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human evaluations. For all four indicators, the values of the Spearman
and Pearson coefficients ranged from —0.07 to 0.13, while p-values sig-
nificantly exceeded 0.05. The greatest similarity is observed for the FL
metric (p = 0.1343; r = 0.1218), but even in this case the relationship
remains weak and statistically unreliable.

Table 2. Correlations with human judgments

Comparison Spearman p | p-value | Pearson r | p-value
STA vs Human STA 0.0846 0.2334 0.0224 0.7526
SIM vs Human SIM -0.0309 0.6643 -0.0110 0.8776
FL vs Human FL 0.1343 0.0579 0.1218 0.0858
Joint vs Human JOINT -0.0718 0.3126 -0.0100 0.8888

We note that the correlation for the STA and FL metrics, despite
the similarity of distributions, is also very insignificant. Indeed, the
graph in Figure 3 shows that there is a tendency toward high scores
both between humans and for the STA and FL model, but often these
evaluations do not go in pairs for the same sentence.

STA: Human vs Model SIM: Human vs Model

&
e
%5 . .«j’
8 s

- o7
s o |
.

" OF ind W

Human Human

JOINT: Human vs Model

Figure 3. Scatter plot: Human vs Model
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What humans rated highly, the model sometimes underestimates,
and vice versa. This creates the illusion of close distributions, but the
real correlation between specific evaluations is not high. In the SIM
graph, we notice the model’s tendency to underestimate scores, which
significantly affects the final JOINT metric with the same trend.

Thus, automatic metrics in their current form are unlikely to serve
as a reliable indicator of human perception of quality, especially in
the field of toxic content, where meaning is determined not only by
lexical matching but also by context. From the perspective of human
evaluation, the detoxification pipeline results showed impressive results,
automatic evaluation is also high, but the question arises about its real
reflection of detoxification quality with such insignificant correlation
with humans, who are the target audience for the model’s work results.

6 Ethical Considerations

Creating a tolerant and reserved online community clearly appears to
be a benefit for all internet users; however, the ethical dimension of
forced detoxification and freedom of speech cannot be ignored. The
right to freely express one’s thoughts is protected by the constitutions of
most countries, which is why a clear boundary must be drawn between
a legitimate position and hostile rhetoric [27].

Toxic language is a vague and largely subjective concept, and there-
fore, any attempt to suppress it may result in transferring power over
the right to speak freely into the hands of interested parties. This
could lead to even neutral statements being interpreted as offensive for
the benefit of certain groups, with the aim of restricting the spread of
unwanted opinions. On the other hand, there truly exists no universal
classification that would allow a clear distinction between hostile and
safe speech: perception depends on many factors, such as cultural con-
text, upbringing, level of empathy, boundaries of what is acceptable,
and so on.

Another important ethical aspect of this issue is the unintended side
effect of detoxification. The problem lies in the fact that the censorship
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of hostile and offensive speech does not persuade its authors, but merely
attempts to limit the spread of their ideas. However, practice shows
that many only become more entrenched in their beliefs and, irritated
by forced interference in their speech strategies, seek to bypass filtering
algorithms and may even intensify the radicalism of their statements
[28].

Still, UN High Commissioner for Human Rights Volker Tiirk points
out that fighting hate speech online is not a form of censorship. In
contrast, if there is no regulation, many users lose their opportunity to
speak because the environment becomes unsafe and toxic. Moreover,
tolerating hatred on the internet can lead to real-world harm beyond
the digital space if boundaries of the permissible are not established
[29].

7 Limitations and challenges

A significant difficulty in content filtering and detecting profanity is
the so-called “Scunthorpe problem.” Scunthorpe, a small town in Lin-
colnshire, UK, gave its name to the phenomenon of unintended blocking
of online content that contains a substring matching obscene language.
For example, in 1996, Scunthorpe residents could not create accounts
on AOL, a major internet service of that time, because the profanity
filter blocked the town’s name due to the presence of the offensive word
‘cunt’.

Several years later, a similar incident occurred when trying to regis-
ter the domain name “shitakemushrooms.com.” Although the domain
was available, the automated system flagged the four letters inside it
as inappropriate [30]. Even today, such cases are common: users with
names or surnames considered “suspicious” by filtering systems still
report difficulties. Their emails are rejected by servers, posts fail mod-
eration filters, and accounts may even face sanctions from automated
systems.

This happens because even modern systems, which long ago moved
away from simply blocking the “seven dirty words” banned from broad-
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cast television and radio, still struggle with understanding context. De-
spite major advances in artificial intelligence in recent years, machine
learning algorithms continue to face challenges in this area [31].

It is also worth noting that, in addition to false positives when
algorithms mistakenly block harmless names or titles, there is the op-
posite issue: deliberate circumvention of filters. As in other areas of
society, restrictions inspire creative ways to bypass them. The use of
profanity and toxic language is no exception. In order to avoid being fil-
tered, users find ways to disguise offensive words using similar-sounding
phrases, abbreviations, replacing letters with look-alike symbols, or
adding emojis. This phenomenon has even been given a name in En-
glish: “Algospeak”. In this way, people trick algorithms that fail to
recognize such words as offensive, while their meaning remains obvious
to humans.

This practice can be seen as a form of protest against language
control in online communities. Adherents of this method believe that
they will always stay one step ahead of algorithms, since people are
highly inventive when it comes to finding ways to express meaning
while preserving the desired form [32]. In this situation, a potential
solution may be to fine-tune models based on user reports, which are
able to detect subtext and hidden meanings.

8 Conclusion

This study presented a multilingual text detoxification pipeline com-
bining pretrained transformer models with back-translation for data
augmentation. The experiments confirmed the effectiveness of the ap-
proach in reducing toxicity while preserving fluency, though meaning
preservation remains a challenge. A comparison of automatic and hu-
man evaluations revealed weak correlations, highlighting the limita-
tions of current metrics in reflecting human perception. This weakness
of automatic metrics opens the way for future research on more uni-
versal and suitable evaluation systems. Despite existing ethical and
technical challenges, the proposed method demonstrates the potential
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of automated neutralization as a decent alternative to censoring and
moderation, contributing to safer and more tolerant online communi-
cation.
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A queuing model with arrivals according to a
two-dimensional diffusion process

Mario Lefebvre

Abstract

In the case of heavy traffic, the arrival process in a queuing
model can be approximated by a diffusion process. In this pa-
per, we consider such a model. The number X (¢) of customers
in the system at time t evolves according to a degenerate two-
dimensional diffusion process. In a particular case, the distri-
bution of X (t) is calculated explicitly. Moreover, a stochastic
control problem known as a homing problem is formulated, and
the equation satisfied by the value function is derived.

Keywords: arrival process, Gaussian process, stochastic op-
timal control, first-passage time, dynamic programming.

1 Introduction

In classical queuing models, the arrivals of customers constitute a
discrete-space stochastic process. For instance, in the case of the
M /M /k model, customers arrive according to a Poisson process. How-
ever, in some applications, the arrivals occur almost according to a dif-
fusion process; in particular, in the case of heavy traffic (for instance,
on the Internet).

In this paper, we assume that the number X (¢) of customers in the
system at time ¢ is such that

dX(t) = p[Y(¢)]dt — kX (t)dt, (1)
AV (t) = mY(®)]dt + {o[Y (£)]}/2dB(t), (2)

©2025 by Mario Lefebvre
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where {B(t),t > 0} is a one-dimensional standard Brownian motion.
The functions m(-) € R and v(-) > 0 are such that {Y'(¢),t > 0} is a
diffusion process. Moreover, the non-negative constant k is the rate at
which the customers are served. The function p(-) should be such that
if k£ =0, then X (¢) will increase with time ¢.

This type of degenerate two-dimensional diffusion process, which
was proposed by Rishel [I], has been used in reliability theory to model
the wear of devices. Indeed, wear should be strictly increasing with
time.

In the next section, a particular case for the various functions in
Eqgs. and will be considered. Then, in Section |3 an optimal
control problem for the two-dimensional process {(X(¢),Y (¢)),t > 0}
will be studied.

2 A particular case

Suppose that m(-) = g > 0 and v(-) = ¢?. Then, {Y(t),t > 0} is a
Wiener process with positive drift ¢ and dispersion parameter o > 0. A
Wiener process, being a Gaussian process, can take both positive and
negative values. Therefore, the function p(-) should be such that p[Y (¢)]
is a non-negative function. For example, we could take p[Y (t)] = Y?2(¢).
However, if we assume that y := Y (0) and p are both large enough,
and that o is small, then the probability that Y (¢) becomes negative
is negligible.

We choose p[Y (t)] = cY (t), with ¢ being a positive constant. With
this choice, we can appeal to the following proposition to compute the
joint probability density function of the random vector (X (¢),Y (¢)).

Proposition 1. (See [2].) Let {X(t),t > 0} be an n-dimensional
stochastic process defined by

dX(t) = (AX(t) +a)dt + NY2dB(t), (3)

where {B(t),t > 0} is an n-dimensional standard Brownian motion,
A is a square matriz of order n, a is an n-dimensional vector, and
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NY/2 is a positive definite square matriz of order n. Then, given that
X(to) = x, we may write that

X(t) ~N(m(t),K(t)) fort>to, (4)
where
m(t) := B(t) <x —l—/t <I>_1(u)adu> (5)
and
K(t) := ®(1) </t <I>1(u)N[<I>1(u)]’du> d'(1), (6)

where the symbol prime denotes the transpose of the matriz, and the
function ®(t) is given by

B(1) == A0 = :Anw_ (7)
n:
n=0

In our case, we have

A:[_Ok 8] a:[g] and N1/2:[8 H (8)

Moreover, for n > 1,

n_ | (k)" —e(=k)"!
A" = [ 0 0 ) 9)
Hence, if ty = 0, the function ®(t) is given by
o [1o —1+e M —£(—1+e M)
e() = { 0 1 } + { 0 0
ekt _c (—1 + e_kt)
_ k
) "

Next, we find that

cu(—kt—l—&—ekt)

/tél(u)adu = k . (11)
0 ut
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It follows that

_ _ kt —kt__
it <x+ cu(kitre >> el

m(t) = (12)
pt+y
Finally, with
0 O
N= |: 0 0.2 :| ’ (13)
we calculate
t
/ & 1 (u)N[@ (u)] du =
0
0202(—2kt+4ekt—e2kt—3) 002(—kt—1+ekt)
B 2 k3 o k2 (14)
o2(—kt— kt
_eo( k}; Lteb?) o2t
and
c202(2 ertkt—Bert+4ekt—l)e’2kt caQ(kt—l—i-e’kt)
3 2
K(t) = 2k . (15)
002(kt;;+e_kt) o2t

Notice that for ¢ large, X (¢) has a Gaussian distribution with mean
and variance that are both proportional to ¢.

Making use of the above results, we can compute the probability
that X (¢) will become equal to zero as a function of time, so that the
queue is empty. Similarly, if the system capacity is finite, we can easily
compute the probability that the system will become saturated.

The actual number of customers in the system is given by

0 if X(t) <0,
X, (t) =< X(t) f0<X(t)<r, (16)
roif X(¢) >,

where r is the system capacity.
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3 A homing problem

In this section, we suppose that the constant & in Eq. is replaced by
the function byu[X (t), Y ()], where by is a positive constant and u(-, -)
is a control variable that is assumed to be a continuous function.

Let

T(x,y) :=inf{t >0: X(t) =00rY(t) =~ | X(0) =2,Y(0) =y},
(17)
where x > 0 and y > v, and v > 0 is assumed to be small. The random
variable 7(z,y) is called a first-passage time in probability theory.
Our aim is to find the control that minimizes the expected value of
the cost function

7(z,y)
J(x,y) = /0 {;QOU2[X(t),Y(t)] + 0} dt, (18)

where ¢y and 6 are positive constants. Hence, the optimizer tries to
empty the queue as soon as possible, while taking the quadratic control
costs into account. We also stop controlling the process if the arrival
rate of customers becomes small enough. This type of stochastic con-
trol problem is known as a homing problem; see Whittle [3] and [1].
The author has written several papers on homing problems; see, for
example, [4].

To find the optimal control u*[X (¢), Y (t)], we can try using dynamic
programming, which enables us to express u* in terms of the value
function

F(z,y) = inf E[J(x,y)]. (19)

The function F'(x,y) gives the smallest expected cost, starting form
X(0) =z and Y(0) = v.
We can prove the following proposition.
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Proposition 2. The value function F(x,y) satisfies the dynamic pro-
gramming equation

1
0= int {Ganw) +0+ o) = boutr. 1)) Fa(ay)
u(z,y

) Fy o) + 5000 Ffo) . (20)

where F, = %F(x,y), etc. The equation is valid for x > 0 and y > ~.
We have the boundary conditions F'(0,y) = F(z,v) = 0. Moreover, the
optimal control is given by

(o) = 2 Fya,y). (21)
qo

If we substitute the expression for u*(x,y) into the dynamic pro-
gramming equation, we find that to obtain the value function, we must
solve the second-order non-linear partial differential equation (PDE)

0 o [P, y)] 4 pl) Fars) 4 mly) Byl 9) + 5 0(y) Fiy(ar9) = 0.

2qo
(22)
Assume now that instead of the service rate, the optimizer can
control the arrival rate of the process, so that the two-dimensional
process (X (t),Y (t)) is defined by the system of stochastic differential
equations

dX(t) = p[Y(t)]dt — kX (t)dt, (23)
AY (t) = bou[X (t), Y (t)]dt + m[Y ()] dt + {v][Y (£)]}'/2dB(2). (24)

Proceeding as above, we obtain the following corollary.

Corollary 1. In the case of the controlled process defined in Fqs.
and , the optimal control is given by

w(2,y) = - 2 Fy(e,y). (25)
q0
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Furthermore, the value function satisfies the PDE
bo

0 = 05 - [Fu(wy)]’ +[o(y) - ka] Fu(w,y)
q0
mly) Byl y) + g oly) Fyyo9). (26)

Finally, in some cases, Eq. can be linearized.

Proposition 3. Suppose that v(y) = 0. The function

G(z,y) == efaF(’”’y), (27)

where 2
o= 28
qoo? (28)

satisfies the linear second-order PDE

a0G(2,y) = [p(y)~ k] Gal, )+ mly) Gy, 9)+ 5 0% Gy (,1). (29)

The boundary conditions are G(0,y) = G(x,v) = 1.

Remark 1. The linear PDE in (@/ 1s in fact the Kolmogorov back-
ward equation satisfied by the moment-generating function of the ran-
dom wvariable T(z,y):

M(x,y) = B [T (30)
with s = a@ > 0, for the uncontrolled process (Xo(t),Yo(t)) obtained
by setting u[X(t),Y (t)] = 0 in Eq. (24). Moreover, the boundary con-
ditions are the appropriate ones.

4 Conclusion

In this paper, a queuing model in which customers arrive (approxi-
mately) according to a degenerate two-dimensional diffusion process
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was studied. The model is such that, in the case of the absence of
service, the number of customers in the system is strictly increasing.

In a particular case, we were able to derive the distribution of the
number X (¢) of customers in the system at time ¢. It would be inter-
esting to obtain this distribution in other cases.

Then, a stochastic control problem was formulated for the queuing
model. We derived the non-linear partial differential equation satisfied
by the value function, and we saw that it is sometimes possible to
linearize this equation. In a next step, we could try to obtain explicit
solutions to special problems.
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Quotient Sorts in Matching Logic

Dorel Lucanu

Abstract

A quotient type is a new type you create by taking an existing
type and ”gluing together” elements that you consider equiva-
lent. Matching Logic (ML) is a formal logic framework designed
for specifying and reasoning about the state and behavior of pro-
grams. The ML’s central concept is that of pattern that can
match against structures. The types are specified in MIL using
sorts. In this paper, we show how quotient types can be specified
in MIL as quotient sorts.

Keywords: quotient types, matching logic, sorts, initial al-
gebra.

1 Introduction

A quotient type is the type of equivalence classes of a type under a
given equivalence relation, used whenever we want to ignore irrelevant
differences while keeping type safety. Quotient types are a basic stone
of quotient inductive types [5], which provide a natural way to study
universal algebra in type theory.

Let us consider the example of the associative lists (free monoids)
over a set A. Firstly, we define the "raw lists” as the set of all finite
lists over A, denoted by A, and inductively defined as follows:

e the empty list nil is in Ay;
e every a € A is in A,; and

e if [1,ls € A,, then the concatenation [y - [y is in A,.

©2025 by Dorel Lucanu
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The equivalence relation ~ is the congruence relation generated by
the following axioms:

l-mil ~1 (right unit)
nil -1 ~1 (left unit)
I - (l2 . 13) ~ (ll . lg) -3 (associativity)

Then the associative lists A* are defined as the quotient type A./~,
which is the set of equivalence classes of A, under ~: A* = {[l] | [ €
A}, where [[] is the equivalence class of | under ~.

Quotient types are not easy to handle in proof assistants, as they
require a careful treatment of the equivalence relation and the opera-
tions defined on the type. For instance, if we define a function on the
raw lists, we need to ensure that it respects the equivalence relation,
i.e., it should yield the same result for equivalent lists. This can be
cumbersome and error-prone. Here is a brief description of how some
proof assistants handle quotient types:

e Rocq (former Coq)' does not have quotient types built in. In
Rocq’s logic (Calculus of Inductive Constructions), all terms are
definitionally distinct unless reduced by computation. So, there
is no a way to directly “collapse” a datatype by equations such
as associativity.

e Isabelle/HOL? has built-in quotient type support: you can build
a datatype (like raw-asooc-list) and then quotient it by an equiv-
alence relation.

e Agda®’s core type theory is Martin-Lof Type Theory [6], which
does not allow you to simply “glue together” terms modulo an
arbitrary equivalence relation. Cubical Agda, a version of Agda
that supports Higher Inductive Types [1], allows you to directly
define quotients.

"https://rocq-prover.org/
https:/ /isabelle.in.tum.de/
3https://agda.readthedocs.io/en/latest/
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e In Lean?, the quotient types are primitive, so you can work with
them directly.

Matching Logic (ML) [3] is a formal logic framework designed for
specifying and reasoning about the state and behavior of programs.
Unlike traditional logics (like First-Order Logic) that focus on propo-
sitions being true or false in a model, MIL’s central concept is that of
a pattern. Patterns are expressions that can match against structures,
allowing for flexible and powerful specifications.

The types are specified in MIL using sorts. Sorts can be thought
of as a way to organize the universe of discourse in ML, providing a
structure for reasoning about patterns and their relationships.

In this paper, we show how quotient types can be specified in ML as
quotient sorts. The main idea is to use the initial algebra semantics [2]
of sorts to define quotient sorts in MIL.

2 Preliminaries

2.1 Quotient Types

Mathematically, the definition of quotient types are quite simple.
Given:

e a type A; and

e an equivalence (reflexive, symmetric, transitive) relation
~CAXA,

the quotient type A/. is the type of equivalence classes:
A/~ ={la] [a € A}

where [a] ={b€ A|a ~ b}.
Most dependently typed languages do not let you freely define quo-
tient types without care, because:

“https://github.com/leanprover

216



Quotient Sorts in Matching Logic

e you need to ensure the equivalence relation is well-defined;

e any function on the quotient must respect the equivalence:

Va,be A,a~b = f(a) = f(b)

Otherwise, you could define ill-formed functions that depend on arbi-
trary representatives.

2.2 Matching Logic
2.2.1 Syntax

An ML signature (X, EV,SV) consists of a set of constant symbols X,
a set of element variables EV, and a set of set variables SV. The
formulas, called patterns, are defined as follows:

pu=x|X |02 |L]oi— 2| | pX.pif ¢ is positive in X
(PatSyn)
A pattern ¢ is positive in X if every free occurrence of X is under an
even number of negations in ¢, where a negation — is the notation
P — L.
Let PATTERN denote the set of patterns.

2.2.2 Semantics

Definition 1 (Models). Given ¥ = (EV,SV,X), a ¥-model (or sim-
ply model) is a tuple (M, +_,{M,},ex), where

1. M is a carrier set, required to be nonempty;

2. 2t M x M — P(M) is a function, called the interpretation of
application; here, P(M) is the powerset of M;

3. M, C M is a subset of M, called the interpretation of o in M
for each o € X..
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By abuse of notation, we write M to denote the above model.

For notational simplicity, we extend __ from over elements to over
sets, pointwisely, as follows:

. P(M)xP(M)—»P(M) A-B= |]J a+bfor ABCM
a€AbeEB

Note that 0« A= A-() =( for any A C M.

Definition 2 (Pattern interpretation). Given ¥ = (EV,SV,¥) and a
model M, an M -valuation (or simply valuation) is a function p: (EV U
SV) — (M UP(M)) that maps element variables to elements in M
and set variables to subsets of M; that is, p(x) € M for all x € EV
and p(X) C M for all X € SV. We define a pattern interpretation
|-|,: PATTERN — P(M) inductively as follows:

[zl = {p(x)} [ X, = p(X)
‘U’p:Mo |J—|p:®

o1 020p = le1lple2lp o1 = al, = M\ (lpal,\@2l,)  (Patint)

|31'<,0|p = U |(70’p[a/x] |/LX 30|P = lu’fg(,cp
aceM

where pla/z] is the valuation p’ such that p'(x) = a, p'(y) = p(y) for
any y € EV distinct from z, and p/'(X) = p(X) for any X € SV. Here,
F ot P(M) — P(M) is the function defined as F5 (A) = |¢l,4/x]
for every A C M, where p[A/X] is the valuation p’ such that p'(X) = A,
P(Y) = p(Y) for any Y € SV distinct from X, and p'(z) = p(x) for
any x € EV.

Definition 3. 1. ¢ is valid in M (equivalently, ¢ holds in M), writ-
ten M |= o, if |p|, = M, for any M-valuation p.

2. If T is a set of patterns, then M |=T"if M = ¢ for any ¢ € I'.

3. T E ¢ if M | ¢ for any model M with M | T'. We say that ¢
is a semantic consequence of I'. If I is the empty set, we simply

write = .
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2.2.3 Notations

Notations [7] is a mechanism that allows flexible use of ML. In par-
ticular, the notations can be used to define a domain-specific logic
inside MIL. It uses a less conventional notion of theory given as a
triple (3, ®,F), where ¥ is the alphabet of the constant symbols, ® a
set of formulas (patterns), and - an entailment relation. A notation-
based specification is given as a conservative inclusion theory morphism
(3,®,F) < (2,9 F), such that each new formula ¢’ € ® \ ® is a
notation of a formula ¢ € ®, written as ¢’ :<» ¢ and expressed by two
new axioms: H ¢ — p and H ¢ — ¢/. ® might also contain extra
axioms that limit the use of notations.

2.3 Two Basic ML Theories
2.4 Derived Connectives

e New formulas (patterns):

=201V |t Apa |1 pa | Voo | vX. @

(DerPatSyn)
e Notations:
i p— L /* mnegation */

w1V 2 (1 = L) = @ /* disjunction */

©1 A @2 4 (21 V a) /* conjunction */

01 > P2 1 (01 = p2) A (p2 = 1) /™ equivalence */
V. p > =3z - /* universal quantification */
vX.p i 2 pX. o[- X/X] /* greatest fixpoint */
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where the set variable substitution ¢[1)/X] can also be defined
using the notation mechanism:

,xt € BV

Y 4£X,YeSV

¥/ X] = o[/ X]) 'y & FEV(¢)

Remark 1. Note that the grammar (DerPatSyn) extends the gram-
mar (PatSyn), so the productions of (PatSyn) can be used to obtain

new notations.

2.5 Equality, Membership, Inclusion

e New formulas (patterns):

eu=ol|lellei=w2le1 Cpa|zeyp

o Axioms:

Vr.def ©

e Notations:

[p] <> (def x) /*

L] s =[] /*

01 =214 [p1 & 2| /F
01 C a6 (o1 = 2] /*
reEpi>xCop /*

/* definedness */ (Ax.1)

definedness notation, def € ¥ */
totality */

equality */

set inclusion */

membership */
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Intuitively, a pattern is defined, F [¢], iff its interpretation in any
model is the non-empty set. It is defined by (Ax.1), which says that
any element variable is defined (because its interpretation is always a
singleton). See [3] for more details.

3 An ML Theory of Sorts

3.1 Sorts

A sort has a name and is associated with a set of its inhabitants. If
s € ¥ represents a sort name, then the pattern (inh s) represents all its
inhabitants, where inh € 3. We use the notation

Ts 4> (inh s)

for the set of inhabitants of a given sort s. We also use the symbol Sort
a special sort name such that its inhabitants are all the sorts (including
itself).

e New formulas (patterns):

pu=Tg|Vois.p | Jzs. o | Var, ... xnis.0 | Foq, .o, Zpis. @

e Axioms:

Sort € Tsort
Vs.5 € Tsort — [ Ts|

e Notations:

Ts:¢>inh s /* inhabitants of s */
Veis.p o Ve.x € Ty =@ /* V within sort s */
dris.p> Jrx € TgAp /* 3 within sort s */

Vry, ..., TpiS. @ > Vayis. ... Va,:s. o /* nested V within s */

A1, .. xpis @ i Fepis. o Fepis. e /* nested 3 within s */
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Ezxample 1. Raw associative lists are specified in ML as follows, where
List, nil, and - are constant symbols:

// notation for parametric lists

Vs:Sort.List(s) :<> List s

Vs:Sort.3s’:Sort.List(s) = s’ /* List(s) is a sort ( € Tsen) */
Vs:Sort.nil € Tjsy(s) /* the empty list is a List(s) */
Vs:Sort.Vr:s.3l:List(s).z =1 /* every s is a List(s) (Ts C Tiis(sy) */
// infix notation for concatenation

Ws:Sort. Vi, la:List(s).3:List(s).0y - s 45 (- 11 o)

// concatenation of lists is a list

Vs:Sort.Viy, lo:List(s).3l:List(s).ly - lo =1

// concatenation is injective

Vs:Sort. Vi, o, I}, lyList(s).dy - lo = I -1y — Iy = I} Al = I}
Vs:Sort.Va:s.nil # x /* the empty list is not a s */
// the empty list is not a concat.

Vs:Sort.Viy, lo:List(s).nil # 1y - Iy

// an element of s is not a concatenation

Vs:Sort.Va:s.Viy, lo:List(s).x # 11 - la

// inductive definition of List(s)

Vs:Sort. T st (sy = pX.(nil vV 3z:s.2 vV X - X)

3.2 Product sorts

Given two sorts s; and sa (i.e., s1,82 € Tsort), their product sort is
specified by

® a sort s1®s9

51®52 € Tsort
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e a constant symbol (_,_) in X, together with a notation
(z,y) = (L) zy

and the following axioms:

Vs Vy:s2.32:51®82.(T,y) = 2 /* functional */
(T1,91) = (T2,92) > 1 =22 Ayh =y2 /™ injective */
Ts1®s9 = Jx:s1.3y:s2.(x, y) /* inductive */

Vs Vy:se.Vzis3.((x,y), 2) = (z, (y,2z)) /* associative */

Due to the associativity, (x,y, z) equally denotes either ({x,y), z)
or (x,(y,z)). This naturally extends to tuples of arbitrary lengths:
<$1,...,$k>, k > 2.

Remark 2. If ¢ and ¢ are two possible nonfunctional patterns such
that ¢ C Ty, and ¥ C T, then (p,1) denotes the cartesian product
of ¢ and ¥, as

ewlo= U (@b

a€leplp,bElY|p

More details on product sorts in MIL can be found in [3].

3.3 Power Sorts
Given a sort s (s € Tsort), its power sort [1] is specified by
e a sort 2°
2% € Tsort
e two constant symbols, extension and intension in ¥, together with
the following axioms:

Va:2%.extension o C T
X C Tg — Ja:2° extension a = X
Va:2°.V[3:2° extension o = extension 8 — a = f3

intension ¢ <> Ja:2°.av A (extension o = )
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Remark 3. If ¢ C T, then

extension intension ¢ :<» extension (Ja:2%.ae A (extension o = ¢))
= Ja:2°.extension (a A (extension a = ¢))

= Jo:2°.extension o A (extension a = @)

More details on power sorts in ML can be found in [4].

4 An ML Theory of Quotient Sorts

4.1 Relations

A relation R C Ty, x Tg, is specified by an element 7 : 251952 such
that extension r = R. The inverse R~! of a relation R C T4 x Ty is
specified by a constant symbol _~!, a notation

rlie Ty (Ntn.1)
and the domain specific axioms

Vr o 2598 3yl 9588 ol — (Ax.2)

Vr 1 2595 extension 7t = Az, y:5.(y, z) A (x,y) € extension r  (Ax.3)

The composition R o Ry of two relations R1 C Ty, X Ty, and Ry C
Ts, X Tg, is specified by a constant symbol _o_, a notation

71079 14> _0_T1 T (Ntn.2)
and the domain specific axioms

Vry 251952 Wy 292098 Jp 1 291993 4y oy =1 (Ax.4)
Yy o 251982 iy, ¢ 252053,
extension 71 o ro = Jx:s1.Jy:89.32:83.(x, 2) A

(x,y) € extension r1 A (y, z) € extension 15 (Ax.5)
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4.2 Function Sorts

Given two sorts si,S2 (S1,52 € Tsort), the functions T, — T, are
specified by their graphs, using

e a function sort [s1—sz], which is a subort of 251¥52:

[51—*32] € Tsort

T[Sl*SQ] g T231®52

e and the domain specific axioms:
Vf:[s1-82].Vxis1.Ty:se.(x, y) € extension f (Ax.6)

Vf:[s1-82].Vris1.Vy1, yo:sa.

({(x,y1) € extension f A (x,ys) € extension f) — y1 = yo
(Ax.7)

Vf:[si—s2].Vaisi.f © = Jy.y A (x,y) € extension f (Ax.8)

By (Ax.6) and (Ax.7), the pattern y A (x,y) € extension f is singleton
and hence f behaves as a function and extension f denotes its graph.

4.3 Quotient Sorts

Given a sort s (s € Tset) and an equivalence relation ~ on s:

Ve, y:s.(z ~y) > (~zy) /* infix notation */
Ve,y:s.((z~y)=L)V((x~y)=T) /* relation */
Vais.x ~x /* reflexive */

Ve, y:s.(z ~y) = (y ~ z) /* symmetric */

Vo, y,zis.(x ~y) A (y~z) = (x ~ z2) /* transitive */
the quotient sort is specified by
e a sort s/, which is a subsort of 2°:
S/~ € Tsort (Ax.9)
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e a constant symbol [_]. together with a notation

(]~ i o T (Ntn.3)

e and the domain specific axioms:

Va:s.[r]. € Ty (Ax.10)
Ty = Juis.fx]~ (Ax.11)
Va:s.extension [x]. = Jy:sy ANz ~y (Ax.12)

(Ax.10) and (Ax.11) imply T,, C Tas. Moreover, extension [z]. C Ty
uniquely identifies the equivalence class of x:

Proposition 1. Vz,y:s.(z ~ y) < ([z]~ = [y]~)

Proof. (x ~ y) <> (extension [z]. = extension [y].) < ([z]~ = [y]N)D

The functions that do not depend on the class representatives can
be extended to quotient sort:

Proposition 2.
Vs':SortNf : [s=5'].(Vo,y:sx ~y — (fo=fy)) —
3f:l(s/~)=8-(Vazs. f [z]o = f )

Proof. Let f = intension (Fz:s.32:8" ([7]~, 2) A (7, 2) € extension f) s.t.
[ [z]~ = 3z:8".2 A ([7]~, 2) € extension f. We have to prove (Ax.6)-
(Ax.7) hold for f:

e Va:s/..3z:5'.(a, z) € extension f. If a:s/. then there is x:s s.t.
a = [z]~ by (Ax.11). Consider z such that (z,z) € extension f;

e if ([z]~,21), ([x]~, 22) € extension f then we get (x,21), (x, 20) €
extension f by the definition of f and we get z; = 23 by (Ax.7)
for f;
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and that f [z]. = f

f [x)~ = 3z:5".2 A {[x]~, 2) € extension f by def. of f
= Jz:5'.2 A (2, 2) € extension f by def. of f
=fuz by (Ax.8) for f

O]

The functions defined over quotient sort can be defined by repre-
sentatives:

Proposition 3.

Vs':SortNf : [(s/~)~8").3f:[s-8].(Vois.f [z]~ = f x)
Proof. Let f = intension (Jz:5.32:5".(x, 2) A ([z]~, 2) € extension f) s.t.
fx =322 AN (x,2) € extension f. We have to prove (Ax.6)—(Ax.7)
for f:

o Vris.3z:s'.(z,2) € extension f — take z such that ([z].,z) €
extension f;

o if (x,21),(z,22) € extension f then we obtain z; = 22 because
[z]~, 21), ([z]~, 22) € extension f;

and that f z = f [z]:

fx=32:5.2 N {x,2) € extension f by def. of f
= 3z:5".2 A {[x]~, 2) € extension f by def. of f
= f [z]~ by (Ax.8) for f

O]

Remark 4. If ~ is the ML equality =, then s and s/. represent the
same sort.
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4.3.1 Definitional Equality and Equality Modulo Axioms
Given a sort s, we may have two kinds of equalities on s:

Definitional equality: =z =, y <> (x € TaAy A Ts Az = y), where
=_is the ML equality. Two terms are equal only if they compute
to the same form.

Equality modulo axioms: x 22, y, where _2,_is the congruence
given by axioms. For instance, this is the case of sorts for which
some constructors satisfy axioms like associativity, commutativ-
ity, unity, etc. We omit the subscript s whenever it is understood
from the context. Since 2,_is a congruence, we may consider the
quotient sort s/~, whose carrier set corresponds to the equiva-
lence classes. We use equality modulo axioms whenever matching
modulo this equality is needed.

~

Ezample 2. The equality modulo azioms =|s s is specified by a con-
stant symbol Eqy s (), & notation

T Hlis(s) ¥ 1= (7, Y) € Edise(s)

and the axioms:

EdList(s) =

pR:List(s)@List(s). =, V [* =5 C Hlisegs) */
Jz,y, z:List(s).((x - y) - z,x - (y - 2)) V /* associativity */
Jx:List(s).(z - nil, z) V /* right unit */
Jy:List(s).(nil - y,y) V /* left unit */
Jz:List(s).(z, > /* reflexive */
(intension R)™! /* symmetric */
(intension R) o (intension R) vV /* transitive */

Jz1, 22, Y1, yo:List(s).(z1 - y1, 22 - y2)
A{(x1,22) € RA (y1,y2) € R /* congruence */
(Ax.13)

228



Quotient Sorts in Matching Logic

The quotient sort List(s) /~ , ,, is the sort of lists modulo azioms, which
is used in matching modulo axioms:

// the sort of lists modulo axioms is a sort
Vs:Sort.3s":Sort.List(s) /a0y = 8
// the carrier set of the sort of lists modulo axioms

TLiSt<S>/5LiSt<S> = Jx:List(s). [aj]gList(s)

4.3.2 Canonical Forms

Equality modulo axioms can be reduced to definitional equality using
the canonical forms |z, specified by:

e a constant symbol | and the axioms:
VeisJysle =y /* | is functional */
Vaois.o =5 o /* | preserves the congruence */

Va,y:s.(x =5 y) <> (le = ly) /* canonical form is unique */

Proposition 4. Vz,y:s.([z]~ = [y]~) < (lz = ly)
Proof. ([z]= = [y]=) < (z =y) & (lz = ly). O

Example 3. The canonical form Jl of a list [ is specified by a constant
symbol | and the notation

Wi (b D)
and the axioms:
dnil = nil
Vrslr=x
Va:List(s).d(x - nil) = |z
Va:List(s).L(nil - 2) = |z
Va,y, zilist(s).L(z - y) - 2) = Lz - (y - 2))
Vr:s.Vy:List(s).l(z-y) =z - |y
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5 Conclusion

In this paper, we have presented a formalization of quotient sorts within
matching logic. We successfully demonstrated that by leveraging the
initial algebra semantics of ML, it is possible to define quotient sorts
that correctly capture the mathematical concept of equivalence classes.

Our approach systematically builds upon foundational MIL theo-
ries of sorts, product sorts, and power sorts to construct a robust
theory of relations and functions, which serves as the basis for our
central definition. The resulting framework allows for specifying sorts
where elements are considered equivalent under a given set of axioms,
as demonstrated with the running example of associative lists.

Future research could focus on extending the framework to support
the more complex quotient inductive types, and applying this method-
ology to larger-scale case studies in program verification and formalized
mathematics.
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A Cloud-based IoMT Systems Performability
Analysis Based on Stochastic Reward Net with
Fuzzy Parameters

Victor Moraru, Emilian Gutuleac, Simion Cuzmin

Abstract

This paper presents a predictive approach for performabil-
ity modeling and analysis of a Cloud-based Internet of Medical
Things Systems based on Stochastic Reward Nets with Fuzzy pa-
rameters, which allows the evaluation of the security and avail-
ability impact, in which a proactive defense technique is used. A
numerical case study for performability analysis of a particular
Cloud-based Internet of Medical Things Systems is discussed to
show the effectiveness of the proposed approach.

Keywords: cloud computing, fuzzy numbers, internet of
medical things, performability, stochastic reward nets.

1 Introduction

In recent decades, Cloud-based Internet of Medical Things Systems
(CBIoMTS) have emerged as a vital and rapidly evolving computing
paradigm, driven by the advancement of smart cloud healthcare sys-
tems and wireless information technologies [1, 2]. CBIoMTS enable
continuous, real-time medical monitoring and observation by utilizing
wearable biosensors and health devices connected through wireless net-
works and remote monitoring technologies.

However, due to the sensitive nature of biomedical data and criti-
cal behavior of health systems, CBIoMTS pose various significant chal-
lenges, especially in terms of availability, reliability, and security [3, 4].
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To deal with these problems, recently is proposed an emerging proac-
tive defense approach, the Moving Target Defense (MTD) techniques,
that aims to thwart attacks by dynamically changing the attack surface
and disrupts the attacker’s exploration phases [5], leading to complex-
ity and unpredictability, confusing attackers by creating asymmetric
uncertainties in favor of the defenders and nullify their reconnaissance
effort, thus reducing the probability of success of an attack.

Performability has emerged as a key metric for evaluating a sys-
tem’s ability to function effectively when its performance degrades. It
assesses how well the system continues to execute its specified function-
alities under both normal conditions and abnormal situations, such as
system failures, security threats, and intrusions [6, 7].

In this context, there is a need to evaluate and analyze the impact
of using an MTD technique for CBIoMTS defense on the specified
performability metrics under uncertainty by adopting and using some
appropriate mathematical formalism. Amongst such formalisms, the
Generalized stochastic Petri nets (GSPN) [8] and Stochastic Reward
Nets (SRNs) [9] are widely used because they are conceptually easy to
understand, graphical in nature, and well supported by a large body
of theory as well as a large software tool base.

Most of the existing research based on GSPN or SRN models fo-
cuses only on the evaluation of MTD techniques’ impact on the system
security [10, 11], but not on investigating the effects considering the po-
tential performance degradation due to the frequent reconfigurations.
Nevertheless, in this type of models, the fuzzy epistemic uncertainties
of the attacker’s behavior are not taken into account. Also, it is neces-
sary to enhance the SRN models in order to evaluate the uncertainty
impact of MTD migration policies of computing resources in terms of
specified performability metrics.

In this paper, we present a predictive approach for analytical un-
certainty performability modeling and analysis of CBIoMTS using the
modeling techniques of SRN with Fuzzy parameters [12], called FSRN,
that are enhanced with time-based MTD techniques. The application
of the proposed FSRN approach is exemplified by numerical case per-
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formability modeling and analysis of a particular CBIoMTS.

2 Behavior Informal Description of Attacked
CBIoMTS

The main components of the CBIoMTS1 include the number of wireless
biosensor nodes (WBNs) in a cluster, the number of portable wireless
gateway devices (WGDs) [6, 13], and a cloud system with a specified
Physical Machine (PM) pool. The WGDs collect data from the WBNs
and send the data to the cloud VMs of a selected PM pool; it also
monitors the biosensor status, changes settings, and updates software.
The WGDs can communicate with WBNs simultaneously. So, due to
the resource constraints of WBNs, the link failures are prone to occur.
Similarly, the wireless links from the WGDs to the cloud can also be
prone to failure due to their inherent vulnerability. In general, different
link connection failures may need different recovery times. The system
is said to be in degraded service if the number of failed links in the
WBNs cluster does not exceed a value k2, where 1 < k2 < N.

Also, we consider that PMs of CBIoMTS1 are subject to intrusion-
based attacks. In this case, the intruder will select the target PM with
the current VM and will try to identify vulnerabilities in its cloud sys-
tem (reconnaissance stage). We consider that the attacker adopts a
trial-and-error approach. If successful, he will create malware based
on the discovered vulnerabilities, and he will attack the target PM,
being identified as the attack surface. Then he will create a remote ac-
cess weapon (for instance, malware as a virus or worm), depending on
the discovered vulnerabilities, and it will deliver the malware weapon
to the target through some of the most appropriate means (delivery
stage). In this way, the malware starts working by acting on the tar-
get PM to exploit the vulnerability through: program code triggers
(exploit stage); installing an access point for the intruder (installation
stage); persistent access and control of the attacked PM (command
and control); performing attacks such as exporting or destroying data,
encrypting for ransom, and so on (target actions stage). As a result,
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the probabilities of a successful attack increase the processing time of
the task services as long as the attacker remains in a certain PM pool.

To improve the security of CBIoMTS1 computing, the time-based
MTD technique [5, 10] is used. Thus, the cloud services are running
on a CBIoMTS1 that are made up of a number of PMs, which can
randomly migrate between VMs of this PM pool according to this MTD
technique, triggered by a timer with a probabilistic or deterministic
time period. VM migration moves a VM from one PM to another.
As a result, the service may migrate to another VM of the respective
PM, but the attacker may remain on the same PM. In this way, the
time-based MTD makes use of dynamic reconfigurations in virtualized
environments to introduce uncertainties or to nullify their knowledge
about the current system state.

We assume that the period times between the successive failure
(resp. recovery) occurrences are exponentially distributed. Also, fol-
lowing the approach of work [10], we model the attack target actions
stage using a four-phase Erlang-4 subnet. The reason for choosing this
type of distributions is the need to approximate and preserve the attack
progress even after a VM migration.

3 FSRN Security Model of an IoMS under
MTD

We assume that the readers are familiar with the basic concepts, ele-
ments, and behavior rules of SRN; for more details, see [8, 9].

Next, we provide a brief presentation of the FSRN, which is derived
according to [9, 12] and inherits most of the SRN characteristics and
properties.

Thus, the FSRN, denoted FT, is defined as a 10-tuple system FT
=< P, T, Aes, Pri, G, Kp, My, 1~\, w, p >, where: P (resp. T)
is a finite set of places (resp. transitions), such that T'U P # & and
T NP = @. The set of transitions is partitioned into 7' = Ty U T,
ToNT, = @ so that: Ty is a set of immediate transitions and T is
a set of timed transitions; Ay.s = <Pre, Post, Inh, Test > is a set of
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forward, backward, inhibition, and test (promoter) arc functions with
respective weight cardinalities; Pri: T x I NJ‘FP‘ — IN, is the dynamic
priority function, that controls the firing of enabled transitions. By
default, Pri( Ty )>Pri( T, ); Kp: P x IN{") = IN, U {oo} is the
capacity bound of each place, which can contain an integer number of
tokens; G : T X INL_P‘ — { True, False} is the set of guard functions
associated with all transitions V¢ € T ; My is the initial marking; A
T, X INLP‘ —s IR is the function that determines the 0 < X (tj, M) <
+o00, that is marking-dependent fuzzy firing rate of timed transitions,
enabled by the current marking M; w : Ty % INJ‘FP‘ — IR is the fuzzy
weight function 0 < @ (t;, M) < 400, which determines the firing fuzzy
probability ¢ (t;, M) of immediate transitions ¢; € T, therein describing
a probabilistic selector; p: PUT — I R™ is the function that determines
the fuzzy function reward rates (real numbers) assigned to each current
marking M and to each firing transitions ¢; € T'; IN, (resp. IR") is
the set of non negative integer numbers (resp. positive real).
Figure 1 presents the graphical structural elements set of FSRN.

Discrete primitives
Timed Normal arc
Q Place transition
*+ Tokens Immediate Testarc >
transition Inhibitor arc
— >0

Figure 1. Graphical structural elements of FSRN

Enabling and firing rules of t € T transitions by current marking
M in FT are the same as defined in [9].

Figure 2 shows the proposed FSRN model, denoted FT'1, which de-
scribes the behavior of attacked CBIoMTS1 using time-based MTD de-
fense strategies [9]. The FT'1 model includes following FSRN subnets:
Cloud tasks processing; Biosensor nodes; WiF'i Links, and Time-based
MTD, which contains the Erlang-4 subnet.
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Figure 2. The FT'1 model of CBIoMTS1 under time-based MTD

The places and transitions meanings of FI'1 model:

Places. p; (resp. p2) — operational (resp. failed) wireless bio-
sensors or either links; ps (resp. p4) — failed (resp. operational) gate-
way device or WiFi link connection; ps — current tasks in the service
queue and can be processed; pg — attacker selected of the target PM;
p7 — intruder has access to attacked PM, after injecting a malware and
then activating it; ps — intruder’s malware tries to attack the system;
pg — attack, see Figure 2. The FI'1 model of CBIoMTS1 under time-
based MTD success, the intruder acting on the data, i.e., system is
compromised; pig — attacker is on the PM, where the service is running;
p11 — intruder attack on one of the remaining (K - 1) PMs without
service; pj2 — time migration to each other different (K - 1) PMs; pi3
— normal operating condition of service; p14 — start migration latency;
p15 — the current number of Erlanger phases (attack stage is not over)
that still need to be processed during the attack (initially represented
by four tokens); p1g — the number of processed phases in attacked VM,;
p17 — attack stage not yet initialized.

Timed transitions. t1 (resp. t2) — mean time failure (resp. re-
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covery) of biosensors nodes or either links; ¢3 (resp. t4) — mean time
of failure (resp. recovery) of gateway device or link connection; t6 —
start of task service process by VMs ; t7 — average arrival time of tasks
to be processed by VMs; t9 (resp. t10) — the mean time required to
exploit (resp. to infect ) a target PM; t11 — Software Defined Network-
ing (SDN) eliminates the progress of the current attack; ¢12 — period
of time during which the attacker will perform desired actions, i.e., the
attack is progressing in current phase; t13 — recovery time by SDN; ¢17
— MTD timer with delay between submitting node migration requests
to the environment; ¢18 — migration delay between PMs.

Immediate transitions. t5 — completion of the recovery process
of failed biosensors nodes or either links; ¢8 (resp. ¢19 ) — break tasks
to the current service queue and in PM processing progress due to
the link failures (resp. the successful attack of the intruder); ¢14 —
service migration to one of (K — 2) safe PMs; t15 — service migration
to a PM under attack; t16 — restart of MTD timer; ¢19 — breaking of
service tasks under processing; t20 — start of the attack stage; t21 —
firing of this transition denotes that the attacked PM is successfully
compromised.

Firing of t15, with probability ¢ (t15, M) = 1/(K — 1), leads to the
migration of the service to a PM under attack or on one of (K —2) safe
PMs by firing of ¢14 with the probability ¢ (t14, M) = (K —2)/(K —1).
In these two cases, after the service is migrated, the MTD timer starts
again.

4 Numerical Performability Analysis Case
Study

Next, the assessment and analysis of some performability metrics of the
attacked CBIoMTS1 is performed based on the analysis of the model
in two stages, following the approach described in [7, 10, 12]. The
first stage is the same as the conventional SRN1 modeling, underlying
FT'1. The only difference is that the distribution of the steady-state
probabilities m; of the SRN1 is described in terms of the transition
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firing rates A;, i.e., which reflects the stochastic nature of the modeled
CBIoMTS1. In the second stage, the transition firing fuzzy rates \; are
represented as triangular fuzzy numbers (TFNs) in terms of o — cuts:
i) = [\ (), A (@)]. After replacing the fuzzy numerical values of
)Ti, we obtain a—cuts of 7; fuzzy probabilities of FT'1 model. According
to interval arithmetic with o — cuts is used to calculate the specified
fuzzy metrics.

The model FT'1 is bounded, live, and reversible [8, 9]; therefore,
there are steady-state behavior regimes of the analyzed CBIoMTS1.

Due to the paper volume restriction and for the sake of generality,
next we shall evaluate and analyze only the security and availabil-
1ty metrics, because these metrics are the most relevant concerns in
CBIoMTS. Using the FI'l model, we will present a numerical case
study, which shows an application of the proposed approach.

From the structural analysis of the model, we can observe that the
behavior of the Time-based MTD subnet is independent of the other
subnets of this model. In this context, we will first analyze the security
level of CBIoMTS1 based on the FI'2 submodel, represented only by
the Time-based MTD subnet (see Fig. 2).

We adopt an exponentially firing delay of all timed transitions with
mean value 7; = 1/); hours. The security level mgecyr. = 1 — Tsue. At Of
CBIoMTS1 is determined by the attack succes probability wgye atr. =
Pr(M(pg) = 1), which indicates the fact that the place pg of FI'2 has
1 token. In this local state, the intruder manages to collect sensitive
data.

Next, we will consider two scenarios: a) FT'2 submodel of FT'1
model to assess Tgecur. depending on the A7 and K parameters; b)
FT'1 model to analyze system task throughput services when the SDN
use the time-based MTD with defined waiting strategy.

For the numerical evaluation of these metrics, based on certain pa-
rameter values taken from [4, 13], we have used the VPNP tool [14].
This evaluation aims to provide a deeper quantitative understanding
of system performability (performance, availability, reliability, security,
etc.) under various operating conditions, thereby validating the pro-
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posed model and guiding further optimization efforts.

The evaluation and analysis of the specified metrics will be per-
formed considering the following values of the timed transition rates:

)\9 = 0.6, )\10 = 4, A1 = 4, A2 = 5, )\13 = 2, )\18 =20

Fig. 3a shows the graphical representation of the mgyc au.(A17)
probability variation that depends on the A7 € [0.1,2] parameter,
where K = 3, and A7 are considered a crisp values. For A\;7 = 0.1 (resp.
A7 = 2, we obtain 729, . (A7) = 0.01596, (resp. @2 .. (A7) =
0.0061).

In the same context, Fig. 3b plots the evolution of mgecyr. (K, A\17)
values that depend on the simultaneous variation of K = 3, and A7
are considered crisp values. As computing results of mgecyr. (K, A17) for
K =100 and A7 = 0.1 (resp. K = 3 and A\;7 € [0.1,3]), we obtain
mder (K, A7) = 0.9998 (resp. Wg&r.(Kv A17) = 0.9841 ).
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Figure 3. The evolution of: a) mgyc au. depending of A\i7; b) Tsecur.
depending of K and Aq7

The analysis of the computed results thus obtained shows that for
these considered combinations of K and A7 values, it is sufficient to use
no more than 15 PMs. Similarly, we will evaluate the Tgecur. (Mg, A17)
fuzzy average security level system. This TFN metric was performed
for the cases: K = 3 and Aj7 € [0.1, 3] and Ag = (0.1,0.6,1). The other
parameters have values that were considered in the previous case. Thus,
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expressing Ao in terms of a — cut, we have [12]: Xg = [0.6 — 0.5(1 —
«),0.6 + 0.4(1 — «)]. For these parameters, evaluations of the values
[ Tguenr. (M7, @), e (Mi7,) ] are obtained based on the methods
presented in [6].

5 Conclusion

This paper presented a comprehensive performability modeling and
analysis approach for CBIoMTS using Fuzzy Stochastic Reward Nets,
a powerful tool for modeling complex systems. To enhance proactive se-
curity during task execution with Cloud PM redundancy, we employed
a time-based Moving Target Defense (MTD) strategy with switch-over
mechanisms for improved performability.

Future work will explore FSRN models incorporating intuitionistic
fuzzy parameters and extend the proposed approach to other CBIoMTS
healthcare applications, using both time-based and event-based MTD
strategies. Additionally, we aim to approximate increasing probabilities
using firing times of transitions with k-phase Coz, hypo-exponential,
and/or hyper-exponential distributions for failure, attack, and recovery
periods.
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Abstract

The subject of this work is demagoguery in texts. Two aspects
are considered: theoretical and practical. The theoretical part
explains the concept of demagoguery, provides areas of its appli-
cation, and common techniques. The practical part is devoted to
collecting and labeling the dataset of news articles published in
Moldova in the Russian language, machine learning experiments,
and the analysis of the obtained results.

Keywords: Natural Language Processing, demagoguery,
corpus creation, text analysis, machine learning methods.

1 Introduction

Democracy as a system of government by the whole population or all the
eligible members of a state, typically through elected representatives,
is the most developed political system, but also the most fragile one. It
depends on multiple factors and may lead to autocratization by various
political movements through various techniques. Demagoguery is one
of those techniques that is widely used to persuade the population.

Multiple researches study the phenomenon of demagoguery, espe-
cially in the political context. Skillfully used demagogic techniques
aimed at the population of a country can radically change the direction
of its development. Demagogy has always been an effective tool for
leaders to gain popular support by exploiting emotions, prejudices, and
fears [1]. However, the use of demagogy often involves distorting facts,
spreading misinformation, and polarizing society [2].

©2025 by Evghenia Morozova, Victoria Bobicev
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2 Demagoguery Definition

Demagogy is a set of various polemical and oratorical techniques by
which an interested party, misleading people, entices them to his side,
manipulates public opinion, or avoids unpleasant questions. In the orig-
inal interpretation, demagogy is “government of the people”. Previously,
all politicians were called demagogues in a neutral way. Later, largely
because of the ancient Greek playwright Aristophanes, this concept ac-
quires an ironic connotation [4]. In our days, however, it has a negative
connotation [5]. Cambridge Dictionary gives the following definition of
demagogy: the action or fact of winning support by exciting the emo-
tions of ordinary people rather than by having good or morally right
ideas. The terms demagog, demagogue, and demagogy appear in most
dictionaries; the term demagoguery, however, appears in more recent
publications [4], [5], [6], [7]. In these publications, the terms are used
as synonyms, with the same meaning.
Demagogy can be [3]:

e Political and social. It is used by participants in social and po-
litical movements and activists for personal gain or as one of the
tools of black propaganda [2].

e Economical. It is used to persuade people to buy projects and
products, to lower or raise prices.

e Juridical. According to some studies, the language of legal docu-
ments is so complex that sometimes not only people who are far
from the world of jurisprudence but also specialists themselves
cannot cope with their understanding. When laws and agree-
ments are guilty of a variety of interpretations, a real treasure
trove of opportunities opens up to the demagogue [8].

e Common. It is found in daily life. Many people do not even
notice how, wanting to emerge victorious in a family quarrel, they
inadvertently resort to demagogy.
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Although demagogy often accompanies lies, it is not always based
on deception: some techniques only emphasize some aspects of truth-
ful information and downplay others. Demagogic techniques can be
classified into three types [9]:

e Without violation of logic.

e Imperceptible violation of logic.

e Without any kind of logic.

Several popular demagogic techniques are described in [9].

Appeal to the Obvious

The demagogue uses some “completely obvious” statements that
seem to require no proof. This creates a false impression of him being
right. Moreover, this technique can be supported by an appeal to au-
thority and an appeal to the majority: “everyone already knows”, “this
has long been proven”, “without a doubt, this is exactly how it is” and,
of course, “it is obvious”.

Appeal to the Authority

If a respected person is quoted as an argument, it may seem as if
what is being said makes sense: of course, a world-famous thinker or
public figure cannot be wrong. You can attribute words to some great
scientist, even if they never said them: few people would dare to find
out right in the middle of a conversation whether the quote is true.
Also, an appeal to authority is considered to be a situation where a
person cites an expert’s opinion that is clearly opposed to the opinion
of the majority of the named expert’s colleagues [§].

Appeal to Individual

To divert attention from the topic or arguments, and to undermine
the opponent’s reputation, the demagogue directly attacks their per-
sonality.

False Dilemma

Demagogues may present a situation as a choice between two op-
tions, while ignoring all other alternatives. It is worth noting that dem-
agogues rarely limit themselves to just one trick. Often, one technique
flows smoothly into another; for example, an appeal to the obvious is
sometimes indistinguishable from an appeal to the majority.
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3 Related Work

The demagogue is the only enemy of democracy that pretends to be its
friend. Over the years, this phenomenon has been actively explored in
political and social science [10] [IT] [3] [12], [I3], [23] in order to find
the solution to democracy’s demagogue problem.

Recently, due to ubiquitous interconnections, demagogues obtained
a new and very powerful tool: social networks. The role of social me-
dia for demagoguery was examined in [6] to explain why demagogues
are so influential and how social media might be contributing to their
growth. The role of modern algorithms in social media in capturing
human attention and the reasons why people participated in sharing of
misinformation was the focus of study in [I4]. Social media’s role in
amplifying demagoguery was analyzed in [7].

Unfortunately, we could not find any publications about automatic
analysis of demagoguery in online texts, although similar rhetorical
instruments as populism, disinformation, or propaganda, have received
much more attention.

BERT base model was used for populism detection in [15]. Classical
supervised machine learning algorithms for text populism assessment
had been used in [16]. The problem of identification of populist rhetoric
in text was studied in [I7]. The authors manually annotated a corpus
of texts and applied transformer-based model architectures for populist
text fragments detection, obtaining comparatively good results, up to
0,9 F-measure. In [I8], recently developed Large Language Models
(LLMs) have been tested in the identification and classification of fine-
grained forms of populism. The authors concluded that a fine-tuned
RoBERTa classifier vastly outperformed all new-era instruction-tuned
LLMs. However, instruction-tuned LLMs exhibit greater robustness on
out-of-domain data.

A survey of computational propaganda in [19] discussed methods
of propaganda, its specifics, approaches to propaganda detection and
their limitations. Specifically, the necessity of good quality annotated
corpora and a combination of methods, including Network Analysis,
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machine learning, and natural language processing.

Persuasion in digital communication was studied in [20]. The work
detected two key challenges in using computational algorithms to tackle
persuasion misuse: the opacity of deep learning models and the absence
of a theoretically grounded distinction between vicious and virtuous
persuasion.

Disinformation and misinformation were studied in [21], [22], indi-
cating that disinformation or "fake news" is a global threat to demo-
cratic societies in the modern world of social networks, and its successful
prevention requires a combination of methods, such as machine learn-
ing, fact checking, and network-based methods.

4 Dataset Creation

A labeled dataset, or more precisely, a corpus of texts to train models, is
needed to recognize demagoguery in texts. A corpus, in computational
linguistics, is a text collection processed according to certain rules. It
forms the basis for some linguistic research. In this sense, a corpus can
be considered a special case of the dataset [24].

The corpus collected for the study includes 405 Russian-language
texts published by both news outlets and portals (“RIA Novosti”,
“Gazeta RU”, “Komsomolskaya Pravda”, “Meduza”, “The Insider”, and
others) and media personalities (for example, former Russian President
D. Medvedev).

There are many labeling methods, but only two are suitable for this
study: multi-label classification and binary classification.

Multi-label Classification

This type allows us to assign several labels to one text at once in
the markers field. In this way, we can describe each observed demagogic
technique separately. For each instance of the dataset, four fields were
specified: e ID, the serial number assigned to the instance; e author, a
link to the source of the text, i.e., to a news publication, a social network
account, etc.; e text, a field containing the text itself; e markers, a list of
the marks placed. The instances ratio for the multi-label classification
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can be seen in Table 1.

Binary Classification

Although multi-label classification allows the model to recognize
each individual technique, our corpus is too small to achieve high pre-
cision for each of the classes. Therefore, a version of the corpus with
binary classification was created. For binary classification, the fields
remain the same, but instead of the “markers” field, there is now only
one single “marker”. The ratio of instances is shown in Table 2 [26].

Table 1. Instance Ratio for the Multi-label Classification

Classes | Name Num. of articles | Percent
0 Without demagogy 211 42
1 Appeal to the obvious 49 10
2 Appeal to the individual 127 25
3 Appeal to authority 44 9
4 Appeal to the majority 29 6
5 False dilemma 39 8

Table 2. Instance Ratio for the Binary Classification

Classes | Name Num. of articles | Percent
0 Without demagogy 211 02
1 Demagogy was found 194 48

Both datasets can be found in the “Demagoguery-RU-" repository
on user evgheniamorozova’s GitHub.

Level of Agreement

Since the selected texts were annotated manually, it was necessary
to ensure that the labels were not biased. The whole set of text had
been annotated by one annotator. In order to verify the annotation, two
external people were involved in the annotation. Sets of 50 articles and
annotation instructions were given to both people. Since recognizing
demagogy is difficult in itself, people were not asked to recognize any
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specific techniques (i.e., multi-label classification was not suggested),
the annotation was binary. External annotators were required to indi-
cate whether the text contained demagogy or not. Further in the paper,
the annotators are named Person Nel and Person Ne2.

Person Nel had never marked texts before and, in principle, had not
been involved in this kind of work, and it is not surprising that his/her
assessments often did not coincide with the labeler’s assessments (Table
3). However, it can be noted that the further Person Nel moved through
the dataset, the more (s)he understood where demagogy was present
and where it was not.

Person Ne2, on the other hand, had the experience of annotation
and basic knowledge in the field. The contradiction between the initial
labeler and Person Ne2 is much smaller (Table 4).

In both tables, first row and first column contain labels of the arti-
cles given by the labeler (row) and the invited person (column). Other
cells of the tables contain True positive (TP) value (number of articles
which are labeled with 1 by both annotators), True negative (TN) value
(number of articles which are labeled with 0 by both annotators), False
positive (FP) and False negative (FN), where the annotators labeled
the article with different values.

Table 3. Person Nel and Labeler’s Agreement

Person N2 \Labeller | 0 | 1
0 11 | 11
1 2126

Table 4. Person Ne2 and Labeler’s Agreement

Person N2 \Labeller | 0 | 1
0 12
1 1|33

We evaluated the annotation agreement using Kohen’s Kappa [25],
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the formula is:

2(TPTN — FNFP) .
(TP 1 PR)FP + TN) 1 (TP + FN(FEN 1 7)Y

Kappa =

In the first case, total number of texts N = 50, TP=26, TN=11,
FP=2, FN=11 (from the Table 3), Kappa = 0.44, a moderate agreement
between labeler and Person Nel. In the second case, TP=33, TN=12,
FP=1, FN=2 (from the Table 4), Kappa ~ 0.85, which is considered
almost perfect agreement between labeler and Person Ne2.

The second agreement demonstrated that the annotation can be
considered reliable. This allows us to proceed further and start experi-
ments with machine learning.

5 Machine Learning Experiments

Having the labeled data set, we can experiment with machine learning.
In total, three machine learning models were used: Logistic Regression,
Naive Bayes Classifier, and k-NN Classifier.

Text Preprocessing

Before proceeding directly to the models, it is necessary to prepro-
cess the dataset in a way that all unnecessary things that interfere with
training are eliminated. Thus, it was decided to remove all numbers
and punctuation. We also used the NLTK dictionary of stop words
for the Russian language, which includes prepositions and some com-
mon words like “why”, “where”, “of course”, which, due to their frequent
mention, our models can consider as a sign of a certain class. Next, us-
ing the stemmer from the same NLTK library, we removed the endings
of words. It is worth admitting that initially we planned to perform
a more advantageous lemmatization; however, the Pymorphy2 library,
which contains a lemmatizer for the Russian language, was incompati-
ble with the version of Python we used.

Logistic Regression
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This statistical model searches for relationships between X and Y
using a logistic function. The value acquired by the function is esti-
mated as the probability of the original, i.e., the value under study,
belonging to a certain class. We imported this model from the Sklearn
library.

Naive Bayes Classifier

The Naive Bayes Classifier is a simple probabilistic model based on
Bayes’ theorem. It is called naive because, in this case, the features are
considered strictly independent. This model is very popular in the world
of machine learning because this approach allows us to significantly
simplify calculations. This model we also imported from the Sklearn.
The threshold value was set as 0.3.

K-NN Classtfier

This classifier uses the k-NN (k-nearest neighbors) algorithm. The
k-NN algorithm works as follows: the object under study is assigned
the class that is most common among its nearest neighbors with an
already known class. The number of nearest neighbors for the model
was set as 10.

6 The Results

We used two important metrics in the evaluation of the results:

e Precision: The ratio of instances of a certain class predicted by
the model that actually belong to this class.

e Recall: The proportion of elements of the class the model was able
to correctly identify from all elements of this class present in the test
sample.

As expected, trained by multilabeled classification, our models fo-
cused only on the two largest classes: 0 (without any kind of demagogy)
and 2 (appeal to the individual).

Logistic regression model: For class 0, the recall was 0.89. This
means that for the class 0 instances, the model detected only 89% in
the test sample and did not recognize the remaining 11%. The precision
of 0.91 shows that out of 100% of the instances assigned by the model
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to class 0, 91% actually belong to this class, while the remaining 9%
were incorrectly identified. For class 2, the results are more interesting:
100% of texts assigned to this class actually belong to class 2 (Precision
= 1), but out of 100% of class 2 instances, the model found only 67%
in the test sample ((Recall = 0.67)).

Compared to the logistic regression model, the Naive Bayes Classi-
fier showed greater recall, but lost a lot in accuracy. The classifier found
100% of the class 0 instances in the test sample, but it also added 22%
of instances that did not belong to this class. The same can be said
about class 2: the coverage (Precision) was 96%, but as many as 45%
of the instances labeled as class 2 were labeled incorrectly.

The k-NN Classifier performed worse than the Logistic Regression,
but better than Naive Bayes: for class 0, it selected only 78% of the
instances from the test sample, but with a precision of 95%. For class 2,
96% of the instances were found, although the precision has decreased:
only 70% of the marked texts actually belong to class 2.

The other classes, due to their low number of instances, were almost
ignored by machine learning algorithms, resulting in precision around
.15-0.3.

Binary classification

For binary classification models, the only metric was Accuracy. This
metric shows the overall accuracy of the model across all classes. Ac-
curacy is used when the classes are represented in equal proportions.

The Accuracy of all three models:

e Logistic Regression: 0.(8);

e Naive Bayes: 0.(8);

e kNN Classifier: 0.86.

The values range from 0.86 to 0.(8). The Logistic Regression and
the Naive Bayes Classifier, oddly enough, are at the same level; the
k-NN Classifier lagged a little behind. Later, we will check on new data
to see if these values reflect reality, but now we will get acquainted with
the twenty most significant weights for each class.

Regardless of the class, the most significant words were those re-
lated to geopolitics: “Russia”’, “Ukraine”, “Israel”, “Finland”, “country”.
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These words themselves are neutral; their inclusion at the top of one
clags is only due to their insufficient representation in the other. The
same can be said about other nominal entities, names: “Biden”, “Putin”,
“Navalny”, “Macron”.

The significant words for class 1 also contain a “cBo” often these
are just stemmed forms of the pronoun “own” (“cBoii”, “cBoero”, “cronx”,
etc.), but sometimes “cBo” is an abbreviation for “special military op-
eration”. This is how pro-government Russian media and Putin’s sup-
porters call Russia’s invasion of Ukraine. Oppositional editorial offices
use the term “war” instead, and that’s why the “war” ended up on the
list of weights for class 0.

The pronoun “our” stands out strongly. It is not surprising: a lot
of propagandists, appealing to the feelings of the audience, divide the
world into two opposing halves, where on one side of the barricades are
“us”, and on the other stay “they”, “our” enemies.

The significant word “obviously”, apparently, turned out to be more
widespread in instances with demagogy (due to the appeal to the obvi-
ous).

Although most of the meaningful words are stylistically neutral, it
is still noticeable that some of them can actually indicate belonging to
one of the classes.

Working with new data

To test the models on new data, we created a separate list of 20 texts
of different styles. Half of the list contains demagogy (in particular, an
appeal to the individual, since our models focused on it), and the other
does not.

First, we tested the models trained for multi-label classification.
The logistic regression model turned out to be the best, the k-NN Clas-
sifier was slightly worse, and the Naive Bayes Classifier was trailing
behind (Table 5).

Next, we assess the accuracy values for the same test sample of 20
texts for binary classification models. The Logistic Regression and the
Naive Bayes Classifier achieved the same results; the k-NN Classifier is
still worse (Table 6).
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Table 5. The Models’ Accuracy for New Data (only two significant
labels)

Model Class 0 | Class 2
Logistic Regression 0.9 0.8
Naive Bayes Classifier 0.8 0.6
K-NN 0.8 0.8

Table 6. The Models’ Accuracy for New Data (binary classification)

Model Class 0 | Class 1
Logistic Regression 0.9 1
Naive Bayes Classifier 0.8 1
K-NN 0.8 0.8

7 Conclusion

This work was devoted to the automated analysis of texts for dem-
agogy. Two aspects were considered: theoretical and practical. The
theoretical part explained the concept of demagogy, provided areas of
its application and common techniques. The practical part was devoted
to collecting and labeling the dataset, machine learning experiments,
and the analysis of the obtained results.

Firstly, the most difficult stage of the work was collecting training
data. Secondly, although simple models showed good results (at least
for binary classification), due to the tiny training sample, their predic-
tions are more or less accurate only for a certain type of texts, namely,
for Russian-language texts dedicated to Russian domestic and foreign
policy in 2023-24.

The best models require larger resources, so in today’s world of
machine learning, a poor, lonely researcher without good hardware and
financial support is unlikely to succeed. The corporations are winning
again.
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However, recognizing demagogy is a logical task. Of course, this

problem cannot be solved unless the machine is taught to think logi-
cally. But people, who are responsible for teaching machines, are not
protected from making mistakes. How can a machine be taught to cope
with this task when millions of people, with brains far more complex
than any current tool, themselves become victims of demagogues and
propaganda? The answer to this question has yet to be found.
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Exploratory Analysis of Dependencies and
Formant Correlations in Continuous Romanian
Speech

Maria Nestor

Abstract

We investigate the Pearson correlation between formant fre-
quencies, analysing both individual and population-level pat-
terns. Pearson correlations and Fisher z-transformations were
applied to vowel data collected from both male and female speak-
ers. Histograms and z-tests revealed consistent formant depen-
dencies, with certain vowels, such as /a/, /i/, and /u/, showing
stronger correlations than others. Our results indicate that these
dependencies are robust and provide an understanding of the
vowel production.

Keywords: formants, Pearson correlation, histograms, z-
test, Fisher z-transformation

1 Introduction

Speech signal processing is a fundamental area in digital signal pro-
cessing, with applications in speech recognition, speaker identification,
and speech synthesis. One important aspect of this analysis is the
study of formants, which represent the resonant frequencies of the vocal
tract and provide essential information about vowel articulation. While
isolated vowel analysis offers foundational understandings of formants
behaviour, the continuous speech presents coarticulatory effects that
influence the formants and their interactions. This article explores the
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correlation of formants in continuous speech, aiming to understand the
articulatory specifics of vowel context in normal speech.

Audio signals (signals that humans perceive) have a frequency
bandwidth from about 20 Hz to 20 kHz, with the heard bandwidth
age-dependent. Speech signals are transmitted over telephone commu-
nications with a limited frequency spectrum, for example, from 100 Hz
to 5 kHz or even smaller (200 Hz to 4.5 kHz), to save communication
bandwidth [1]. Also, when stored, speech signal is regularly limited in
frequency spectrum, for example, limited to 8 kHz or less, as the typi-
cal sampling frequencies are multiples of 8 kHz, limiting the bandwidth
at half the sampling frequency (sampling theorem). These bandwidth
reductions are based on the fact that speech comprehension is mainly
insured by the first two formants of voiced phonemes [2],[3], F1 and
F,, while upper formants (F3, Fy, F,), which have central frequencies
often larger than 4 kHz, are not required for speech recognition.

Reduction of the bandwidth is accompanied in the coding process
by the elimination of the phase information in the speech signal, as
humans do not perceive phase in audio signals [4],[5].

In cases of limited bandwidth, while the intelligibility of speech is
almost completely preserved, the signal has a lower quality than nat-
ural speech. Even when the higher formants have a lower amplitude
and larger noise at the receiver end of the communication, the speech
quality may be perceived as improved. The process of formant corre-
lation was analysed in [6], [7], and [8]. These previous studies found
that the lower formants, especially Fy, correlate (Pearson correlation)
with higher formants for most vowels in their central part, with lower
values of the correlation for /i/ and /u/. Non-null correlation was also
found for formants over entire sentences. However, the correlation is
not the same for all speakers and depends on the position of the vowel
in the syllable, in the word, and on neighbouring phonemes.

There are many implications of the formant correlation [6],[7],[8]. In
the first place, formant correlation is a relatively new aspect in speech
physiology and in physiological acoustics, with consequences not fully
exploited. Second, these correlations shed light on the mechanisms of
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coupling of the various parts of the phonatory organ [8]. Next, there
are technical uses in communication and speech compression methods
[9]. A compromise between the used frequency bandwidth and speech
quality has been suggested [9]. Essentially, when low-bandwidth speech
signals are transmitted or stored, one could add the data on the for-
mants’ correlation, whereas this data constitutes little overhead infor-
mation for reconstructing the higher formants whenever the correlation
is not null. In addition to these potential uses, formant correlation may
find application in emotion recognition and speaker identification.

Several studies have examined these assumptions by exploring the
direct relationships and their relevance for expressive speech process-
ing. Lee et al. [10] examined the correlation between tongue positions
and format frequencies across five speaking styles in healthy female
speakers. They found Fj to be strongly linked with vertical tongue
displacement, while F5 was influenced by both horizontal and vertical
axes, contradicting assumptions of its exclusive anterior correlation.
Prica and Ili¢ [11] emphasized that reliable vowel recognition might
require adding also the third formant, which significantly reduces am-
biguities in classification.

This paper aims to bring more information and to validate some
conclusions in the literature. Specifically, we bring new data and thor-
oughly analyse the distributions of the formant correlation coefficients.

The organization of the paper is as follows: Section 2 describes the
data collection and preprocessing, statistical analysis, and the calcula-
tion of correlations; Section 3 presents the statistical tests and results;
Section 4 concludes the study.

2 Methodology

2.1 Data Collection

The database used for this study was created based on recordings from
9 participants (2 male and 7 female), all native Romanian speakers.
Each participant recorded the sentence ”"Cine a facut asta, are (un)
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ospat gratis” three times, producing natural, continuous speech.

The recordings were processed using the Praat [12] software to
record our sentence. All recordings were made in a quiet environment,
with a sampling rate of 16 kHz. We manually sampled the audio data,
after which their corresponding formant values were extracted. These
extracted formants were then manually reviewed and cleaned, forming
the basis for the statistical and classification analyses presented fur-
ther on. For each vowel, only the first two or three occurrences were
retained for analysis; moreover, only the central part of the vowel was
used in this analysis since it corresponds to the interval where the vowel
is relatively stable.

2.2 Statistical Analysis

For each file containing the segmented vowel, we extracted and cleaned
the corresponding formant listings, and computed key statistical data
— the mean (denoted as p) and the standard deviation (denoted as
o). These metrics allow us to understand the central tendency and
dispersion of the acoustic signal at the vowel level. Recall that the

mean is computed as:
1 n
1=

and standard deviation is computed using the formula:

o= | = > (i w2 (2)

=1

In Tables 1 and 2, we exemplify the values of the mean and standard
deviation for the two occurrences of the vowel /i/ in the sentence ”Cine
a facut asta, are (un) ospat gratis” — namely, i; in "cine”, and iy in
”gratis” — based on the third recording from two different speakers, a
female and a male.

The female speaker exhibits higher mean values compared to the
male speaker, consistent with known anatomical differences in vocal
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tract length. Also, notice a reduction in both mean and standard
deviation for the second occurrence of the vowel /i/. In order to bet-
ter observe this tendency of decreasing, we computed the average of
the means and the average of the standard deviation across the entire
dataset. As Table 3 shows, the values of the averages tend to be lower
on the second occurrence of /i/. This might be due to the context it
occurs — at the end of the sentence, and surrounded by a plosive (),
and a fricative (s).

Table 1. Mean and Standard Deviation of Formant Values for Two
Occurrences of the Vowel /i/ — Female speakers.

Formant i1 12

7 o 7 o
Fi 445.992 | 10.7426 | 457.864 | 11.6074
Fy 2517.37 | 103.177 | 2316.44 | 10.9058
Fy 3074.49 | 146.068 | 3025.32 | 9.3043
Fy 3761.12 | 429.428 | 4511.71 | 22.1591

Table 2. Mean and Standard Deviation of Formant Values for Two
Occurrences of the Vowel /i/ — Male speakers.

Formant 3 12

7 o 7 o
Fi 266.006 | 15.5195 | 252.962 | 11.5667
Fy 1924.46 | 21.977 | 1797.09 | 37.6239
F; 2386.34 | 30.959 | 2428.09 | 57.446
Fy 3338.28 | 69.3749 | 3733.27 | 73.9617

We applied a median filter over the formant values to remove the
noise, as it is a good choice when dealing with impulsional noise and
outliers in general. In speech processing, many acoustic features, in-
cluding formant frequencies, are assumed to follow a normal distri-
bution. This assumption is motivated by the Central Limit Theorem,
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Table 3. Average of Means and Average of Standard Deviation for the
Two Occurrences of the Vowel /i/ across entire dataset.

Occ. | Average of Measure F Fy F3 Fy
i Average of means | 514.505 | 2397.1 | 3110.47 | 4061
Average of st. devs | 74.4761 | 235.033 | 197.691 | 208.21
iy Average of means | 504.181 | 2271.44 | 3006.2 | 4261.27

Average of st. devs | 91.9702 | 97.7007 | 117.489 | 157.714

which states that the sum (or the average) of a large number of indepen-
dent random variables, regardless of their distributions, tends toward
a normal distribution. In speech, this can be justified by the presence
of many independent physiological factors that linearly contribute to
the observed acoustic measures. Given this assumption, outliers can
be defined as values that deviate significantly from the mean. We re-
moved the outliers using a threshold of three standard deviations from
the mean (u + 30), as values beyond this range are statistically rare
and may indicate anomalies or measurement errors (the probability for
outliers to occur is around 3%).

2.3 Correlation Analysis

In speech analysis, it is important to understand how vowels manifest
in different phonetic and contextual conditions. To explore potential
relationships among them, we computed the Pearson correlation matrix
between their formant values, allowing us to determine some degrees
of association between the formant frequencies. ”The coefficient of
correlation r is a measure of strength of the linear relationship between
two variables, z and y” [13]. It is computed as follows:

D o/ T ) 5

2.
0z 4/0

3=

<N
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where:
e T, iy are the means of z, respectively y

® 0., 0y are the standard deviations of z and y

3 Results

The first results are centralized in a symmetrical matrix called corre-
lation matriz. Table 4 presents the mean () and standard deviation
(o) of the correlation coefficients for each vowel. In all cases, the mean
and values differ from zero, suggesting a stable relationship between
formants, although in several cases the mean correlation coefficients
are very low in absolute.

Table 4. Mean & Standard Deviation of Correlation Values, All Vowels

Vowel | Met. C12 C13 Cl4 C23 C24 C34
Ja/ I 0.148 | 0.211 | -0.075 | 0.335 | 0.265 | 0.265
o 0.478 | 0.468 | 0.504 | 0.492 | 0.475 | 0.508
/5/ 7 0.072 | -0.021 | 0.214 | 0.293 | 0.234 | 0.383
o 0.528 | 0.506 | 0.506 | 0.484 | 0.508 | 0.452
Je/ “ -0.091 | -0.073 | -0.076 | 0.372 | 0.209 | 0.396
o 0.625 | 0.460 | 0.550 | 0.490 | 0.564 | 0.523
Ji/ " 0.195 | 0.183 | 0.156 | 0.372 | 0.324 | 0.338
o 0.430 | 0.491 | 0.474 | 0.472 | 0.490 | 0.474
Jo/ ,u -0.055 | -0.066 | -0.040 | 0.366 | 0.391 | 0.399
o 0.643 | 0.480 | 0.497 | 0.524 | 0.442 | 0.421
1/ " 0.229 | 0.177 | -0.021 | 0.179 | 0.216 | 0.342
o 0.586 | 0.516 | 0.517 | 0.613 | 0.531 | 0.525

A key question that arose was whether we could test the depen-
dency of the vowels on phonetic context using standard statistical tests
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such as the t-test, ANOVA, or x? test. However, all these tests rely on
assumptions that are not satisfied in our dataset. The small sample
size, lack of normal distribution in formant values, and the implicit de-
pendency among formants make the application of such tests disputable
without using the Fisher transform. Moreover, the distribution of the
Pearson correlation coefficient is bounded and skewed, which further
suggests that it is not effective to apply these statistical tests.

For this reason, we applied Fisher transformation to the correlation
values in order to bring their distribution closer to a Gaussian one. The
formula for this transformation is:

1 147

=—-1 .
“r 2 nl—r

(4)

To highlight the deviation from normality in raw correlation values,
Figure 1 presents the distribution of the F} - F5 correlation values for
both vowels /a/ and /i/. Subfigure la shows the histogram of the raw
correlation values, which are restricted to the interval [—1,+1] and
display a skewed, non-Gaussian distribution. Subfigure 1b presents
the corresponding distribution after applying Fisher z-transformation,
which normalizes the data by transforming the correlation into an un-
bounded interval. In this case, the raw correlation values have a mean
of 4 =0.195 and a standard deviation of o = 0.430, further confirming
the non-zero correlation.

To verify if this pattern holds for other vowels as well, the same
procedure was applied to /a/. Subfigures 1lc and 1d show the cor-
responding histograms for Fi-Fb correlations, both before and after
applying Fisher z-transformation. For /a/, the correlation values have
u = 0.148 and o = 0.478 for this correlation, confirming again the
presence of dependency between formants.

To assess whether the observed correlation values are statistically
significant, we applied a z-test on the Fisher-transformed coefficients.

The hypothesis for this test is formulated as follows:

e Null hypothesis Hy: Any observed correlation between formants
occurred due to random chance.
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Figure 1. Distribution of F}-F5 correlation coefficients, before and after
Fisher z-transformation
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e Alternative hypothesis Hy: There is a true correlation between
formants.

The z-test statistic determines if the observed correlation is sta-
tistically significant or if it occurred by chance. The formula for this

statistical test is: .

Zstat = == )
stat SE; ( )
where z is the value of the Fisher z-transformed correlation, and SFE is
the standard error, computed as

1
vn—3

where n is the sample size, specifically the number of signal samples
that contributed to the computation of the correlation coefficient.

This test, based on the method described by Cohen et al., [14], was
applied to all transformed correlation coefficients between formant pairs
for each vowel. Subsequently, the percentage of statistically significant
correlations at o = 0.05 was visualised using a heatmap. The results
shown in Figure 2 indicate that only a subset of the tested correlations
are statistically significant, with percentages varying notably across
vowels and formant pairs.

The proportion of statistically significant correlation coefficients
varies across vowels and formant pairs. For instance, for vowel /a/,
both the F»-F3 and the F»-Fy pairs have 70.73% significant correlations,
for vowel /o/, the F»-F, pair reaches 76.92%, and for vowel /a/, the
F3-Fy pair reaches 72.9%. In contrast, lower proportions were observed
for combinations such as F;-F3 pair for vowel /e/ (29.63%), Fi-Fy pair
for vowel /&/ (30.0%), and F}-Fb pair for vowel /o/ (34.62%). Overall,
the lowest percentages were observed for the F}-Fy formant pair.

Across vowels, the Fy-F3, Fy-Fy, and F3-Fy pairs tend to be more
frequently involved in significant correlations. The Fj-F5 pair shows
a higher percentage for vowels such as /a/, /i/, and /u/, suggesting
that the correlation values between formants may be influenced by the
phonetic context.

SE =

(6)
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Figure 2. Heatmap showing the percentage of statistically significant
formant correlations per vowel, based on z-test (a = 0.05)

At the vowel level, /a/, /i/, and /u/ have the most favourable
percentages, while /e/ and /a/ show more variability across formant
pairs, indicating lower correlations between formants.

When considered alongside the distribution of correlation coeffi-
cients, the two approaches reinforce each other. First, the distribu-
tion of correlation coefficients was examined using histograms, before
and after applying Fisher z-transformation. Knowing that both the
mean and standard deviation differ from zero indicates the presence
of dependency between formants at the population level. The second
method, which implies a statistical hypothesis test based on the Fisher
z-transformation, was applied to each individual correlation value to
determine its significance at the level of o« = 0.05. The percentage of
significant correlation was visualised through a heatmap and quantifies
how frequently correlations exceeded the significance threshold.
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4 Conclusions and Discussions

Together, the results produced by the two methods support the evi-
dence of meaningful correlation coefficients between formants — the first
confirms that globally, the average correlations are non-zero, while the
second shows the proportion of individual correlations that are statis-
tically significant. This conclusion largely confirms the results in [6],
(7], [8].

However, the values of the correlation coefficients between formants
are not always not-null and the occurrence of not-null values is depen-
dent on the voiced phoneme context and on the speaker.

A limitation of this study is the small number of speakers. How-
ever, as each speaker uttered three times the same sentence and the
sentence includes several pronunciations of the same vowel (in different
contexts), the results are significant and complete the cited papers.

Future work should use these facts for speech signal compression
and for improving speech synthesis, as suggested in [6] and [11].

Acknowledgments. The author thanks Prof. Horia-Nicolai
Teodorescu for guidance and support throughout this research.
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Abstract

Romanian lower-and upper-secondary schools face overcrowd-
ing and understaffing, as confirmed by Eurostat and OECD data.
To address this, a cloud-native Intelligent Tutoring System (ITS)
was developed using GPT-4o-mini and a serverless AWS stack
(Lambda, API Gateway, Cognito, DynamoDB, SNS, S3). The
Flutter front-end supports sign-in, adaptive practice, feedback,
and analytics. Based on mastery-learning theory, the system gen-
erates math problem sets for twelfth-grade students using a 60-20-
20 rule. Though currently limited to one subject and tested only
in controlled settings, the architecture enables multi-disciplinary
expansion and teacher authoring tools, offering a scalable solu-
tion to Romania’s personalized-feedback gap.

Keywords: adaptive learning, intelligent tutoring systems,
large language models, mastery learning, serverless computing.

1 Introduction

Romanian secondary education faces an acute capacity gap. In 2022,
the student-to-teacher ratio reached 18.5:1, more than five points above
the European Union average [1], while public spending on education
stagnated at 2.9% of GDP, the lowest share in the European Union
[2]. The 2022 PISA survey further reports that 13% of students at-
tend schools where principals cite staff shortages as a direct obstacle
to learning [3]. Under such conditions, teachers have little time for the
individual feedback that mastery-learning research deems essential. To

©2025 by Florin Olariu, Tudor Pasat
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address this feedback deficit, we propose a cloud-native Intelligent Tu-
toring System (ITS) that combines GPT-40-mini [4] with a fully server-
less AWS stack (API Gateway [5], Lambda [6], Cognito [7], DynamoDB
[8], S3 ][9], and SNS [10]). Defined entirely as Infrastructure-as-Code
and surfaced through a cross-platform Flutter client, the system deliv-
ers adaptive exercises, natural language explanations, and longitudinal
analytics without requiring additional hardware or maintenance over-
head for schools. This research contributes a reproducible, globally
scalable serverless architecture that can be spun up locally via Local-
Stack and (ii) an adaptive mastery-learning engine that applies a 60-
20-20 rule — 60% items targeting weaknesses, 20% reinforcing mastered
skills, and 20% introducing new material — implemented solely through
prompt engineering, eliminating the need for proprietary training data.

2 Methodology

The project follows a design-based research cycle that blends secondary
analysis, rapid prototyping, and empirical measurement. We began
with a literature and data survey (Eurostat, OECD) to confirm the
scale of overcrowding and teacher shortages and to extract functional
requirements from Romanian stakeholders and the grade-12 mathe-
matics curriculum. Guided by those requirements, we iteratively built
a fully serverless AWS stack, first on LocalStack for rapid local de-
ployment, then in the cloud, refining each iteration through load tests
and user-experience walkthroughs. At every cycle, we compared mul-
tiple LLM configurations in an A/B fashion and adjusted prompts
until they produced coherent diagnostics, explanations, and LaTeX-
formatted items. A ten-item diagnostic pretest, mapped to 64 com-
petencies, establishes each learner’s baseline. Subsequent practice sets
adhere to a mastery-learning rule, comprising 60% weak items, 20%
consolidated skills, and 20% stretch material. Cost per session and
prompt coherence serve as the primary technical metrics, while peda-
gogical soundness is assessed qualitatively through a review of gener-
ated content.
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Figure 1. Automated Evaluation View

3 USE CASES

3.1 Automated Evaluation and Feedback

Learners submit answers via a Flutter client; the data is sent through
API Gateway [5] to AWS Lambda [6], which builds a prompt including
the learner’s responses, skill profile, and performance history. GPT-
4o-mini [4] returns a JSON with incorrect answers and explanations.
Lambda updates the profile, verifies correctness, and publishes results
to SNS [10] for database storage, enabling real-time feedback and trace-
ability without teacher grading.

The student profile feeds the adaptive engine described in the next
section; every new answer, therefore, refines the learner model and
immediately influences the following exercise set. By delegating eval-
uation to the language model, the platform eliminates routine grading
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for teachers while preserving traceability: the whole exercise/response
pair is stored for later audit, allowing educators to intervene if neces-
sary.

3.2 Adaptive Content Generation

As we depicted from Figure 2, after profile updates, a new problem set
is requested from GPT-4o-mini [4] via Lambda [6], using a 60-20-20
rule: 60% weaknesses, 20% mastered skills, 20% new material. This
distribution is grounded in mastery-learning research [11], self-efficacy
studies [12], [13], and desirable difficulty literature [14]. Lambda vali-

10:54 = by
Practica
Topic: Numere complexe
Fie z =1 —i. Determinati |2|.
Alege raspunsul corect:
A2
B V2
CVi—i

inainte

Figure 2. Adaptive Content Generation View

dates the output, assigns UUIDs, stores the content, and enforces syl-
labus boundaries, Romanian language, LaTeX formatting, and JSON
structure.
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3.3 Student Performance Dashboard

The dashboard includes:

- A version selector for timestamped snapshots.

- A GPT-generated summary of strengths and weaknesses.
- A list of weak skills shown as colored chips.

- A skill map with color-coded progress bars
green > 80%, yellow € [40%,79%], gray < 40%.

Data streaming is optimized to reduce latency and bandwidth (Fig-
ure 3).

Statistici

Statistici ale elevului
June 9, 2025 - 10:54 AM ~
Sumar Performanta

Elevul a demonstrat abilitéti solide in
unele domenii, cum ar fi trigonometria
si analiza logaritmics, avand raspunsuri
corecte in aceste zone. Totusi, exista
lacune vizibile in integrarea conceptelor
de limite si probabilitati, unde a avut
mai multe greseli. De asemenea,
dificultatile in combinatorica arata ca
este un domeniu unde ar fi necesar un
focus mai mare pentru imbunatatire.

Puncte slabe cunoscute

limite probabilitati

combinatorica

Nivel de competenta pe skill-uri

analiza
100%
derivare

Figure 3. Student Performance Dashboard View
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4 System architecture

Traditional homework platforms present identical worksheets to every
learner. We aim to deliver adaptive practice that meets each student
at their current mastery level. That led to three design goals: instant
scalability — handle exam-week spikes without pre-provisioning servers,
pay-per-use cost model — when no one studies at 3 a.m., the bill is
almost 0 dollars, and LLM integration — use GPT to craft, explain,
and grade personalized exercises.

4.1 System overview

Figure 4. Container-level architecture

The platform is 100% serverless on AWS: Flutter Mobile App —
one code base for Android, i0OS, and web, API Gateway — public entry
point; injects Cognito JWT claims and enforces throttling, Lambda
Functions — stateless Python 3.11 functions, each with less than 300
ms cold start, DynamoDB — single-digit-millisecond NoSQL store, S3
— object storage for PDF's, images, and other rich media, Cognito —
user auth and token management, and OpenAl GPT API — generates
questions and explanations.

4.2 Backend Workflow
One practice session works like this:
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Figure 5. Backend component workflow—solid arrows = synchronous,

dashed = async via SNS

e FetchExercises returns either the ten-item diagnostic set (on the
first login) or an adaptive batch tailored to the student’s profile.

e Student submits answers — AnalyzeAnswers checks local correct-
ness, calls GPT for explanations, and publishes a graded payload

to an SNS topic.

e SaveAnalysis (SNS subscriber) writes the graded attempt and
updates the learner’s skill map.

e GenerateExercises (also SNS-triggered) asks GPT for the next
personalized set; SaveGenerated Exercises stores it in DynamoDB.

4.3 Data Model

Each operation fetches items by key or a pre-declared secondary index
— no joins, perfect for DynamoDB’s latency profile.
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Table Primary Essential Attributes
Key

Users Id name, role, email
(Cognito UUID)

StudentMemory, | studentld | summary, weaknesses
. skillsMap,

StudenResponses. | id sxstciseld, answer,
correct?, timestamp

Exercises id topic, difficulty,
options {}, gorrsetRey,

Figure 6. Core DynamoDB table

4.4 Infrastructure as Code

All cloud resources are expressed declaratively in YAML, including
Amazon Cognito pools, API Gateway routes, Lambda functions, Dy-
namoDB tables, Amazon S3 buckets, and Amazon SNS topics. A single
deployment script reads the specification to provision the entire AWS
stack. The same files drive a LocalStack + Docker environment for
offline development, ensuring that the code you test locally behaves
exactly the way it will in production.

4.5 Discussion

The architecture demonstrates that LLM-powered, personalized prac-
tice can operate at a national scale with zero servers to patch and a
cost profile that public schools can afford. The following steps include
trajectory-based recommendations and a teacher dashboard, both of
which are built using the existing data in the database.

5 Paper limitations

Although the reported results confirm the technical feasibility of a
serverless, GPT-powered tutor, three constraints circumscribe the
work’s generalizability. First, all latency and cost measurements were
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produced under a synthetic load in a controlled environment. Because
no classroom trials have yet been conducted, the platform’s actual in-
fluence on learning gains, learner engagement, and teacher workload
remains unverified. Second, the adaptive engine is currently restricted
to grade 12 mathematics in the Romanian Mathematics-Computer Sci-
ence track. Extending the tutor to other subjects or grade levels
will require new competency taxonomies, revised prompt templates,
and subject-specific validation of generated content. Third, the entire
pipeline relies on the proprietary GPT-40-mini API, so changes in pric-
ing, availability, or model behavior could impact operating costs and
reproducibility. Fallback options, like locally hosted inference or opti-
mized open-source models, may therefore be necessary for sustainable
deployment. Addressing these three limitations, through classroom
pilots, curriculum expansion, and model diversification, defines the im-
mediate agenda for future work.

6 Conclusions

This paper introduces a cloud-native intelligent tutoring prototype that
combines a GPT-based large-language model with a fully serverless
AWS backend, aiming to alleviate two systemic constraints of Roma-
nian pre-university education: overcrowded classrooms and a chronic
shortage of qualified teaching staff. Through an iterative, design-based
research process, we mapped the Grade 12 mathematics syllabus, built
an adaptive engine that applies a 60-20—20 mix of weakness, consolida-
tion, and stretch items, and integrated natural-language explanations
that update each learner’s profile in real-time. The entire workflow —
implemented as Infrastructure-as-Code with Lambda, API Gateway,
DynamoDB, S3, and SNS — scales elastically and preserves a pay-per-
use cost model suitable for public schools. Latency under synthetic load
remains below five seconds, demonstrating that personalized content,
feedback, and analytics can be delivered without manual intervention
or traditional server maintenance.

The current scope is intentionally narrow, focusing on a single sub-
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ject and addressing the student role exclusively. Future work will
expand the curriculum, introduce a dedicated teacher interface with
trajectory-based analytics, incorporate more comprehensive learning
resources, and conduct controlled classroom pilots to evaluate the ed-
ucational impact. Despite these limitations, the results suggest that
coupling large-language models with serverless cloud services presents
a viable and cost-effective approach to personalized feedback in under-
resourced school systems.

References

)

[1] Eurostat, “Primary education statistics,” Statistics Ezxplained,
Available: https://ec.europa.eu/eurostat/statistics-—
explained/index.php?title=Primary_education_
statistics.

[2] Eurostat, “Educational expenditure statistics,” Statistics
Ezplained,  Available: https://ec.europa.eu/eurostat/
statistics-explained/index.php7title=Educational_
expenditure_statistics.

[3] OECD, “PISA: Programme for International Student As-
sessment,”  Available: https://www.oecd.org/en/about/
programmes/pisa.html.

[4] OpenAI, “GPT-40 mini:  advancing cost-efficient intelli-
gence,” Available: https://openai.com/index/gpt-4o-mini-
advancing-cost-efficient-intelligence.

[5] Amazon Web Services, “What is Amazon API Gateway?” Avail-
able: https://docs.aws.amazon.com/apigateway/latest/
developerguide/welcome.html.

[6] Amazon Web Services, “What is AWS Lambda?” Available:
https://docs.aws.amazon.com/lambda/latest/dg/welcome.

html.
[7] Amazon Web Services, “Amazon Cognito user pools,” Avail-
able: https://docs.aws.amazon.com/cognito/latest/

developerguide/cognito-user-pools.html.

283


https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Primary_education_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Primary_education_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Primary_education_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Educational_expenditure_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Educational_expenditure_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Educational_expenditure_statistics
https://www.oecd.org/en/about/programmes/pisa.html
https://www.oecd.org/en/about/programmes/pisa.html
https://openai.com/index/gpt-4o-mini-advancing-cost-efficient-intelligence
https://openai.com/index/gpt-4o-mini-advancing-cost-efficient-intelligence
https://docs.aws.amazon.com/apigateway/latest/developerguide/welcome.html
https://docs.aws.amazon.com/apigateway/latest/developerguide/welcome.html
https://docs.aws.amazon.com/lambda/latest/dg/welcome.html
https://docs.aws.amazon.com/lambda/latest/dg/welcome.html
https://docs.aws.amazon.com/cognito/latest/developerguide/cognito-user-pools.html
https://docs.aws.amazon.com/cognito/latest/developerguide/cognito-user-pools.html

Florin Olariu, Tudor Pasat

8]

[9]

[10]

[11]

Amazon Web Services, “What is Amazon DynamoDB?”
Available:  https://docs.aws.amazon.com/amazondynamodb/
latest/developerguide/Introduction.htmll

Amazon Web Services, “What is Amazon S37” Available:
https://docs.aws.amazon.com/AmazonS3/latest/userguide/
Welcome.html.

Amazon Web Services, “What is Amazon SNS?” Available:
https://docs.aws.amazon.com/sns/latest/dg/welcome.
html.

M. Winget and A. M. Persky, “A Practical Review of Mastery
Learning,” Am. J. Pharm. Educ., vol. 86, no. 10, Dec. 2022, DOLI:
10.5688 /ajpe8906.

A. Bandura, “Self-efficacy: Toward a unifying theory of behavioral
change,” Psychol. Rev., vol. 84, no. 2, pp. 191-215, 1977, DOI:
10.1037/0033-295X.84.2.191.

B. Rosenshine, “Principles of Instruction,” American Educator,
2012.

R. A. Bjork and E. L. Bjork, “Making things hard on yourself, but
in a good way: Creating desirable difficulties to enhance learning,”
in *Psychology and the Real World: Essays Illustrating Funda-
mental Contributions to Society®, Worth Publishers, 2011, pp.
56-64.

Florin Olariu!, Cosmin Pasat?

LORCID: https://orcid.org/0009-0003-8260-2020

Faculty of Computer Science, Alexandru Ioan Cuza University,
Strada General Henri Mathias Berthelot Nr. 16,

Tasi 700259, Roméania

E-mail: olariu@gmail.com

20RCID: https://orcid.org/0009-0002-0091-8017

Faculty of Computer Science, Alexandru Ioan Cuza University,
Strada General Henri Mathias Berthelot Nr. 16,

Tasi 700259, Roméania

E-mail: tcosmin.pasat@gmail.com

284


https://docs.aws.amazon.com/amazondynamodb/latest/developerguide/Introduction.html
https://docs.aws.amazon.com/amazondynamodb/latest/developerguide/Introduction.html
https://docs.aws.amazon.com/AmazonS3/latest/userguide/Welcome.html
https://docs.aws.amazon.com/AmazonS3/latest/userguide/Welcome.html
https://docs.aws.amazon.com/sns/latest/dg/welcome.html
https://docs.aws.amazon.com/sns/latest/dg/welcome.html

Proceedings of Workshop on Intelligent Information Systems
WIIS2025, October 16-18, 2025, Chisinau, Republic of Moldova

A Multi-Dimensional Requirements Analysis for
Developing Artificial Intelligence for Healthcare

Maria-Ecaterina Olariu, Adrian Iftene

Abstract

The integration of Artificial Intelligence (AI) in healthcare of-
fers opportunities to improve patient care, diagnostic accuracy,
and optimize treatment. However, the development of Al systems
in healthcare settings requires consideration of multiple require-
ments concerning technical, clinical, ethical, and organizational
domains. This article discusses essential requirements for devel-
oping Al systems in healthcare, found among current research.
The analysis shows that data quality and standardization, infras-
tructure capabilities, interoperability, security and privacy pro-
tection, clinical validation, and ethical considerations are the di-
mensions that should be taken into account in the development
phase.

Keywords: Artificial Intelligence, Healthcare, Clinical Deci-
sion Support Systems, Data Quality, Privacy, GDPR, Al Act.

1 Introduction

Integrating Al systems into healthcare has many benefits, such as bet-
ter clinical decision-making, better patient outcomes, and more efficient
workflows. However, putting Al technologies into use is challenging due
to technical, legal, and ethical concerns. Al offers the promise of im-
proved diagnostic accuracy and personalized treatment plans, although
it is hard to solve the aforementioned challenges. The deployment of
healthcare Al systems requires a comprehensive understanding of the
interconnectedness of different areas and their respective requirements.
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Technical considerations include data quality assurance, infrastructure
scalability, and robust security frameworks to protect sensitive patient
information. Clinical requirements focus on seamless integration with
existing workflows, regulatory compliance with medical device stan-
dards, and maintaining high levels of diagnostic accuracy and reliabil-
ity. The ethical implications of Al in healthcare include algorithmic
bias, equitable access, and decision accountability. Regulatory frame-
works like GDPR and the AI Act introduce complexity by imposing
privacy protection and transparency in Al decision-making. This paper
explores the dimensions to be followed when developing and deploying
AT systems in healthcare environments.

2 Technical Requirements

2.1 Data Quality and Standardization

The quality and uniformity of the data that an Al system uses are
among the most crucial components for a successful outcome. For
the development and validation of an Al model, it is important to
have high-quality, standardized datasets [2]. To avoid systematic bias
in models, there is a need for diverse and representative data. The
lack of different demographic groups, geographic regions, and clinical
presentations might lead to unreliable AI models that can compromise
clinical decision-making [6].

2.2 Infrastructure and Interoperability Requirements

To meet the computational demands of modern Al systems in health-
care and ensure reliable performance, infrastructure is a key factor.
Cloud computing infrastructure, combined with a microservice-based
architecture, provides a scalable solution, which could improve effi-
ciency and scalability [8, ©]. Integrating into existing healthcare sys-
tems and Electronic Medical Records (EMRs) or Electronic Health
Records (EHRs) without disrupting operations is another important
factor to account for [1J.
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Interoperability represents a critical technical requirement that en-
ables different AI systems and healthcare platforms to communicate
and share information effectively. A well-defined knowledge base, mod-
eled using Knowledge Graphs from established sources like medical
guidelines and clinical literature, is essential for seamless system in-
tegration [15]. Standardized knowledge representation minimizes data
gaps and ensures consistent Al performance across diverse healthcare
environments and clinical contexts [15].

2.3 Security and Privacy Considerations

Healthcare Al systems require security and privacy considerations due
to a lack of consensus on data ownership, confidentiality, and liability.
Legal frameworks like GDPR are necessary for compliance and secure
data sharing mechanisms to protect patient confidentiality. Secure data
sharing and storing mechanisms for healthcare providers must be im-
plemented, while ensuring patient confidentiality and data privacy [10].

3 Clincal Requirements

In the following section, the discussion will revolve around integration
with clinical workflows, regulatory compliance, accuracy and reliability,
interpretability and explainability.

The successful implementation of AI in healthcare requires seam-
less integration with existing clinical workflows [8], proper training for
physicians, comprehensive documentation [12], and verification of user
interface design to ensure systems meet functional and non-functional
requirements [13].

Healthcare Al systems must follow strict rules that apply to medical
devices and clinical decision support tools [I4]. There are many parts to
regulatory compliance, such as safety standards, efficacy requirements,
and quality management systems.

High diagnostic accuracy and dependability are necessary for Al
systems in healthcare, with success rates between 80 and 100 percent
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[6]. Maintaining these performance levels across a range of patient
populations and clinical settings requires constant validation and ob-
servation.

Explainable Al is crucial for transparency in clinical decision-
making, requiring healthcare professionals to understand the reason-
ing behind Al-generated recommendations for informed decisions and
professional accountability, especially in high-stakes clinical decisions

[5].

4 Ethical Requirements

Ethical requirements for healthcare Al systems demand the imple-
mentation of unbiased algorithms across different demographic groups.
Equal access to Al-powered healthcare solutions and consideration of
diverse patient populations are fundamental ethical imperatives [6].

Clear lines of responsibility for Al-driven decisions must be estab-
lished, along with liability frameworks for Al-related errors. Regular
ethical reviews and assessments ensure ongoing compliance with ethical
standards and identification of emerging concerns.

5 Regulatory Compliance and Privacy Consid-
erations

To ensure compliance with European data protection and artificial in-
telligence regulations, this system, which processes patients’ personal
information, will adhere to the General Data Protection Regulation
(GDPR) and the proposed AI Act.

5.1 General Data Protection Regulation Compliance

Regarding GDPR compliance, two key principles will be prioritized:
the right to be forgotten (Chapter III, Article 17) and data minimiza-
tion (Chapter II, Article 5, 1.c.). To uphold the right to be forgotten,
comprehensive data deletion mechanisms will be implemented across all
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system components. Data minimization will be achieved by collecting
only essential medical information. This necessitates the development
of a standardized data collection template, automated processes for
segregating essential from auxiliary data, and clearly defined, auto-
matically enforced data retention policies (Data protection by design
and by default — Article 25 [3]).

5.2 Artificial Intelligence Act Considerations

The AI Act aims to ensure the safety and security of healthcare Al,
which is classified as high-risk. A robust risk management system will
be implemented, monitoring outputs for errors and biases, conducting
regular assessments, and establishing incident reporting protocols [4].
Technical documentation will be maintained, detailing system architec-
ture, training methodologies, data sources, validation procedures, and
risk management measures. Compliance with data protection and Al
regulations will be achieved through technical solutions in data protec-
tion and access control.

5.3 Technical Implementation for Privacy Protection

Techniques such as anonymization, pseudonymization, and differen-
tial privacy will be employed to preserve privacy in Al applications.
Implementation considerations will focus on patient data and system
operations, including consent management systems, data portability
mechanisms, comprehensive documentation, Data Protection Impact
Assessments, explainable AT (XAI), user-friendly interfaces, and audit
trails for system decisions.

6 Conclusions

To successfully use Al systems in healthcare, it is necessary to take
into account technical, clinical, ethical, and regulatory issues simul-
taneously. Even though the possible benefits are substantial, imple-
mentation must prioritize data quality, system interoperability, and
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strong privacy protections to keep patients safe and adhere to the reg-
ulations. The analysis shows that Al systems in healthcare need to be
very accurate in their diagnoses and also be transparent about how they
function through explainable AI. Future advancements should concen-
trate on formulating standardized protocols for ethical Al implemen-
tation, improving cross-system interoperability, and creating extensive
regulations that balance innovation with patient safety and regulatory
obligations.
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Abstract

Virtual reality is increasingly used in biomedical education,
yet evaluating user interactions in gamified settings, especially
for home use, remains an open challenge. This paper examines
automated assessment methods, including structured tasks, con-
versational Al, and behavior-based metrics. Analysis of recent
studies suggests that a hybrid strategy is optimal, balancing auto-
mated feedback with adaptive learning. Practical customization
requirements for integrating this approach into existing virtual
reality biomedical applications are outlined, with an emphasis on
usability and enhanced student engagement.

Keywords: Virtual reality, Biomedical education, Gamified
learning, Learning evaluation.

1 Introduction

1.1 Context

As virtual reality becomes more common in biomedical education [1,
2], there is growing interest in how these systems support learning
beyond visual immersion [3]. Many virtual reality (VR) platforms now
include interactive tasks, often designed as games, that ask learners to
respond to questions. These elements are intended to keep students
engaged [4, 5]. However, in practice, it remains unclear how well these
interactions are being evaluated, especially outside of formal classroom
settings [6, 7.

©2025 by Elena-Ecaterina Opait, Adrian Iftene

293



Elena-Ecaterina Opait, et al.

1.2 Problem

Most VR applications include some form of automated feedback, but
these systems tend to rely on predefined rules or structured answers [8].
They rarely adapt to open-ended responses, and few provide mean-
ingful insights into how well a student understands the topic. This
becomes a more serious issue in gamified environments, where surface-
level engagement can mask poor comprehension. In remote and home-
based learning contexts, the lack of instructor oversight makes this even
harder to manage the evaluation [6]. There is a need for more flexi-
ble and scalable ways to assess how students interact with educational
content in these contexts.

1.3 Focus and Scope

This paper reviews existing methods for evaluating interactions in VR
biomedical education. The emphasis is on automated approaches, and
the goal is to identify gaps, compare strategies, and consider what a hy-
brid evaluation system might look like. The analysis focuses on studies
that combine educational goals with real-time interaction, especially
those that explore how learners respond to questions or tasks in a VR
setting.

2 Methodology

2.1 Selection Criteria

This review focuses on studies published between 2018 and 2024 that
examine automated evaluation strategies in virtual reality environ-
ments for biomedical education. Sources were identified using academic
databases. Search terms included combinations of "VR”, ”biomedical
education”, "automated assessment”, ”conversational agents”, ”learn-
ing based on tasks”, and ”behavioral analytics”. Only peer-reviewed
papers that reported on implemented systems or conducted compara-
tive analysis were considered. Studies that focused purely on hardware,
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visual fidelity, or unrelated disciplines were excluded.

2.2 Categorization Approach

To support comparison, the selected papers were grouped based on the
type of evaluation method they explored. These include structured
task assessments, conversational Al, behavior metrics, and hybrid ap-
proaches that combine multiple strategies. Within each category, pa-
pers were reviewed for their evaluation design, feedback mechanisms,
adaptability, and relevance to remote or home-based learning contexts.
The goal was to trace common patterns, highlight some approaches,
and provide a basis for identifying what works best in biomedical edu-
cation.

3 Review of Existing Methods

3.1 Structured Task Assessment

Many VR education platforms rely on structured tasks to assess stu-
dent knowledge. These include multiple-choice questions, drag-and-
drop exercises, and step-by-step simulations where each correct action
is logged. This method works well for checking factual recall or follow-
ing clinical procedures, and it integrates easily with existing VR frame-
works. However, it often fails to capture deeper reasoning or flexible
thinking in a similar manner to written tests. For example, Pottle used
VR surgical modules to assess decisions through structured tasks, re-
porting high usability but limited adaptability to diverse responses [9].
Similarly, Moro et al. emphasized the effectiveness of structured evalu-
ations in anatomy learning but noted their inability to reflect reasoning
[10].
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3.2 Conversational AI and Natural Language Under-
standing

Recent advances in NLP have made it possible to embed conversational
agents in VR education. These systems evaluate student responses
through natural language interactions, often simulating clinical inter-
views or patient consultations. Hamilton et al. implemented an Al
standardized patient that adapts its feedback based on the learner’s
dialogue [12]. Haag et al. developed a voice Al tutor capable of inter-
preting student responses in context and offering follow-up questions
[13]. While promising, such systems require careful training and are
sensitive to speech variability and misunderstanding.

3.3 Behavioral and Performance Metrics

Behavioral evaluation looks beyond verbal or written responses. It
tracks metrics such as gaze direction, task completion time, error rates,
and physical interactions. Nicholson et al. used eye tracking and mo-
tion data to identify engagement levels during VR anatomy labs [14].
Al-Ghareeb et al. analyzed user interactions in home-based nursing
simulations, correlating task fluidity and error frequency with learn-
ing outcomes [15]. This method allows continuous assessment but may
overlook cognitive reasoning, unless combined with other techniques.

3.4 Hybrid Models

Several studies now suggest that combining different evaluation strate-
gies leads to better outcomes. Maresky et al. combined decision tasks
with gesture tracking in clinical VR simulations to capture both cogni-
tive and procedural performance [16]. Birbara et al. layered gamified
feedback with real-time conversational prompts to assess and guide
student progress [19]. These systems tend to be more responsive and
adaptive, though they require more development effort and tuning.
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4 Key Papers and Findings

Pottle [9] evaluated the role of virtual reality in surgical training. His
study emphasized task assessment, focusing on skill repetition and pro-
cedural accuracy in simulated environments. While outcomes were
generally positive in terms of learner satisfaction and technical skill
development, the study noted that such evaluation methods did not
adequately measure decisions or deeper clinical reasoning [9].

Moro et al. [10] performed an analysis of immersive technologies in
health education, including VR and augmented reality. The authors
found widespread improvements in engagement and retention but also
identified a consistent lack of in-depth evaluation frameworks. Most
studies reviewed relied on pre/post-tests or self-report surveys, limiting
insight into learner behavior or critical thinking processes [10].

Hamilton et al. [12] explored the use of conversational agents em-
bedded in VR scenarios to train students in patient diagnosis. Their
system allowed learners to engage in realistic medical interviews with
AT virtual patients. The study showed promise for real-time, adaptive
evaluation, particularly in recognizing diagnostic reasoning and com-
munication skills [12].

Nicholson et al. [14] implemented eye tracking and user behavior
monitoring within a VR anatomy lab. Their research highlighted how
gaze data, focus shifts, and interaction patterns could be correlated
with learning outcomes. This type of behavioral tracking provided an
alternative to traditional testing, providing insight into how students
engage with and navigate complex spatial content [14].

Al-Ghareeb et al. [15] assessed home-based nursing education using
VR, focusing on behavioral and motion tracking metrics. Their study
captured data such as gesture smoothness, error correction, and nav-
igation style to infer engagement and understanding. These metrics
enabled scalable assessment while preserving realism and flexibility in
the absence of an actual instructor [15].

Haag et al. [13] developed a VR training system that used voice
AT agents to simulate clinical conversations. The system responded
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dynamically to spoken input and adjusted feedback based on learner
responses. This approach integrated both language understanding and
performance monitoring, offering an early model of adaptive, speech-
driven evaluation in medical simulations [13].

Maresky et al. [16] examined clinical decision making within a gam-
ified VR environment. Their study assessed not only the correctness
of student choices but also how those decisions unfolded through ges-
ture input and sequence tracking. This hybrid method revealed both
cognitive reasoning and physical task execution, making it suitable for
complex training contexts [16].

Birbara et al. [19] combined real-time conversational feedback with
gamified tasks in a VR anatomy course. Their mixed methods eval-
uation captured both objective performance data and subjective en-
gagement measures. The study highlighted how layered dialogue and
prompts initiated by the system can offer a more complete picture of
student learning [19].

5 Patterns and Insights

Hybrid methods consistently outperform single-mode assessments.
These approaches not only capture accuracy but also trace process,
engagement, and reasoning in real time [16, 19].

Structured tasks ensure broad content coverage and are easy to
implement at scale, but they lack nuance. Their binary nature limits
insight into how learners approach problems or adapt to complexity
[9, 10].

Conversational Al shows strong potential for assessing higher think-
ing and clinical communication skills [12, 13]. However, current models
require substantial training data specific to the domain and are sen-
sitive to variations in speech, language, and context. Integration into
real-time systems also poses performance and latency challenges [13].

Behavioral analytics, such as gaze tracking, motion patterns, and
task fluency, are promising for passive, continuous assessment, partic-
ularly in home-based learning environments [14, 15]. They offer moni-
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toring without disrupting immersion, but often need to be triangulated
with cognitive or verbal data to provide meaningful insights.

In all studies, the most effective systems are those that combine
these modes. Hybrid frameworks provide both breadth and depth,
capturing performance in ways that adapt to individual learners and
varied tasks [16, 19].

6 Practical Implications

Scalable hybrid models require a modular design. The systems must
be flexible enough to integrate multiple input types, task results, spo-
ken responses, and behavioral data, while maintaining usability across
diverse learning contexts [17, 19]. This means designing platforms that
can operate on varied hardware, from VR headsets to mobile setups
in remote environments [6]. Structured tasks may favor novice learn-
ers who benefit from clear goals and feedback, while more experienced
users may prefer conversational or exploratory modes [10, 11]. Hy-
brid systems should support multiple levels of customization and allow
transitions between assessment styles based on learner needs and pro-
gression [18].

Customization is particularly important in medical and biomedi-
cal curricula, where training goals vary by discipline, institution, and
learner stage. Modular and hybrid systems can be configured to target
specific competencies, from procedural accuracy to diagnostic reason-
ing, without requiring entirely new infrastructure [4, 16]. This adapt-
ability makes them suitable for integration into existing educational
systems, both in classrooms and remote [15, 6].

7 Conclusion

This review highlights the increasing value of hybrid evaluation meth-
ods in VR biomedical education. Structured assessments offer reliabil-
ity and broad coverage but often miss the depth of student reasoning.
Conversational Al brings flexibility and a more personalized learning
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experience, though it depends heavily on design and technical infras-
tructure [20]. Behavioral analytics contribute by tracking user engage-
ment and performance in real time, yet they can be difficult to interpret
without context [21].

The most effective systems combine these approaches. When struc-
tured tasks, natural language interactions, and behavioral insights are
integrated into a unified framework, educators gain a more complete
understanding of student learning. Such hybrid models can support
real-time adaptation, tailored feedback, and a range of learning objec-
tives across varied settings [22], where educators are open to using such
tools [23].

To move from theory to practice, it is essential to focus on modular,
adaptable systems that can be aligned with institutional goals and
technical constraints.

Well-designed hybrid tools should be able to adjust to learner needs,
scale across platforms, and remain usable for both novice and experi-
enced users [24]. As immersive learning technologies evolve, these sys-
tems will play an important role in ensuring educational outcomes are
meaningful.
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Abstract

We present Al Guguta, a voice-first tutoring system that
integrates dialect-sensitive speech technology with a reasoning-
oriented Large Language Model (LLM). The system combines
two core components: (i) a persona-based LLM fine-tuned to
guide learners through multi-step mathematics problems, and
(ii) a Moldavian speech corpus, comprising both child and adult
recordings, used to adapt automatic speech recognition (ASR)
and text-to-speech (TTS) models. Early evaluation highlights the
LLM’s effectiveness in supporting learning, the natural expres-
siveness of the T'TS output, and the solid ASR performance on
adult speech, with moderate success on children’s speech. We also
address the system’s pedagogical potential, ethical considerations,
and plans for classroom validation.

Keywords: intelligent tutoring, reasoning LLMs, ASR, TTS.

1 Introduction

The landscape of education is being reshaped by artificial intelligence,
particularly through intelligent tutoring systems (ITS) that adapt to
learners. Large Language Models now enable unprecedented levels of
personalized learning support [I]. The AT Guguta Project (Code:
25.80012.0807.21TC) aims to create the first Al-driven interactive ed-
ucational platform in the Republic of Moldova, focused on primary

©2025 by A. Parahonco et al.
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school mathematics [2]. A key novelty of this project is the integration
of advanced conversational technologies with local linguistic and cul-
tural heritage [3]. In practice, this means uniting two research efforts:
(1) developing a reasoning LLM-based virtual math tutor tailored to
Moldavian pedagogy, and (2) constructing Moldavian speech resources
and models to give the tutor a voice and ears. By merging these, we
seek to modernize learning with an Al tutor that children can converse
with naturally in their native dialect, while preserving both teaching
methods and folklore.

Voice-based tutoring offers distinct advantages for young learners.
Unlike text-only tutors, a voice-enabled tutor can hear students explain
their reasoning and respond in real time, capturing rich information
often lost in written exchanges [4]. Studies indicate that when students
articulate math solutions aloud, it engages metacognitive processes and
improves understanding [5]. Therefore, equipping our virtual tutor
with speech recognition and synthesis is crucial for authentic dialogue-
driven learning. At the same time, the tutor’s intelligence comes from
LLMs capable of reasoning through multi-step problems and delivering
instruction in a conversational manner. Combining these technologies
yields a voice-first Al tutor that can listen to a child’s question, reason
through the answer like a skilled teacher, and speak back a guiding
response [6]. To our knowledge, AT Guguta is among the first systems
to blend an advanced reasoning LLM with a full dialectal ASR/TTS
pipeline for education in a low-resource language.

In this paper, we present a short overview of the AI Guguta system.
Section 2 discusses related work in intelligent tutors, speech technology
for low-resource languages, and cultural adaptation of Al. Section 3
describes our methods, including the LLM tutor development and the
speech corpus design and modeling. In Section 4, we detail experimental
results of the LLM’s tutoring performance and baseline ASR/TTS
evaluations. Section 5 provides a discussion on the integration of the
components, the pedagogical and cultural implications, and ethical
considerations. Finally, Section 6 concludes with the contributions and
outlines future work, such as scaling to multimodal inputs and broader
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dialect support [7].

2 Related work

Intelligent Tutoring Systems (ITS) have progressed from rule-based
designs to LLM-powered platforms [§]. Early systems like AutoTutor
relied on scripted dialogue, while recent models such as GPT-3 enable
adaptive, open-ended interaction. However, challenges persist around
factual reliability and curriculum alignment. Our approach builds on
reasoning-specialized LLMs like DeepSeek-R1, which demonstrate emer-
gent capabilities such as chain-of-thought reasoning. Unlike standard
LLMs that prioritize fluency, we emphasize logical rigor and pedagogical
customization.

Another research thread addresses cultural and linguistic personaliza-
tion of educational AlL. Prior work has highlighted that tutoring systems
should respect learners’ cultural background to improve engagement and
outcomes [9]. Pawar et al. [I0] survey cultural awareness in language
models, and Li et al. [I] introduce methods to infuse cultural context
into LLM responses. Our tutor extends this idea by embodying a local
folk character and using regional speech patterns. This aligns with
efforts like CultureLLM [2, [I1], which incorporate cultural differences
into model training. Additionally, code-switching and dialect handling
have been studied in NLP for education; for example, Alkhamissi et
al. [I2] examine how multilingual LLMs align with cultural norms.
We contribute a concrete case study of adapting an Al tutor to a spe-
cific regional culture (Moldavian in our case), demonstrating culturally
responsive Al in practice.

In speech technology, we draw on advances in low-resource ASR, and
child speech processing. Self-supervised models like wav2vec 2.0 and
XLS-R [13], [14] offer robust multilingual foundations. However, child
speech remains a challenge due to acoustic variability. We extend prior
work by curating a Moldavian child corpus and fine-tuning models to
improve recognition.

For TTS, systems like VITS [15] and zero-shot models such as VALL-
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E enable expressive, speaker-specific synthesis. These tools support
our goal of creating a tutor with a warm and culturally resonant voice.
Ethical safeguards, including watermarking, are integrated to mitigate
risks. Finally, speech-to-speech translation models like Translatotron 2
[16] inspire future multilingual extensions of AT Guguta.

3 System overview

Our system consists of two main components developed in parallel:
(i) the LLM-based tutor brain, encompassing the persona design and
model fine-tuning that enable pedagogical reasoning, and (ii) the speech
interface, including the data pipeline, ASR engine, and T'TS voice of
the tutor. These components are integrated into a single conversational

agent (Fig. [1)).

[ Student Speech H ASR H LM H TTS

Figure 1. System pipeline (student speech — ASR — LLM — TTS)

The system pipeline illustrated in Figure [1| outlines the overall work-
flow. When a student poses a spoken query, the Automatic Speech
Recognition (ASR) module transcribes the input into text. This textual
input is then processed by a Large Language Model (LLM), which
generates a pedagogically appropriate response. The response is sub-
sequently synthesized into audio by the Text-to-Speech (TTS) system,
producing output in the tutor’s designated voice. Figure [l| summarizes
this sequence: student - ASR — LLM — TTS — tutor voice output.
The following sections describe the design and implementation of each
component in detail.
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4 Methods

4.1 LLM tutor: persona and adaptation

We designed a persona “Professor Guguta” — a culturally resonant,
patient, attentive, and encouraging math tutor —encoded via a persistent
system prompt and few-shot examples. This character synthesizes two
influences: the teaching style of the late Prof. Boris Ivanovici Cinic,
known for rigorous yet engaging math pedagogy, and the charming
traits of Guguta, a beloved Moldavian folk hero of children’s literature.
The tutor is envisioned as a 70-year-old wise educator who carries the
soul of Moldavian folklore into every lesson. To establish this persona
in the LLM, we wrote a comprehensive system prompt that defines the
tutor’s identity, voice, and teaching approach.

Key elements of the prompt include: (a) Identity: “You are Pro-
fessor Guguta, a distinguished elderly mathematician and teacher in
Republic of Moldova” explicitly linking to the folklore figure. (b) Cul-
tural style: use of local proverbs and references (e.g., Guguta’s cap,
traditional foods such as mamaliga — a dense cornmeal porridge, similar
to polenta) to explain concepts. (c) Language usage: instructing
the AI to speak in the Moldavian dialect, reflecting its unique pho-
netic and lexical features while remaining polite and pedagogical. (d)
Pedagogy: adopting a Socratic, question-driven tutoring style that
encourages critical thinking. (e) Etiquette: requiring formal address
(“Professor Guguta”) and handling multilingual greetings (Romanian,
Russian, English) to mirror Moldova’s linguistic reality. This carefully
engineered prompt ensures that from the first user interaction, the LLM
“stays in character” as a culturally grounded virtual tutor.

From the technical perspective, we used a hybrid adaptation strategy:
prompt engineering (fast iteration) plus LoRA fine-tuning on curriculum-
specific dialogues and worked solutions to improve multi-step reasoning
and accuracy [0} [7]. Prompt tuning handles tone and persona; LoRA
injects domain knowledge efficiently. However, the characteristics of the
model also influence the result.

The effectiveness of a virtual tutor heavily depends on the underlying

308



AT Guguta: A Culturally Attuned Voice Tutor ...

LLM'’s ability to reason. Not all LLMs are created equal in this regard.
We can distinguish between simple LLMs, which excel at language tasks,
and reasoning LLMs, which are designed for complex problem-solving
18]

Simple LLMs, such as earlier versions of Llama, are primarily de-
signed for generating fluent and coherent text. They are excellent for
tasks like summarization, translation, and creative writing. However,
they may struggle with multi-step reasoning, mathematical problems,
and logical puzzles [g].

Reasoning LLMs, on the other hand, are specifically trained to
tackle complex cognitive tasks. Models like DeepSeek-R1, Llama
3.1, Llama 3.2, and Aya are at the forefront of this new wave of
AT [7]. They are trained on vast datasets of code, scientific papers,
and mathematical problems, and they often employ techniques like
reinforcement learning to enhance their reasoning capabilities.

DeepSeek-R1 demonstrates remarkable reasoning capabilities
through large-scale reinforcement learning, naturally emerging with
powerful reasoning behaviors including self-verification, reflection, and
generating long chains of thought [I7]. For our Professor Guguta imple-
mentation, we utilize DeepSeek-R1:8b as the base model, as specified
in our Modelfile: FROM deepseek-r1:8b.

Llama 3.1 and 3.2 represent significant advances in reasoning
capabilities, with Llama 3.1 featuring 128K context length and stronger
reasoning abilities, while Llama 3.2 focuses on vision-enabled capabilities
for multimodal learning [18].

Aya models, developed by Cohere, focus on multilingual capabilities
and cultural awareness, making them particularly relevant for culturally-
sensitive educational applications [19].

4.2 Speech dataset: Moldavian Voice

We collected and annotated the Moldavian Voice dataset (approx. 500
hours), containing studio recordings and curated public audio. Key
annotation decisions:
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e preserve Moldavian diacritics and mark regional lexical variants;
e annotate code-switching occurrences (Russian insertions);

e generate phoneme alignments (forced alignment) and a pronunci-
ation lexicon (~15k entries).

All minor participants were recorded with parental consent and governed
by a data-use policy (restricted raw audio for minors).

4.3 ASR and TTS training
ASR: fine-tuned Whisper and XLS-R backbones with speaker-wise

splits, shallow fusion with a domain LM, and augmentations (SpecAug-
ment, speed perturbation). TTS: trained multi-speaker VITS and
FastPitch4+HiFi-GAN, then adapted an elder-male voice for the tutor.
We evaluated both MOS and ASR intelligibility on synthesized audio.

4.4 Evaluation protocol

LLM tutoring: correctness (final answer), scaffold quality (teacher
rubric), and persona adherence. ASR/TTS: WER/CER on held-out
adult and child test sets; MOS for TTS naturalness; end-to-end pilot
with students for usability.

5 Results

5.1 LLM tutoring performance

The AI Guguta Project represents a transformative step in educational
technology, advancing the design of culturally responsive virtual tutors
built on reasoning-optimized language models. Our research reveals that
prompt-level fine-tuning is particularly effective in crafting distinct tutor
personas and embedding cultural specificity, while transformer-level
fine-tuning offers superior performance in linguistic comprehension and
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mathematical reasoning — essential for delivering precise, pedagogically
sound instruction.

Beyond theoretical modeling, we have successfully developed the
foundational tools for an agent-like system (Fig. [2)). Professor Guguta
interacts seamlessly with a range of file formats — including DOCX, PDF,
TXT, and XLSX — enabling flexible integration into diverse educational
workflows. The system architecture extends the capabilities of the un-
derlying LLM through persistent chat history and Retrieval-Augmented
Generation (RAG), allowing it to draw on external knowledge sources
in real time.

Scalable LLM Integration in the Professor Guguta Tutoring System

Input Layer

Student Query (Speech)
Captured via microphone or audio input.

Preprocessing|Layer
ASR Module
Speech-to-text via Whisper/WavLM
Handles dialectal Romanian & child speech

Reasoning
RAG Module
Layer Ollama Integration Retrieves PDFs, DOCX, TXT, XLSX
Prompt optimization Contextual grounding
LLM Stack Persona tuning & calibration
Small LLMs
Mid-size LLMs
Large LLMs
TTS Module
Output Layer Culturally adapted voice
Expressive multi-speaker synthesis
Folklore & Dialect Corpus
Cultural Layer Regional idioms & speech

Culturally resonant tutoring

Figure 2. Scalable LLM Integration in the Professor Guguta Tutoring
System

This design proves especially powerful for culturally anchored tasks.
By invoking regional proverbs, idiomatic expressions, and folkloric
references, the tutor can respond not only with intellectual rigor but
with cultural resonance. In such moments, the LLM becomes more
than a computational engine — it becomes a storyteller, a guide, and a
bearer of tradition, bridging modern pedagogy with ancestral wisdom.
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A key architectural principle of the Professor Guguta system is its
modular support for language models of varying size (Fig. , task
orientation, and comprehension depth. By designing a flexible interface
that accommodates both large-scale reasoning models and compact,
task-specific LLMs, our platform lays the groundwork for scalable and
adaptive educational agents. Notably, even small and very small models
— often overlooked in high-performance settings — can play a vital role in
refining user instructions, rewriting prompts, and enhancing interaction
fluency.

This layered approach enables dynamic delegation: lightweight
models handle prompt restructuring and stylistic adaptation, while
more powerful reasoning engines tackle complex pedagogical tasks.
The integration of the Ollama system further amplifies this capability,
offering a robust framework for prompt optimization across model
tiers. Within the Professor Guguta project, Ollama facilitates rapid
experimentation with prompt formats, persona tuning, and response
calibration — ensuring that each model, regardless of size, contributes
meaningfully to the tutor’s overall intelligence and cultural sensitivity.

5.2 Performance of the speech recognition system

Fine-tuned Whisper achieved WER ~ 9.5% (adult) and 14.8% (child);
XLS-R baseline obtained ~ 18.3% WER (child). Code-switching seg-
ments remain challenging (WER ~25%). VITS TTS achieved MOS
~4.4/5 (n=15 listeners); intelligibility CER <2% when re-transcribed
by ASR.

Table 1. Selected quantitative results (preliminary)

Metric Adult speech  Child speech
ASR WER (Whisper finetuned) 9.5% 14.8%
ASR WER (XLS-R finetuned) 11.8% 18.3%
TTS MOS (VITS) 44 /5.0

LLM tutoring correctness 18 / 20 problems
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6 Discussion

The integration of persona-aware LLMs with dialect-sensitive speech
technologies in the Professor Guguta system demonstrates the transfor-
mative potential of culturally grounded Al in education. By combining
reasoning-specialized models with expressive voice synthesis and re-
gional folklore, the tutor becomes more than a digital assistant — it
becomes a pedagogical companion capable of empathy, nuance, and
cultural resonance. Prompt engineering played a pivotal role in shaping
the tutor’s persona, enabling it to respond with warmth, patience, and
culturally embedded wisdom. Through iterative refinement and Ollama-
based optimization, even small-scale LLMs contributed meaningfully to
prompt restructuring and stylistic adaptation. Meanwhile, LoRA fine-
tuning at the transformer level enhanced the system’s factual precision
and procedural reliability, particularly in mathematical reasoning and
curriculum-aligned instruction.

Speech adaptation was essential to ensure accessibility across age
groups and dialectal variants. The system’s ASR pipeline — built on
models like Whisper and WavLM — was fine-tuned to handle Molda-
vian adult and child speech, addressing the acoustic variability and
disfluency common in younger learners. Nevertheless, challenges re-
main: recognition accuracy on highly disfluent child utterances is still
limited, occasional code-switching errors persist, and prosodic control in
TTS responses requires further refinement to fully capture the tutor’s
intended tone and emotional cadence.

Ethical safeguards were embedded throughout the system’s design.
All voice cloning processes were conducted with explicit consent, raw
audio access was restricted, and watermarking techniques were applied
to prevent misuse of synthetic voices. These measures reflect our
commitment to responsible Al development, especially in educational
contexts involving minors and culturally sensitive content.

Ultimately, the Al Guguta project affirms that the future of in-
telligent tutoring lies not only in technical sophistication but in the
thoughtful integration of cultural heritage, linguistic diversity, and ped-
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agogical empathy. By building a system that is modular, multilingual,
and culturally wise, we lay the foundation for a new generation of
educational agents — ones that teach not just with knowledge, but with
voice, story, and soul.

7 Conclusion

The AI Guguta project stands as a testament to what is possible when
advanced language technologies are guided by cultural insight and
educational purpose. By weaving together reasoning-specialized LLMs,
dialect-sensitive speech systems, and a richly curated folklore corpus,
we have created a tutoring agent that is not only intelligent, but deeply
human in its voice, values, and pedagogical style.

Our modular architecture — capable of integrating LLMs of varying
size and specialization — lays the foundation for scalable, adaptive
learning systems. Whether rewriting prompts with compact models or
solving multi-step problems with large reasoning engines, the system
demonstrates how layered intelligence can be orchestrated to serve
learners with precision and empathy. The Ollama framework further
empowers this orchestration, enabling dynamic prompt optimization
and persona refinement across model tiers.

Cultural responsiveness is not treated as an aesthetic flourish, but as
a core design principle. Through dialectal speech recognition, expressive
voice synthesis, and the invocation of regional proverbs and idioms, the
tutor becomes a carrier of tradition, as well as a facilitator of learning.
This fusion of ancestral wisdom and modern Al opens new pathways
for inclusive, meaningful education — especially in underrepresented
linguistic and cultural contexts.

As we look ahead, the project invites further exploration: visual
mathematics, adaptive learning algorithms, and multilingual extensions
are already on the horizon. But the deeper promise lies in the model itself
— a tutor who listens, reasons, and responds not just with knowledge,
but with cultural grace and pedagogical care.
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Abstract

The paper investigates aspects of digitization and transliter-
ation of Bessarabian folklore from the 19th to the 20th century
using the HeDy platform. In our research, we present the FolkAl
Treebank, part of diachronic parallel corpus, aligned with Univer-
sal Dependencies, and adapted to the Bessarabian dialect. The
Treebank preserves the linguistic and cultural specificity of folk-
lore through digitization, normalization, tokenization, and anno-
tation in CoNLL-U format. The initial results include two dig-
itized works with progress in transliteration, tokenization, and
annotation. Beyond academic value, FolkAI supports the learn-
ing of the Romanian language, digital education, and cultural
tourism by transforming folklore into an accessible and interac-
tive resource.

Keywords: Folklore, Treebank, parallel diachronic corpus,
digitization.

1 Introduction

Folklore is an essential part of a people’s cultural identity and col-
lective memory, serving as a way to reflect on history and the social
and economic traditions of the past. Encyclopedia Britannica [1] de-
fines folklore as follows: “In modern usage, an academic discipline the
subject matter of which (also called folklore) comprises the sum total of
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traditionally derived and orally or imitatively transmitted literature, ma-
terial culture, and custom of subcultures within predominantly literate
and technologically advanced societies; comparable study among wholly
or mainly non-literate societies belongs to the disciplines of ethnology
and anthropology*.

In other words, folklore is a way of transmitting knowledge. We
are more accustomed to the fact that through oral or written creation,
knowledge about the history and customs of the region, as well as ethi-
cal and behavioral norms and ritual procedures, is propagated. Perhaps
this mode of communication is not so visible for reasons related to the
exact sciences. This aspect is humorously described in Nikita Razgov-
orov’s science-fiction novel "Four Furry Feet" (1963).

The hero of this story, the physicist Prof. Yr, finds that certain
idiomatic expressions, proverbs, and sayings are, in fact, less common
formulations of physical laws, for example:

— Strike iron while it is hot — express the results of observations of
changes in the aggregate state of iron with increasing temperature;

— All that glitters is not gold — this is an absolute truth and the
beginning of spectral analysis of metals;

— No one can embrace the infinite — a concise formulation of the
theory of relativity.

Of course, these examples are humorous, but they deserve the con-
sideration that folklore is a tool for promoting knowledge in various
fields. This tool can also spark interest in certain phenomena, laws of
nature, etc., in an accessible, attractive, and memorable way. Therefore,
folklore, in its apparent simplicity, contains a veritable treasure trove
of knowledge, which we aim to accumulate, classify, and contribute to
its preservation and propagation.

The development and application of I'T tools could facilitate both
academic studies aimed at restoring the authenticity of folklore and
make a significant contribution to the promotion of our cultural her-
itage. Although folklore is understood to encompass all literary, musi-
cal, artistic, and intangible creations, in our study, we will limit our-
selves to folkloric works expressed through language, thereby placing
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our research within the area of natural language processing.

Any natural language application typically relies on two basic com-
ponents: (i) a collection of linguistic resources and (ii) the operating
tools (processing/interaction with them) for achieving certain goals. In
our case, the object of study is the digitization of folklore works, the
first component being a parallel diachronic corpus (with Cyrillic and
Latin script), which will include texts from different historical periods
(19th-20th centuries, with possible incursions into earlier periods), al-
lowing for the analysis of the evolution of the vocabulary characteristic
of Bessarabian folklore. The lower limit of the corpus volume is esti-
mated to be a minimum of 100,000 tokens.

Unlike traditional corpora, some of the entries in this corpus will be
accompanied by images created using innovative Al technologies that
will illustrate the meanings of various folkloric elements. At the same
time, based on the collected materials (including illustrative ones), a
folklore book (in traditional and interactive electronic versions) could
be published, which could be used for educational purposes. These ma-
terials, digitized, transliterated, and improved with Al, can support the
learning of the Romanian language, including for those who learn it as a
foreign language. They can also fit into digital education tools. Visually
rich folktales and proverbs can be effectively incorporated into interac-
tive lessons, language apps, and cultural programs. Economically, the
platform can boost local and international cultural tourism by providing
digital museum guides, heritage trails, and AR storytelling experiences.
This makes folklore accessible and engaging to tourists, educators, and
learners around the world.

In this article, our aim is to describe the process of developing the di-
achronic parallel FolkAI Treebank. Since the very notion of a diachronic
parallel corpus in general and an FolkAI Treebank in particular presup-
poses a technical instrument, we introduce HeDy, the platform used for
digitization and transliteration. A short review of related works is pre-
sented in the next Section 2. The functionalities of the HeDy platform
are briefly outlined in Section 3. The specific features of the FolkAl
Treebank, aligned with Universal Dependencies (UD) standards but
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also adapted to the Bessarabian dialect, are discussed in Section 4.

2 Related works

We should mention that the digitization of folklore texts has its specific
characteristics, which have been highlighted in various publications. In
many cases, related works emphasize that the description of folklore
subjects was carried out by different collectors, who left their personal
mark on everything from writing (in the case of handwriting) to differ-
ent styles of presentation and even spelling. In such cases, it is necessary
to create a separate digitization model for each collector [2]. On the
other hand, the material collected by a single collector may be insuffi-
cient to train the model, so it will be necessary to supplement it with
material collected by other people or to create a model for a group of
collectors.

The authors of the works in this field consider broadening the notion
of digitizing folklore by preserving elements of the speaker’s voice tone
and using various multimedia means (including virtual or augmented
reality) [3]. According to [4], folkloric texts differ fundamentally from
philological ones. A key characteristic of folklore is its tendency to gen-
erate multiple versions. The authors emphasize that “the peculiarity of
folkloric texts is that versions are created not only during collection and
documentation (through transcription, editing, and publication), where
a change of environment takes place, but even the primary text itself
can only be transcribed in variants”. Therefore, the aspect of variability
must be taken into account when digitizing folkloric works. A decade
earlier [5], it was observed that traditional corpora lack emotional tone
or narrative trajectories, and digitizing these aspects would require ad-
vanced annotation elements that distinguish them from general-purpose
corpora.
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3 Workflow of the HeDy platform illustrated by
processing a fragment of folkloric text

The operating tool will be based on the HeDy platform [6]. The HeDy
platform is an open software tool designed for digitizing and translit-
erating printed documents or historical Romanian manuscripts written
in Cyrillic and transitional scripts, covering the 16th to 20th centuries.
HeDy covers the entire workflow, from image preprocessing and text
recognition (OCR) to proofreading and exporting to standardized for-
mats. Among the many applications of this platform, we would like to
mention the production of resources based on the processing of folkloric
texts.

To illustrate the capabilities of the HeDy platform, we will select a
small fragment from the well-known "Doina" (Figure 1), a representa-
tive of the folk lyric literature genre [7].

Jloiin, 10iiH), KbIHTER Jy.I4e,
Koing Te-ayn, ny M-am Maii nyve.
JloitHa, noiimd, Bepe Ky (ok!
Koinn pacyns, ey cray me qox.
bate BbIHT 1e npHMIBap).

Ey kbaT noiina me agapa,

Jle M3-HI'bIH KY du0pHIE

Illn npuBHreTopne,

Bune sipna BHckom0ac),

Ey kbinT foiiny’nxmc b kaca.

Figure 1. Fragment of the folk lyric “Doina”

The scanned image file is taken over by HeDy and preprocessed
to improve image quality. Typical operations include deskew, con-
trast /brightness adjustment, background noise removal, etc. We note
that the quality of this source image is not excellent, but there is hope
that the preprocessing stage will improve the situation. The next step
is optical character recognition.
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HeDy offers several recognition models, the number of which is con-
stantly growing. In our case, the model for the 20th century, based on
the Soviet Cyrillic alphabet, is suitable. The raw OCR output is pre-
sented in Fig. 2a. HeDy allows for error correction, providing virtual
keyboards tailored to the relevant historical periods. Once the errors are
corrected, the text is transliterated, producing the final version shown
in Figure 2b.

a b
JoimH3, AOWH3, KbIHTEK Aynde, Doina, doind, cantec dulce,
KblHA Te-aya, Hy M'afi»]|Maii ayue. Cand te-aud, nu m'as mai duce.
[oiH3, A0IH3, Bepc Ky ¢ok! Doina, doing, vers cu foc!
KbiHa pacyHF ey cTay ne nok. Cand rasuni eu stau pe loc.
bate BbIHT ge [fiprmMasapa. Bate vant de primavara.
Ey KbIHT goliHa ne adap3, Eu cant doina pe afarg,
e M3'HrbiH Ky dnopune De ma'ngan cu florile
LUw npuBuretopue, Si privighetorile,
BuHe ApHa BUcKonoacs, Vine iarna viscoloasa,
EY KbIHT JOIH3'HKIC bIH Kac3. Eu cant doina'nchis in casa.

Figure 2. Figure 2. a) Recognized text, with recognition errors marked
b) Final result — recognized and transliterated text

Thus, we can conclude that the HeDy platform provides us with
an excellent component for creating the FolkAl corpus, taking on the
functions of preprocessing, digitization, and transliteration, as well as
offering possibilities for postprocessing the document.

4 FolkAI Treebank

In this section, we describe the process of constructing the Folk Al Tree-
bank, a diachronic resource aligned with the principles of UD [g], while
also capturing the specific features of the Bessarabian dialect. The
creation of such a Treebank involves several steps, beginning with the
collection and digitization of primary texts, followed by data cleaning,
normalization, and metadata annotation. One important motivation
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for building this Treebank is the absence of any comparable resource
in the Bessarabian linguistic space, which makes our work pioneering
in this direction. Inspired by this gap, we began by digitizing two key
works of Moldovan folklore: "O creatie populari: proverbe si zicdtori
(A folk creation: proverbs and sayings)" by G. Botezatu et al. (1981,
309 pages) [9] and "Folclor din partile Codrului (Folklore from the Co-
dru region)" by G. Botezatu et al. (1973, 362 pages) [10]. Both books
were carefully digitized, validated through recognition processes, and
subsequently transliterated from Cyrillic to Latin script. More details
on the digitization process are described in Section 3. Once the textual
foundation was established, the next crucial stage was tokenization and
word segmentation, which determine the basic linguistic units on which
morphological and syntactic annotation will be built.

4.1 Tokenization and Word Segmentation in the FolkAI
Treebank

Tokenization in the FolkAI Treebank follows the general principles of
UD while also addressing the specific orthographic and morphological
characteristics of the Bessarabian (Moldovan) dialect. In general, words
are delimited by whitespace or punctuation, but typographical con-
ventions, dialectal usage, and the presence of hyphens or apostrophes
introduce additional complexity that requires careful documentation.
In line with UD guidelines, multi-word tokens are generally not
required, but specific exceptions are systematically enumerated. These
include:
— Intervals: numeric ranges are split into separate tokens.
Erample: 1721-1726 — 1721, —, 1726
(20/1X-1978) — (, 20, /,1X, -, 1978, )
— Abbreviations: treated as a single token.
Erample: CCCP — CCCP, AH — AH, 1®MP — /IOMP
— Inflection markers: split from the root.
Ezample: mom-ynyit — mou, -ynyii (“the old man’s”)
ypc-yayit — ypc, -yiayii (the bear’s)

325



Mircea Petic et al.

— Hyphenated words: generally split into components unless other-
wise specified.
Eramples: Xau-tarap — Xau, -, ToTAp
JIO¥KUKO-CEMUOTUK — JIOXKUKO, -, CEMUOTUK
®dpare-mey— Ppare, -,Mey

— Lexicalized compounds: words recorded in the DOOM dictionary
[11] are treated as single tokens:
Ezramples: npumM-MuHUCTpY,
and some folklore mwe-units Example: Ilenein-bimmoapar.

— Names of places: treated as single tokens.
Ezample: Bon6ouniti-Bekn (Bolbocii-Vechi).

— Ad-hoc compounds: treated as multi-word tokens.
Ezamples: eypo-acmatuk» (Euro-Asiatic), momamo-pyco-ykpau-
a3 (Moldavian Russian Ukrainian).

— Contractions and clitics: split into separate tokens, generally keep-
ing the hyphen with one of the components.
Short pronominal forms: Bpe-o — Bpe, -0, Ye-aii — Ye-, aii

— Hyphens usually indicate a missing sound, which stays with the
root word:
rypa-up — rypa, -up (“your mouth”)
a-mb — a, -1mb (“I would”)

— Apostrophes: treated similarly to hyphens in contraction contexts.
Ezxamples:
H‘am — H‘, am (“I would not”)
H‘ape — H‘, ape (“Don’t have”)

— Special prepositional cases: some prepositions carry a hyphen af-
ter them when combined with the following words.
Example: ne-a ny# — ne-, a, qyit (“of the” or “of a(n)”)

Proverbs and idiomatic expressions are tokenized as separate words
even when they contain hyphenated forms or apostrophes, such as my-
it (“isn’t”) or me-ap (“if... would”). By documenting these rules, the
FolkAI Treebank provides a reproducible tokenization framework suit-

able for morphological and syntactic annotation, ensuring that both
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standard Romanian forms and dialectal variations are correctly rep-
resented for computational processing. For the automation of the tok-
enization process, we employed the UDPipe tool (version 1.2.0) together
with the Romanian model romanian-rrt-ud-2.5-191206. For the Roma-
nian model to work, we transliterated our dataset from Cyrillic to Latin
Script. The model was tested on a sample page from the Proverbs col-
lection, as illustrated in Fig. 3. Afterwords, we transliterated it back
from Latin to Cyrillic Script.

PS D:\udpipe-1.2.0-bin\bin-win6> .\udpipe.exe romanian-rrt-ud-2.5-191206. udpipe

Loading UDPipe model: done.
# newdoc id = .\test ro.txt
# newpar
# sent_id = 1
# text = Cerul curat de tr—Tsnet nu se teme.
Cerul NOUN Ncmsry Case=Acc,Nom|Definite=Def|Gender=Masc|Number=Sing
ADJ Afpms-n Definite=Ind|Degree=Pos|Gender=Masc|Number=Sing 1
ADP ep|Case=Acc 4 case  _ _
tr-Tsnet ms-n Definite=Ind|Gender=Masc|Number=Sing 1
PART  Qz ity=Neg 7 advmod  _ -
PRON -w Case=Acc|Person=3|PronType=Prs|Reflex=Yes|Strength=Weak 7

VERB  Vmip3s Mood=Ind|Number=Sing|Person=3|Tense=Pres|VerbForm=Fin ©

1
1
5
6
=
p

teme
aceAfter=No
. PUNCT  PERIOD _ 7 punct  _ SpacesAfter=\s\s\s\r\n

# sent_id = 2

# text = Cerul, p-Tmfentul, focul Mli apa n-au judecat—T.
1 Cerul cer NOUN Nemsry Case=Acc,Nom|Definite=Def|Gender=Masc|Number=Sing nsubj
paceAfter=No

Figure 3. Sample tokenization output on a page from proverbs collec-
tion using UDPipe and Romanian UD model

4.2 Annotation Process

The second stage in the construction of the FolkAI Treebank is the
annotation process, which follows the CoNLL-U format. The
CoNLL-U format used in the annotation process is structured into ten
tab-separated columns, with each column capturing a distinct layer
of linguistic information. The ID column represents the word index,
starting from 1, while the FORM column contains the surface form of
the word or punctuation symbol. The LEMMA column provides the
canonical form or stem of the word, and UPOS specifies its univer-
sal part-of-speech tag. Language-specific information is recorded in the
XPOS column, or replaced with an underscore if unavailable. Mor-
phological details are included in the FEATS column, again replaced
with an underscore when no features are present. Syntactic structure
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is encoded through the HEAD column, which indicates the head of
the current word (either another word’s ID or zero if the word is the
root), and the DEPREL column, which defines the dependency rela-
tion to the head. Additional structural information may be provided
in the DEPS column in the form of enhanced dependency graphs, ex-
pressed as head-relation pairs. Finally, the MISC column stores any
supplementary annotation not covered in the previous categories. An
illustration of this annotation scheme is given in Fig. 4, which shows
the encoding for the sentence id 1:

"Yepya xkypam de mpacuem Hy ce meme", translated as "The
clear sky doesn’t fear the thunderbolt”.

#newdoc id = \test ro.txt
#newpar

#sent_id=1

#text = Uepyn kypaT fle TP3CHET Hy ce Teme

1 Yepyn Yep NOUN Nemsry Case=Acc,Nom| 7 nsubj _ _
2 kypar KypaT ADJ Afpms-n Definite=Ind|Dec 1 amod _ _

3 pe ne ADP Spsa AdpType=Prep|C 4 case _ _

4 Tpacer TpacHeT NOUN Nems-n Definite=Ind|Ger 1 nmod _ _

5 ny Hy PART Qz Polarity=Neg 7 advmod _

6 ce cuHe PRON PX3—a—— w  Case=Acc|Persc 7 explpv _ _

7 Teme Teme VERB Vmip3s Mood=Ind|Numb 0 root _ SpaceAfter=No
8 PUNCT PERIOD 7 punct _ SpaceAfter=No

Figure 4. Sample of annotation scheme based on CoNLL-U format

For morphological annotation, the FolkAl Treebank employs all
17 Universal POS categories[12], ensuring compatibility with the UD
framework. In addition, for syntactic relations, we adopt the full set of
37 Universal Dependencies relation types [13], as illustrated in Figure
on sentence id_4.:

"Iy muna aywewme, kwuind coapene o usdbewme’, which
means “Fven the mud shines when the sun strikes il”.

The annotation process is carried out using INCEpTION [14], a
text-annotation environment designed to support a wide range of lin-
guistic and machine learning tasks on written text. INCEpTION is
implemented as a web application that allows multiple users to collabo-
rate on the same annotation project while also supporting the manage-
ment of multiple projects simultaneously. One of its key features is an
integrated recommender system, which assists annotators in producing
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# text = IlIn THHA TydermTe, KX coapere o mbemTe.

root advel
advmod
nsubj
cc nsubj punct det punct
[ [
[ CCONJ H NOUN VERB ” PUNCT H ADV } NOUN ” PRON ] VERB PUNCT }
Wy muka nyqewme B KbIHO coapene o usbewme .

@Basic

Figure 5. Example of syntactic relation visualisation

annotations more efficiently and consistently. In addition to annota-
tion, INCEpTION enables the creation of corpora by searching exter-
nal document repositories and importing relevant texts. It also provides
access to knowledge bases, which can be leveraged for advanced tasks
such as entity linking. An example of the lemmatization process within
INCEpTION is illustrated in Fig. 5.

INCEpTION % Projects E= Dashboard

(& admin - Fotkar | (@ testext |

(=](ol[m|a][os]c](=][a]e] (=]

[E=5) [mel Y el Fewsl O

Yepyn kypaT ae TpscHeT Hy <ce Teme .

Mep O ewewd 0 @ed  [m@ b B EEal Givaekars) O
Yepyn , moMbiHTYN , doKyn wm ana H ° ay >kyAekaTs .
Al o] 5]

A ¢u dpymoc ka yH coape .

i sl oves [ (oeal  cospensl B sl [

Wy TuHa nydelwTe , KbiHA coapene o wusGewTe .
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Figure 6. Lemmatization of the first five sentences in the INCEpTION
annotation environment

In sum, the FolkAI Treebank integrates standardized UD principles
with dialect-specific rules of tokenization and annotation, while employ-
ing tools such as UDPipe and INCEpTION to ensure both automation
and manual refinement.
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5 Conclusion

The creation of the FolkAT Treebank is an important step in preserving
and valuing the cultural heritage of Bessarabian folklore. By combin-
ing digitization, transliteration, and detailed annotation that follows
Universal Dependencies standards, the project provides a clear method
and an innovative linguistic resource. The HeDy platform has been
crucial in dealing with the challenges of historical scripts and dialectal
variation, while also ensuring precision and reproducibility.

In terms of concrete progress, two books have been digitized, one
and a half books have been transliterated, and the book of proverbs has
been fully tokenized automatically and is currently under validation. At
the annotation level, 30 sentences have been marked. The ultimate goal
is to expand the corpus to a minimum of 100,000 tokens.

Beyond its academic value, the corpus offers new opportunities for
education, language learning, and cultural tourism, making folklore an
accessible and engaging digital resource. This approach helps to protect
intangible heritage and brings it into today’s digital culture.

Acknowledgments. Part of the research for this paper was sup-
ported by the project 25.80012.0807.50SE, “Digitization and creation of
the Folk AT corpus with texts of Bessarabian folklore from the 19th—20th
centuries”, as well as by the COST Action CA21167, “Universality, Di-
versity and Idiosyncrasy in Language Technology (UniDive)”.

References

[1] “Folklore. Academic discipline,” Britannica. [Online|. Available:

https://www.britannica.com/topic/folklore-academic-
discipline. Accessed August 24, 2025.

[2] B. O. Raghallaigh, A. Palandri, and C. M. Cérthaigh, “Handwrit-
ten Text Recognition (HTR) for Irish-Language Folklore,” in Pro-
ceedings of the 4th Celtic Language Technology Workshop within

330


https://www.britannica.com/topic/folklore-academic-discipline
https://www.britannica.com/topic/folklore-academic-discipline

Digitizing of Bessarabian Folklore: ...

[5]

[10]

[11]

LREC2022, (Marseille, France), European Language Resources
Association, 2022, pp. 121-126.

A. Koichumanova, “Folk Tales in the Digital Age: New Perspectives
on Storytelling and the Oral Tradition,” Master’s Degree in Com-
munication Strategies, Universita degli studi di Padova. School of
Human and Social Sciences and Cultural Heritage, 2024, 104 p.

M. Domokos, “Textual Concepts and Textological Practices in
Hungarian Folkloristics,” Acta Ethnographica Hungarica, vol. 67,
no. 2, pp. 437-465, 2023. DOI: 10.1556/022.2023.00010.

J. Abello, P. Broadwell, and T. R. Tangherlini, “Computational
Folkloristics,” Communications of the ACM, vol. 55, no. 7, pp.
60-70, 2012. DOI: https://doi.org/10.1145/2209249.2209267.

T. Bumbu, L. Burtseva, S. Cojocaru, A. Colesnicov, and L.
Malahov, Digitization of Romanian Historical Printings, Chisinau:
Vladimir Andrunachievici Institute of Mathematics and Computer
Science, 2023, 176 p. ISBN 978-9975-68-497-2.

E. Junghietu, Who said doinu-doina, (In Romanian: Cine-a zis
doinu-doina, in Cyrillic alphabet). Chigindu: Editura Literatura
Artistica, 1981, p. 27.

Universal ~ Dependencies.  [Online|].  Available: https:
//universaldependencies.org/. Accessed August 24, 2025.

G. Botezatu et al., Folk Creation. Proverbs and Sayings. (In Ro-
manian: Creatie populara. Proverbe si zicitori.) 1981, p. 309.

G. Botezatu et al., Folklore from the Codru Region. (In Romanian:
Folclor din partile Codrului.) 1973, p. 362.

Dictionarul ortografic, ortoepic si morfologic al limbii romane. [On-
line]. Available: https://doom.lingv.ro/. Accessed August 24,
2025.

331


https://doi.org/10.1145/2209249.2209267
https://universaldependencies.org/
https://universaldependencies.org/
https://doom.lingv.ro/

Mircea Petic et al.

[12] Universal POS tags. [Online]. Available: https://
universaldependencies.org/u/pos/index.html. Accessed
August 24, 2025.

|13] Universal Dependency Relations. |Online|. Available: https://
universaldependencies.org/u/dep/index.html. Accessed Au-
gust 24, 2025.

[14] A semantic annotation platform offering intelligent assistance and
knowledge management. [Online|. Available: https://inception-
project.github.io/l Accessed August 24, 2025.

Mircea Petic!, Olesea Caftanatov?, Svetlana Cojocaru®, Ludmila Malahov®, Atul
Kr. Ojha®

1234 «y_  Andrunachievici” Institute of Mathematics and Computer Science,
Chisinau, Republic of Moldova

'ORCID: https://orcid.org/0000-0001-6044-7646
E-mail: mircea.petic@math.md

20ORCID: https://orcid.org/0000-0003-1482-9701
E—mail: olesea.caftanatov@math.md

30ORCID: https://orcid.org/0009-0003-1025-5306
E-mail: svetlana.cojocaru@math.md

LORCID: https://orcid.org/0000-0001-9846-0299
E—mail: ludmila.malahov@math.md

SORCID: https://orcid.org/0000-0002-9800-9833

Insight SFI Research Centre for Data Analytics, Data Science Institute, Galway
University, Galway, Ireland.

E-mail: shashwatup9kQgmail.com

332


https://universaldependencies.org/u/pos/index.html
https://universaldependencies.org/u/pos/index.html
https://universaldependencies.org/u/dep/index.html
https://universaldependencies.org/u/dep/index.html
https://inception-project.github.io/
https://inception-project.github.io/

Proceedings of Workshop on Intelligent Information Systems
WIIS2025, October 16-18, 2025, Chisinau, Republic of Moldova

Maintaining the value of data/knowledge assets
in medical diagnostics: an exploratory study

Olga Popcova, Elena Gutuleac, Iulian Secrieru,
Carolina Tambala

Abstract

We conducted a survey to explore the experiences of medi-
cal professionals regarding maintaining the relevance over time
of data/knowledge assets — such as scoring systems, data and
knowledge warehouses, and Al models. It aimed to obtain in-
sights from medical practitioners in order to concretize the sub-
ject of the longevity of existing information tools in the domain
of medical diagnostics. This exploratory study provided us with
a clearer understanding of the use of information tools, includ-
ing the importance of a second opinion, trust in historical data,
regular updates of the data/knowledge assets, and the need for
additional explanations of the generated conclusions.

Keywords: information tools, scoring systems, life cycle,
longevity, decision making, medical diagnostics.

1 Introduction

Every information tool (knowledge-based system, decision support sys-
tem, scoring system, etc.) typically goes through several life cycle
stages [1] as follows: emergence, adoption, growth, maturity, decline,
replacement /renewal.

We try to track the evolving use of information tools over time,
identifying when older methods become less effective, when new tech-
nologies are applied, and how these changes impact efficiency and de-

©2025 by Olga Popcova, Elena Gutuleac, Iulian Secrieru, Carolina
Tambala
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cision quality. The domain of medical diagnostics was selected as the
primary area of study for the problem.

The use of information tools to support decision-making in medical
diagnostics has evolved from manually calculated scores to rule-based
expert systems, knowledge-based systems, integrated electronic health
records support, decision support systems, and predictive tools based
on AI; each phase being driven by technological progress, clinical needs,
and regulatory acceptance.

We seek to gain, through a survey, a better understanding of the
life cycle of information tools, specifically how their use, value, and
relevance evolve over time and in different contexts within the field of
medical diagnostics. It will allow us, in the first stage, to identify the
constraints and limitations of the information tools used in medical
diagnostics. In the second stage, we will be able to propose solutions
to minimize the negative effects of the most important ones, identified
in the first stage.

In this way, enhancing the longevity of existing information tools
used in medical diagnostics implies enhancing the longevity of the
utilised data/knowledge assets.

There exist different understandings [2] of “increasing the longevity
of a knowledge base” as follows:

e Prolonging the life cycle of the knowledge base by maintaining
it for a longer period without necessarily implying significant
changes or enhancements. It suggests extending its longevity by
keeping it relevant over time.

e Extending the life cycle of the knowledge base by increasing the
period during which it remains useful and relevant. It entails a
more proactive approach, potentially incorporating updates and
expansions to keep its ongoing value.

e Sustaining the knowledge base. It is a broader approach aimed at
maintaining the relevance and usefulness of the knowledge base
without necessarily focusing on time or extending its life cycle.
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In our understanding, enhancing the longevity of the knowledge
base means focusing on improving its long-term usefulness, potentially
through updates, optimizations, or reorganization.

This understanding is based on the authors’ long-term experiences
in developing medical decision support tools, studying the current state
of the art of medical diagnostics as the selected domain, and review-
ing our existing data/knowledge assets with an emphasis on longevity
perspectives [3].

2 The evolution of formalization of decision-
making in medical diagnostics

In the medical diagnostics domain, there is no single approach sufficient
to structure and formalize the decision-making process. All approaches
aim to reduce subjectivity, ensure consistency, and improve patient
treatment procedures; however, each has its own specific advantages
and limitations. The widespread use of knowledge-based, data-driven,
and mixed approaches is determined by how they support decisions
under uncertainty and complexity.

The evolution of formalizing decision-making in medical diagnos-
tics progressed from scoring tools to rule-based approaches, statisti-
cal methods and probabilistic methods, knowledge-based approaches,
data-driven and machine learning approaches, and presently — hybrid
and patient-centered ones. Each of these approaches balances the inte-
gration of evidence, interpretability, and adaptability in different ways.

The longevity and life cycle of information tools depend significantly
on the approach used in their development. They are particularly de-
pendent on the limitations inherent in the chosen approach, since the
negative impacts of any limitations usually increase over time.

Therefore, it is crucial to consider these factors from the very be-
ginning of the design of information systems, namely, to recognize all
(or at least the main) limitations.

Let’s outline the main advantages and limitations of the basic ap-
proaches [4]-[7] used to formalize decision-making (see Table [1]).
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Table 1. Basic approaches used to formalize decision-making

Approaches

General advantages and limitations

Rule- and knowledge-
based approaches

+ Transparent and interpretable, widely
adopted.

— Knowledge bases are hard to maintain
and may lag behind new evidence.

Scoring  systems and

threshold models

+ Easy to apply, evidence-based, widely
adopted.

— Oversimplifies complex, multifactorial
cases.

Data-driven and machine
learning approaches

+ High accuracy with large datasets, can
detect complex patterns, widely adopted.
— Require interpretability methods.

Knowledge and data fu-
sion

+ Balances interpretability and adaptabil-
ity, widely adopted. Combine guidelines
(knowledge-driven) with machine learning
(data-driven).

— Can create reduced sensitivity to alerts
because of overexposure and over-trusting
the tool at the expense of human expertise.

Statistical and proba-
bilistic models

+ Quantitative and adaptable to uncer-
tainty.
— Requires quality data and statistical lit-
eracy.

Intuitive /heuristic
decision-making

+ Very fast, efficient in familiar scenarios,
leverages tacit knowledge from experience.
— Prone to cognitive biases, can miss atyp-
ical cases.
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The knowledge-based approach relies on expertise, rules, heuristics,
and past experiences stored in knowledge bases. It provides explain-
able decisions, which helps ensure consistency and standardization in
repetitive decisions. This approach is crucial where expert reasoning
and explainability are essential.

The data-driven approach focuses on identifying patterns, correla-
tions, and trends. It enables real-time, adaptive decision-making using
big data (often through statistical analysis or machine learning tech-
niques), and can uncover hidden patterns that may not be apparent to
human intuition. The data-driven approach is effective when real-time
data or extensive datasets are available.

A mixed (knowledge-based and data-driven) approach is emerging
as the gold standard for high-stakes decisions requiring both adaptabil-
ity and transparency. Rapidly growing, it addresses the need for both
performance and explainability.

Scoring systems provide a structured method for assigning numeri-
cal values to various criteria/parameters, allowing for an objective eval-
uation and comparison of different options. Traditional scoring systems
play a significant role as decision-making tools, facilitating more data-
and evidence-based decisions. Scoring systems play an important role,
particularly in diagnostics, prognosis, and triage.

Scoring systems are essential in each of the highlighted approaches.
However, there are some peculiarities regarding the explicit and implicit
use of scores:

e In rule- and knowledge-based approaches, scores serve as a bridge
between heuristics and formalization;

e In scoring systems and threshold models, scores help define cut-
off thresholds;

e In data-driven and machine learning approaches, scores gener-
ated by machine learning may lack interpretability, unlike classic
(traditional) scores;
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e In knowledge and data fusion, implicit scores become automated
and sometimes invisible to the clinician;

e In statistical and probabilistic models, scoring provides a user-
friendly surrogate for complex regression equations;

e In intuitive/heuristic decision-making, scores act as a bias-
corrector without replacing intuition.

We can conclude that scoring systems are deeply embedded in al-
most every formal approach to medical decision-making. They may
be used explicitly, such as in risk calculators and cut-off values, or
implicitly, as seen in the embedded weights within models or Al.

3 The revision of our existing data/knowledge
assets

Subsequently, we decided to analyze how the use of our existing medi-
cal diagnostics information tools, as well as their value and relevance,
has evolved over time and across different contexts. In our long-term
experience of developing systems based on professional knowledge in
the domain of medical diagnostics, we utilized scoring systems in ex-
plicit and implicit modes, embedded in knowledge-based, data-driven,
and mixed approaches.
Four assets were analyzed:

1. Expert knowledge bases in the field of ultrasound diagnostics of
the hepato-pancreato-biliary area (129 nodes for liver, 149 — for
pancreas, 115 — for kidney, 114 — for spleen) [9];

2. The core of knowledge bases restricted by some principles: limited
by the examination time, examined area, purpose and conditions
of investigation, etc. (30 nodes for hemorrhagic shock, 63 — for
the Extended Focused Assessment with Sonography for Trauma)

[91;
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3. Scoring systems developed for the differentiated diagnosis of liver
cirrhosis [10];

4. KB for supporting triage based on vital signs for patients in mul-
tiple casualty disasters (7 vital signs as basic characteristics, 4
triage categories) [11].

The revision of our data/knowledge assets confirms: i) knowledge
bases are hard to maintain and may lag behind new evidence; ii) scor-
ing systems can oversimplify complex, multifactorial cases, particularly
when used implicitly; however, when used explicitly, they necessitate
interpretability methods to ensure understanding.

Besides, two major problems were highlighted [3]:

1. The trust in historical data obviously decreases over time and the
lack of a clear, transparent procedure for its regular validation.

2. Sometimes thresholds (cut-off points) can be perceived by a prac-
titioner as not grounded enough, especially when small differences
in scores can lead to very different conclusions.

It is essential to validate our assumptions with the end-users of
the data/knowledge assets in medical diagnostics. To achieve this, we
conducted a survey to investigate the experiences of medical profes-
sionals regarding maintaining the relevance of data/knowledge assets
over time.

4 Survey results

The 12-question survey covered various aspects, such as: use of in-
formation tools in medical practice (3 questions), their relevance over
time (2 questions), validation and update procedures (2 questions), in-
terpretation and explanation issues (3 questions), and cut-off points in
scoring systems (2 questions).
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The survey was distributed as a hard-printed copy to experienced
medical practitioners and resident doctors from public and private med-
ical centers. We received completed responses from 8 respondents spe-
cialised in medical imagistics.

Based on the provided answers, we can identify the following main
findings:

All respondents agreed on the importance of having a second
opinion in their medical decision-making practice, 87.5% indicat-
ing it as "important” and 12.5% as ”very important”.

All respondents reported using knowledge bases in their medical
practice. Additionally, 62.5% also use scoring systems, and 50%
utilize decision support systems.

The vast majority (87.5%) noted more frequent use of the men-
tioned tools in the last 3-5 years, answering "yes” to the corre-
sponding question.

37.5% of respondents consider that trust in historical data (used
in the data/knowledge assets such as decision support systems,
knowledge bases, and scoring systems) decreases over time, while
62.5% answered "no” on the corresponding question.

All respondents agreed on the importance of keeping these
data/knowledge assets relevant over time, with 75% indicating
it as ”important” and 25% as ”very important”.

All respondents believe that a transparent validation procedure
is necessary in medical practice to address the lack of clarity in
the creation of data/knowledge assets.

Most (62.5%) respondents support updates of the data/knowledge
assets "on the appearance of important studies/findings related
to your subspecialty”, while the rest (37.5%) consider that it
should be done ”periodically in 5/10/15 years”. No one selected
”on demand (only at the personal request of the medical practi-
tioner)”.
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e Dealing with both quantitative and qualitative values, all respon-
dents think that a duplication (with providing an interpretation,
explanation, or evidence base) of qualitative values by quantita-
tive ones would be beneficial.

e All respondents indicated that they seek additional information
to fully understand the parameters/values of a scoring system.

e The vast majority (87.5%) emphasized the need for an addi-
tional grounding/explanation in scoring systems, especially in
cases when there are small differences between cut-off points.

e Most (62.5%) of respondents reported encountering cases in their
medical practice where small differences between cut-off points
implied different conclusions, answering ”yes” to the correspond-
ing question.

Our exploratory study has certain limitations, as the sample size
was small. However, it provides valuable insights for future research
and can serve as a basis for further surveys on a larger scale, possibly
focusing on different medical subdomains and specific problems.

5 Conclusions

Our findings emphasize the importance of information tools in the do-
main of medical diagnostics as a support in decision-making processes
as a “second opinion”.

We identified and highlighted that ”trust in historical data de-
creases over time” during the revision of our existing data and knowl-
edge assets. This is a significant problem that affects the longevity of
information tools and was confirmed by over a third of the respondents,
making it particularly important in the medical field. Therefore, it is
recommended to seek and propose solutions to address this concern,
especially considering that all the respondents believe it is important
(and very important) to keep data/knowledge assets relevant over time.
They also agree that a transparent validation process is necessary.
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Our survey revealed that the vast majority of respondents empha-
sized the need for an additional grounding/explanation in scoring sys-
tems, especially in cases when there are small differences between cut-
off points. This finding aligns fully with our expectations.
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Concept of a scoring system as a solution for
minimization of possible conflicts in university
course timetabling

Andrei Rusu, Elena Rusu, Iulian Secrieru,
Olga Popcova, Elena Gutuleac

Abstract

A concept of a scoring system for university timetables is
proposed in order to facilitate establishing a university timetable
that respects its hard and soft restrictions. The idea is to ease
the creation of the initial timetable that is closer to the optimal
one. The concept can be used further to automate parts of a
computer-aided design system for university timetables.

Keywords: scoring system, CAD system, university timetable,
mathematical models.

1 Introduction

The process of creating a timetable for university courses is a complex
and demanding task. In many faculties in Moldova, this activity is
still carried out in a traditional way, using paper sheets to track sched-
ules for student groups, professors, and classrooms. Any single change
made to the timetable of a student group, a professor, or a classroom
requires corresponding updates in all related timetables, which makes
the process highly error-prone and time-consuming.

Although there are many software systems available on the market
designed to automate the scheduling process and generate high-quality
timetables more efficiently, these tools are often not used in practice.

©2025 by Andrei Rusu, Elena Rusu, Iulian Secrieru, 0lga Popcova, Elena
Gutuleac
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The main reasons include their complexity, high cost, lack of compli-
ance with the specific requirements of the faculty, or simply that the
generated results do not meet expectations.

Comprehensive surveys on university timetable systems can be
found in [11, 2, 3.

An alternative approach was proposed in [4], where a relatively
simple computer-aided design (CAD) system was introduced. This
solution relied on widely familiar tools, such as Microsoft Excel and
Google Spreadsheets, enhanced with their built-in scripting capabilities
(VBA for Excel and JavaScript for Google Docs). The advantage of
this approach is that it builds on widely known software, thus lowering
the learning curve and reducing resistance to adoption.

One of the main challenges in constructing an initial timetable is
establishing appropriate priorities when assigning time slots — for ex-
ample, for administrative staff, visiting professors, or other specific cat-
egories — while simultaneously respecting the hard constraints of the
schedule (e.g., room availability, course overlaps, or legal workload lim-
its). A common practice is to allocate priority to these special cases first
and then refine the timetable in collaboration with all involved stake-
holders (professors, students, and administrative staff). The closer the
initial timetable is to an optimal solution, the less effort is required for
subsequent adjustments.

In this paper, we propose the concept of a scoring system as a means
of facilitating the generation of the initial timetable. The scoring sys-
tem assigns numerical values to timetable configurations by aggregating
contributions from both hard and soft constraints. Hard constraints
(such as non-overlapping sessions or room capacity) are strictly en-
forced and penalized heavily in the score, while soft constraints (such
as preferences of professors or distribution of classes across the week)
are assigned moderate weights. In this way, the scoring function not
only quantifies the quality of a timetable but also provides a struc-
tured mechanism for guiding the search process toward feasible and
near-optimal solutions.

Such an approach naturally enables the integration of optimiza-
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tion techniques, such as heuristic search, metaheuristics, or reinforce-
ment learning methods, where the scoring function serves as the re-
ward signal. It creates the basis for developing adaptive and intelligent
scheduling systems capable of improving over time as new constraints
or preferences are introduced.

2 Problem formulation

2.1 Informal Problem Formulation

The timetabling problem is generally defined as the optimal allocation
of resources subject to a set of constraints, and it admits several varia-
tions depending on the application domain. In this paper, we consider a
standard case representative for many faculties in Moldova and Roma-
nia. For simplicity, we assume that all course activities are organized
in the same manner within a weekly schedule.

Let us denote the main entities involved:

A set of rooms

S = {511527" . 7SN5}7

where each room is characterized by specific properties such as
seating capacity, availability of a projector, number of computers,
and other facilities.

A set of study groups of students

G ={G1,Ga,...,Gny}-

A set of professors

P={P,P,... Py}

A set of week-days
Z = {Mo, Tu, We, Th, Fr, Sa, Su},
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and a set of standard teaching intervals
T ={8-10, 10—12, 12—14, 14—16, 16—18, 18—20}.

A timeslot is defined as the pair consisting of a given day and a
given time interval.

e A set of courses
D= {D17D27’ . 'JDND}7

each course being associated with one or more activity types:
Course, Seminar, Laboratory. These activities are allocated to
specific student groups.

Each professor is assigned to teach a subset of these activities to
certain student groups. Every such tuple

(P, Gj,Dy)

is called a timetable event (or teaching activity).

The problem is to allocate to each timetable event a day, a time in-
terval, and a room, in such a way that the following hard constraints
are satisfied:

1. Each professor can participate in at most one event in a given
timeslot.

2. Each student group can participate in at most one event in a
given timeslot.

3. At most one event can take place in the same room during a given
timeslot.

In addition to hard constraints, there exist soft constraints, which
reflect the preferences of students, professors, or the administration.
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While some soft constraints represent desirable conditions (e.g., avoid-
ing late evening classes), others may effectively behave as hard con-
straints (e.g., specific availability restrictions of professors or adminis-
trative requirements, deviations from professor preferences).

The objective is therefore to construct a timetable that satisfies all
hard constraints and maximizes the satisfaction of soft constraints.

2.2 Compact Mathematical Formulation

Sets.

e £ = {1,...,Ng}: set of teaching events (each event = one
course—group—type taught by a professor).

e R={1,...,Np}: set of rooms.

e H={1,...,Ng}: set of timeslots (day x interval).
Parameters.

e a.p € {0,1}: event e is taught by professor p.

e by € {0,1}: event e involves student group g.

e s., € {0,1}: room r is suitable for event e (equipment/type).

e cap, € N: capacity of room r.

e size. € N: required seats for event e (e.g., group size).

° .Af; n € {0,1}: professor p is available at timeslot h.

. Afh € {0,1}: room r is available at timeslot h.
o Agh € {0,1}: group g is available at timeslot h.

Decision variables: z.,; € {0,1}, where z.,, = 1, if event e is
assigned to room r at timeslot h.

Hard constraints.
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each event exactly once

Z er,r,h =1, VeeFE

reRheH

no professor overlap

Z Z Qe,p Ter h < 1, Vp, Vhe H
ecErcR

no group overlap

SN begmesn <1, Vg, VheH
ecEreR

at most one event per room/timeslot

» @epn <1, VreR VheH
eclk

room suitability
Lerh < Se,rs Ve, r, h

capacity constraint
sizec < cap, + M(1 —zc,p), Ve,rh
room availability

R
xe,r,h S Aﬁh) Ve, r, h

(7)

Soft constraints and scoring. We define a weighted penalty

function:

M
min f(z) = Z Wiy, P (),
m=1
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where each term ®,,(x) measures the violation of a soft constraint, and
wpy, > 0 is its associated weight.
Typical examples include:
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e O, (x): penalizes late evening classes (e.g., 18-20).
o dyups(2): penalizes gaps in the schedule for professors or groups.
o & efp(2): penalizes deviations from professor preferences.

e Dpajance(): penalizes unbalanced distributions of classes across
days.

e O 0ves(): penalizes consecutive changes of building/room.

For example, the penalty for late classes can be defined as:

Qlate(x) = Z Z Z Le,r h-

e€EE r€R h€H a0

The overall objective is therefore to find a feasible assignment z
that satisfies all hard constraints (1)—(7) and minimizes f(z).

3 Proposed solution

The concept of the scoring system proposed below is intended to facil-
itate the creation of an initial university timetable that is sufficiently
close to an optimal solution. The underlying idea is inspired by well-
known methods used in operations research for generating initial feasi-
ble solutions in transportation problems, such as the north-west corner
method and the minimum-cost method, where homogeneous goods are
distributed from a fixed number of suppliers to a fixed number of cus-
tomers (see, for example, [0]).

We use the scoring function to construct an initial timetable that
satisfies all hard constraints and accommodates as many soft con-
straints as possible. The process is incremental:

1. Initialization. The timetable is empty. At each step we select
one teaching event and one feasible assignment (room, timeslot).

2. Score-guided move. For every feasible candidate move, we
evaluate its marginal score and choose the best one.
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3. Iterate. We commit the best move, update the partial timetable
and repeat until all events are placed.

State, actions, feasibility. Let x denote the current (partial) as-
signment and F.;, — the set of unassigned events. For an unassigned
event e € Frem, a candidate action is a triplet (e,r, h). Feasibility is
enforced by the hard constraints:

F = {(e,m,h) | mno professor/group/room conflicts at h,

room suitable and available}.

We only consider (e,r,h) € F.

Marginal (incremental) scoring. Let f(z) = Z%zl Wy, P () be
the weighted penalty over soft constraints. For a feasible candidate
(e,r, h), define the marginal cost

Af((e,r,h)\x) = f(mU{(e,'r,h)}) — f(x).

We select the move minimizing Af (ties broken by deterministic or
randomized rules).

Local, decomposed updates. To keep the procedure fast, each soft
term ®,,, should be locally updatable:

P (zU{(e,7,h)}) = p(z) + ADETM (),

where A(I%(ﬁ’r’h) depends only on entities affected by (e,r, h) (e.g., the

same professor/group/day, adjacent timeslots for gap penalties, etc.).

Pseudocode (generic).
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Algorithm 1: Greedy constructive scheduling guided by
marginal score

Input : Events E, rooms R, timeslots H; weights w,,;

scoring terms ®,,,; feasibility filters.

Output: Feasible timetable x.

24 0; Epem < E.

while E,.,, # () do
choose next event e € Eyop (e.g., by a priority heuristic);
C+ {(e,r,h) € Rx H | (e,r,h) € F(x)};

if C =0 then
repair or backtrack (or relax minor soft terms);
continue
end
compute Af((e,r, h) | z) for all (e,r, h) € C using local
updates;

pick (e*,r*, h*) = argmin, pyec Af((e,7,h) | 7);

x <+ xU{(e*,r*, h")};

update local caches for ®,,, around entities affected by
(6*7 ,r,*’ h*)’

Erem < Erem \ {6*}.

end

Event ordering (prioritization). To reduce conflicts early, we pri-
oritize events by a static or dynamic key, e.g.:

key(e) = (fewest feasible slots) @ (largest group) @ (strict availabilities),

or any lexicographic combination thereof.

Tie-breaking and diversification. When multiple candidates share
the same Af, we can use (i) deterministic tie-breakers (e.g., prefer
earlier hours, fewer room moves), or (ii) randomized selection (e.g., &-
greedy) to escape myopic choices. A light beam search can keep the K
best partial states to increase robustness.
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Correctness and objective. Hard constraints are maintained by
construction (candidate set C). The process terminates when all events
are assigned. The resulting timetable x is a feasible solution min-
imizing accumulated marginal penalties in a greedy sense; it forms
a strong seed for later local improvements (e.g., swap/2-opt) or for
RL/Metaheuristics, where —Af serves as a stepwise reward.

Notes on implementation.

e Pre-filter infeasible (e,r) by suitability /capacity; pre-filter (r, h)
by availability.

e Maintain fast indices by professor, group, room, day, and timeslot
to compute Ad,,.

e Typical soft terms with local updates: late-slot penalty, gaps for
a professor/group (depend on neighbors of h), day balance, room-
change penalty along a day, preference (professor/day/time)
penalties.

4 Conclusion

This paper introduced a scoring-based approach for creating univer-
sity timetables. The method facilitates the creation of an initial feasi-
ble schedule that satisfies all hard constraints while incorporating soft
constraints as much as possible, thus minimizing later adjustments. In-
spired by classical operations research heuristics, the scoring function
guides the incremental process toward solutions close to optimal.

The concept supports both automatic and semi-manual design, of-
fering flexibility for diverse institutional contexts. Future work includes
integrating Al tools to capture and formalize soft constraints from nat-
ural language input, as well as exploring reinforcement learning and
metaheuristic methods where the scoring function serves as a reward
signal. Another promising research direction is the use of non-classical
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logics (e.g., diagonalizable, paraconsistent, and modal logics) to en-
hance the representation of constraints and decision rules, building on
results such as those in [6], [7], and [8]. Overall, the approach pro-
vides a solid basis for developing adaptive and user-friendly timetable
systems.

Acknowledgments. The National Agency for Research and De-
velopment (Moldova) has supported part of the research for this paper
through the research project 011301 ”Information Systems based on
Artificial Intelligence”.
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Cultivating Awareness: Using Augmented
Reality to Combat Plant Blindness in Home
Environments

Inga Titchiev, Olesea Caftanatov,
Dan Dancuta, Arcadie Fron, Dimitrii Bumbac

Abstract

Plant care can be a frustrating experience for many, espe-
cially when lacking basic knowledge about the plant’s identity
and needs. This challenge, often caused by “plant blindness”,
a tendency to overlook or misidentify plant species, affects both
novice and seasoned plant enthusiasts. Traditional identification
methods, such as books or static images, offer limited engagement
and utility. To address this, we propose an innovative mobile aug-
mented reality (AR) application designed to identify home and
decorative plants in real time and provide personalized, compre-
hensive care guidance.

Keywords: augmented reality, plant blindness, 3D model-
ing, plant care, ecological literacy

1 Introduction

What if the houseplant beside your window was silently signaling dis-
tress — and you didn’t even know its name? Each day, countless house-
plants suffer not from overt neglect, but from a more insidious phe-
nomenon known as plant blindness — the cognitive bias that causes
individuals to overlook, undervalue, or misidentify the plants in their
immediate environment [I]. This perceptual gap results in diminished

©2025 by Inga Titchiev, Olesea Caftanatov, Dan Dancuta, Arcadie Fron,
Dimitrii Bumbac
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awareness of plant care needs, ecological functions, and the intrinsic
value of botanical life. Rooted in educational, cultural, and psycholog-
ical factors, plant blindness undermines both environmental literacy
and sustainable behaviors within domestic spaces.

Scholars [6] have emphasized that this issue extends beyond indi-
vidual perception, pointing to systemic shortcomings in education and
science communication. Plants are often relegated to the background
in biology curricula, with animals occupying the central focus. As a
result, students at all levels — from early childhood to university — de-
velop weaker associations with plants, contributing to disinterest and
poor recall. To address this imbalance, researchers argue that plants
must be given a more central role in biological education, while plant
scientists themselves should actively engage the public by showcasing
the fascinating features of plant life and its vital role in human affairs.

Therefore, here is where our team wants to contribute to filling
this gap. Given the increasing integration of technology into daily life,
this research argues that Augmented Reality (AR) offers a promising
solution for cultivating awareness. By making plant features, identities,
and needs visible through interactive, real-time digital overlays, AR has
the potential to counteract plant blindness, fostering a more informed
and empathetic relationship between humans and their home-based
flora.

Section 2 discusses briefly the state-of-the-art research on the im-
pact of plant blindness, outlining how it affects human perception and
interaction with plants. Moreover, we will discuss some traditional ap-
proaches that have been proposed to address this issue, and conclude
with modern technology used for cultivating greater awareness of this
phenomenon.

To fully realize this potential, however, accurate and visually com-
pelling representations of plants are essential; thus, exploring the de-
velopment of three-dimensional (3D) models is being conducted (see
Section 3). As a result, fifteen common houseplants were modelled us-
ing professional software tools, such as Blender, Maya, ZBrush, and
Substance Painter. The main purpose of these models is the optimiza-
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tion for AR environments and educational platforms, which motivates
learners to explore botanical structures and care requirements with
scientific accuracy and visual realism.

Beyond recognition and interaction, plant education must also ad-
dress a critical challenge: health and disease management; thus, Section
5 we dedicated to this subject.

2 Plant Blindness: Concept and Traditional
Approaches

The term plant blindness was first introduced in 1999 by Wandersee
and Schussler [2] to describe the widespread human tendency to ignore,
overlook, or undervalue plants in everyday life. At its core, this concept
captures more than simple inattentiveness: it encompasses the inability
to notice plants in one’s surroundings, the failure to recognize their
fundamental roles within ecosystems, and an ingrained anthropocentric
bias that places greater importance on animals and humans than on
botanical life. In this sense, plant blindness is not merely a perceptual
oversight but a deeply rooted cognitive and cultural phenomenon that
shapes how societies conceptualize and interact with the natural world.

People who are “plant blind” fail to attend to plants as individ-
ual biological units, but rather group them together into a large green
backdrop. One explanation for this phenomenon is that humans pay
the most attention to items that are within 15 degrees above or below
the midline of their vision [7], leaving out objects low to the ground
(grasses and herbs) or high above our heads (trees). Another explana-
tion is that our brain searches for visual cues to distinguish individual
objects, and a mass of green plants is not as distinct as the shape of
a moving animal [8]. This evidence collectively points to how impor-
tant attention is to the idea of “plant blindness”, but this differential
attention has cascading impacts on attitude, knowledge, and relative
interest in plants versus animals.

For many people, plants are simply less engaging than animals.
Students often show a preference for studying animals over plants and
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tend to recall plant-related information less accurately, while plants are
frequently underrepresented in educational materials. This aspect was
explored by Balas et. al., [3]; they employed an established paradigm
in visual cognition, the “attentional blink,” to examine how images of
plants and animals compete for attentional resources. The results indi-
cate that participants detect animals more reliably than plants in rapid
sequences of images, and that the refractory period of visual attention
differs when a plant is detected. These findings suggest that the hu-
man visual system processes plants differently from animals, providing
a perceptual basis for the plant blindness phenomenon.

Despite the crucial roles plants play in sustaining ecosystems and
human life, it is considered a significant challenge in biological educa-
tion. Aragén et al. advocate for the use of gardens as teaching-learning
contexts in Early Childhood Education (ECE) to promote an approach
to the plant world. His [4] study examines preschool children’s mental
representations of a garden before and after an educational project. It
analyzes pre- and post-project drawings from 39 four-year-olds and 43
five-year-olds using two methods: (i) a quantitative approach, counting
the presence of curriculum-related elements (sun, water, earth, animals,
plants, trees), and (ii) a qualitative approach, assessing the richness and
specificity of these elements. Findings highlight children’s interest in
and emotional connection to gardens, as well as their science learning.
The study emphasizes that focusing on specific curricular scientific con-
tent in early education can shape children’s mental models and support
later scientific understanding.

Traditional strategies to address plant blindness — such as curricu-
lum changes and teacher-led activities — remain important, but the
computing era has introduced powerful new tools. One example is
iNaturalist [9], a community science platform where users record and
identify species. Within it, Projects allow observations to be grouped
around specific themes and include features like dedicated pages and
journals for member communication. While projects can be useful,
the most meaningful contribution comes from making and identifying
observations.
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Another study, [5], introduces AImPLANT, a prototype artificial
intelligence-based mobile application, tested for the first time with
prospective science teachers during outdoor activities. The app sup-
ports botanical education by offering plant identification, an Al-based
chatbot, and virtual herbarium modules, thereby linking experiential
learning with cutting-edge technology. Findings showed that Alm-
PLANT significantly enhanced participants’ academic knowledge of
plants and successfully mitigated plant blindness, as evidenced by
the Plant Awareness Test, which revealed a shift toward prioritizing
plants over animals in spontaneous organism listings. However, as a
prototype, the application also displayed limitations, including errors
in plant recognition, slow image upload times, and occasional screen
freezes, highlighting the need for further development to ensure stabil-
ity, accuracy, and a smoother user experience.

3 3D Plant Modeling

Three-dimensional (3D) models of plants are essential tools for realis-
tic visualization, interactive learning, and virtual exploration of plant
structures. They support a variety of applications, including botanical
education, disease detection, agricultural planning, and gamified expe-
riences in AR and VR environments. By providing detailed anatomical
representations, 3D models allow users to examine plant morphology,
simulate growth and disease progression, and integrate Al-based tools
for informed plant care and analysis.

In our project, we have created fifteen common houseplant mod-
els using professional software such as Blender, Maya, ZBrush, and
Substance Painter, see Figure 1. These models are optimized for aug-
mented reality environments, combining scientific accuracy with visual
realism. Each model includes a dedicated interface with key botanical
information — species and family, origin, flowering period, morphologi-
cal traits, medicinal properties, and cultivation guidelines — along with
modules addressing common plant diseases. This integration of visual
and textual information allows users to interactively explore and learn
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about plants in a way that is both immersive and educational.

The modeling framework also enables dynamic simulations, includ-
ing plant growth and life-cycle visualization. When combined with AR
and Al technologies, these models can provide interactive guidance for
plant care, monitor environmental conditions, and support gamified
educational experiences. By bridging scientific data with interactive
digital experiences, our 3D models contribute to increasing botanical
literacy, fostering engagement with plant life, and supporting a new
generation of plant-focused learning tools.

Figure 1. Results of 3D modeling of houseplants

Figure 1 illustrates some examples of 3D plant models used for
visualization and interactive applications. The collection includes eight
species from 15, with diverse morphological features: (1) Acacia — a
woody species often studied for its branching patterns; (2) Strelitzia —
known as the “bird of paradise” flower, with striking inflorescences; (3)
Spathiphyllum — a popular indoor ornamental plant with white spathes;
(4) Miltoniopsis — an orchid species characterized by its delicate flowers;
(5) Aloe vera — a succulent valued for its medicinal properties and
fleshy leaves; (6) Hippeastrum — a bulbous plant producing large, showy
flowers; (7) Crassula — a succulent with compact growth and thick
leaves; and (8) Ardisia — an evergreen plant recognizable by its red
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berries. Together, these 3D models illustrate the diversity of plant
forms and their potential for use in education, AR/VR environments,
and Al-based applications.

4 Encyclopedia of Plant Life

The encyclopedia is an ongoing initiative designed to provide an in-
teractive and scientifically accurate environment for exploring plant
anatomy, identifying species, simulating life cycles, and learning care
practices. The possibility to integrate detailed botanical information
with immersive 3D visualizations will allow the users to examine plants
from multiple perspectives and engage with their growth and develop-
ment over time.

We have developed a marker-based mobile augmented reality (AR)
application that detects and tracks predefined images, called markers,
using the camera of a smartphone or tablet. These markers act as trig-
gers: when the camera recognizes one of them in the real environment,
our AR system overlays virtual content — such as 3D plant models, care
instructions, or animations — on top of the live camera feed, making it
appear as though the digital object exists in the physical world.

By carefully selecting and optimizing our markers, we ensure ac-
curate recognition and smooth interaction with virtual plant content.
The rating of the trigger images directly affects the accuracy, speed,
and stability of the AR experience. Therefore, in our application, we
have developed images (see Fig. [2) with the highest possible rating in
order to provide a fluid and reliable augmented reality interaction for
plant identification and education.

At the moment, each plant entry includes comprehensive data such
as taxonomy, origin, flowering period, morphological characteristics,
and practical care recommendations, see Figure 3. For example, the
Aloe genus is represented as follows:

e Genus: Aloe
e Family: Liliaceae
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Figure 2. Markers used for triggering augmented plants interaction

e Homeland: South Africa
e Flowering: Irregular

Short Description: Among indoor floriculture, the tree aloe (Aloe
arborescens) is particularly popular. This succulent has a woody stem
with lateral shoots and narrow fleshy leaves edged with small thorns. Its
juice is valued for its medicinal properties. Another common species is
the variegated aloe (Aloe variegata), which grows in a basal rosette of
lanceolate fleshy leaves decorated with white dots. Both species thrive
i dry environments, with an optimal winter temperature around 10 °

C.

By combining scientific accuracy, visual realism, and interactive el-
ements, the Encyclopedia seeks to foster botanical literacy and deepen
engagement with plant life across educational and recreational con-
texts.
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Figure 3. Some examples of plants classification.

5 Plant Diseases

Houseplants, much like outdoor vegetation, are vulnerable to fungal
infections, root rot, nutrient deficiencies, and insect infestations. By
embedding diagnostic cues and prevention strategies into AR visual-
izations, learners can be trained to recognize early symptoms before
irreversible harm occurs. This integration of plant identification, 3D
visualization, and health awareness offers a holistic pathway to improve
both plant care at home and ecological literacy.

For example, Aloe vera is a common home plant, but, like all plants,
it can suffer from diseases, especially when grown indoors under subop-
timal conditions. Here are some common diseases and problems related
to aloe vera that you might encounter: leaf spot, root rot, powdery
mildew, etc. (see Fig. [4).

Figure 4. Some of diseases for Aloe Vera
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Alocasia
Boli

Figure 5. Screenshots with Alocasia and Adenium disease information

6 Future Work

Building on our experience with augmented reality technologies, we
see AR to have tremendous potential to contribute to the fight against
plant blindness and to improve plant-human interaction. Beyond serv-
ing as a visualization tool, it could form the foundation of a digital ency-
clopedia of plant life, allowing users to explore plants in immersive 3D,
even if they have never encountered them in real life. It can also sup-
port digital twinning of houseplants, simulating plant growth to assess
whether a specific pot or environment provides enough space, and as-
sisting in disease management through interactive diagnostic overlays.
Perhaps the most transformative application lies in enabling plants to
“communicate” with people. By integrating soil sensors that track
temperature, nutrients, pH, light availability, etc., AR systems could
translate this data into intuitive messages — alerting users when plants
need care or celebrating when they thrive. Through gamification, these
experiences can be made engaging for children, turning plants into in-
teractive companions and fostering empathy, awareness, and long-term
botanical literacy.
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7 Conclusion

Our engagement in this field is driven by strong enthusiasm, yet we
also recognize that our work is at an early stage of development. As an
initial step, we are constructing an Encyclopedia of Plant Life, which
currently comprises 3D models of fifteen species. For each species, we
have designed interfaces that provide basic botanical information — in-
cluding taxonomy (species and family), morphological characteristics,
typical blooming periods, medicinal properties, and guidelines for culti-
vation and care. In addition, the system incorporates interactive 3D vi-
sualizations of the plants as well as dedicated modules addressing their
most common diseases. This foundation establishes the groundwork
for progressively expanding toward more advanced and comprehensive
applications in future tools.
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Navigating GenAl Societal Transformation:
The 3x2A Strategy for Human—AI Synergy

Valeriu Ungureanu

Abstract

This paper introduces the 3x2A Strategy, a conceptual and
operational framework for societal adaptation to Generative Al
(GenAl). Tt structures six strategic dimensions — Automation,
Augmentation, Alliance, Alignment, Adaptation, and Account-
ability — essential for fostering human-Al synergy. The strategy
supports both diagnostic reflection and policy planning. Appli-
cations in education, healthcare, and scientific research illustrate
its role in guiding responsible integration. By aligning GenAl
advances with societal goals, institutional norms, and long-term
resilience, the framework enables multi-level governance and in-
novation.

Keywords: Generative Al, Large Language Models, Human-
AT Symbiosis, Societal Adaptation, Governance, 3x2A Strategy.

1 Introduction

Recent advances in GenAl, especially large language models (LLMs) [4],
are reshaping decision-making, knowledge production, and institutional
workflows. This paper proposes the 3x2A Strategy as a flexible yet
structured response to these transformations. The strategy was ini-
tially introduced and its core conceptual structure outlined in [10],
where its foundational premises were formulated. Here, we develop
the framework more systematically, articulating its six dimensions and
exploring their application across key sectors. The strategy addresses
the interplay between technological innovation and societal adaptation

©2025 by Valeriu Ungureanu
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by outlining six dimensions that together support effective governance,
alignment, and collaboration between humans and Al systems [7].

2 The 3x2A Strategy Framework

The 3x2A Strategy articulates six interrelated dimensions:

e Automation — delegating repetitive or procedural tasks to
GenAl systems.

e Augmentation — enhancing human cognition, creativity, and
productivity.

e Alliance — fostering collaboration and trust in human-AI teams.

e Alignment — ensuring AI behavior accords with human inten-
tions, norms, and institutional policies.

¢ Adaptation — evolving practices, tools, and mindsets in response
to GenAl

e Accountability — ensuring transparency, traceability, and gov-
ernance of Al outcomes.

These dimensions form three conceptual axes: (i) Automation & Aug-
mentation, (ii) Alliance & Alignment, and (iii) Adaptation & Account-
ability.

Each pair of dimensions forms a conceptual axis — structured like
a continuum between two strategic orientations. This axial design en-
ables a multi-dimensional mapping of societal responses, where strate-
gies can lean toward one pole, balance both, or evolve dynamically
along the spectrum.

These axes can also be interpreted as three systemic levers or “con-
trollers” through which societies steer their adaptation to GenAI [3].
By adjusting the balance along each axis — automation versus augmen-
tation, alliance versus alignment, and adaptation versus accountability
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— stakeholders can influence how progress unfolds and ensure it remains
both innovative and responsible.

Importantly, the 3x2A Strategy also acts as a diagnostic and plan-
ning lens, enabling institutions to view their GenAl practices, spot
imbalances or risks, and chart context-sensitive implementation paths.

3 Applications in Key Sectors

To illustrate the operational relevance of the 3x2A Strategy, we ex-
amine its application across three societal domains where GenAl in-
tegration is already underway: education, healthcare, and scientific
research. These sectors exemplify diverse challenges — ranging from
epistemic and ethical to institutional and infrastructural — that the six
strategic dimensions help address. Each subsection below highlights
how the 3x2A framework can guide human-Al synergy, foster institu-
tional resilience, and inform responsible innovation.

3.1 Education

GenAl can enhance pedagogical design, personalize learning, and sup-
port teacher productivity. The 3x2A Strategy emphasizes the co-
evolution of curricula, digital literacy, and alignment with humanis-
tic values. Augmentation and accountability help ensure pedagogical
coherence [9].

3.2 Healthcare

GenAl tools contribute to triage, diagnosis support, medical docu-
mentation, and ambient intelligence [5]. While automation accelerates
workflows, alliance and alignment build trust [§]. Accountability en-
sures clinical safety and regulatory compliance.
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3.3 Scientific Research

GenAl enables knowledge discovery, literature synthesis, and co-
authoring. The 3x2A lens supports augmentation of inquiry and cre-
ativity, while emphasizing the adaptation of peer review and repro-
ducibility norms.

4 Related Work and Conceptual Positioning

While initiatives, such as the EU Al Act and the Al4People framework,
emphasize risk management and ethical principles [2], the 3x2A Strat-
egy offers a more integrative, sociotechnical approach. It complements
interpretability tools and policy models with a structural lens focused
on human-Al interaction, organizational change, and normative align-
ment.

5 Conclusion and Outlook

The 3x2A Strategy offers a flexible framework for aligning GenAlI tech-
nologies with human values, institutional priorities, and systemic re-
silience. By linking six strategic dimensions across three conceptual
axes — each functioning as a societal lever — the framework enables
multi-dimensional steering of innovation trajectories. These levers al-
low stakeholders to balance competing priorities such as automation
and augmentation or adaptation and accountability, promoting respon-
sible and context-sensitive innovation.

This work provides a more detailed exposition and operationaliza-
tion of the core ideas introduced in [10], serving both as a consolidation
of the conceptual framework and as a foundation for more advanced
future developments. Future work includes empirical validation, policy
co-design, the development of domain-specific toolkits for implementa-
tion, and a more detailed articulation of the strategy itself to deepen
its theoretical and practical foundations [T, [6].
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