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Foreword

Dear colleagues and friends of cognitive science,

It is our great pleasure to present the proceedings of the 24th Conference on Cognition and Artificial
Life 2026. We are delighted to continue the long-standing tradition of this established meeting of
researchers, students, and enthusiasts in cognitive science, which was held for the third time in the
inspiring setting of the TteSf Chateau.

This year’s conference also provided an opportunity to commemorate the fifth anniversary of
the passing of the distinguished Czech cognitive scientist Associate Professor Ivan M. Havel, whose
scientific achievements and personal legacy continue to shape the development of cognitive science
in the Czech Republic. We are deeply grateful that our invitation was accepted by our distinguished
guests, Professor Vaclav Hlava¢ and Dr. Dagmar Havlova. The first day of the conference therefore
concluded with a commemorative session dedicated not only to the life and work of Associate Professor
Havel, but also to the development of Czech cognitive science from its beginnings to the present day.

This year’s conference is particularly remarkable because, for the first time in its history, it was
organized predominantly by students and early-career researchers, representing the third generation of
the Czech cognitive science community. We regard this as both a testament to the continuity of our
field and a commitment to fostering interdisciplinary dialogue, openness, international collaboration,
and generational renewal. At the same time, we continue the process of internationalization initiated
during the previous edition of the conference in Slovakia. Consequently, the official languages of the
conference were Czech, Slovak, and English.

The conference program covered a broad spectrum of topics across cognitive science, ranging
from artificial intelligence, robotics, and computational modeling to linguistics, philosophy of mind,
psychology, neuroscience, biology, and the arts. This thematic diversity reflects the very nature of
cognitive science as an interdisciplinary field that brings together multiple scientific perspectives in the
pursuit of a deeper understanding of the mind, cognition, and intelligent behavior.

All contributions included in these proceedings, whether presented as oral presentations or posters,
underwent a peer-review process. We would like to express our sincere gratitude to all sixteen reviewers
for their time, expertise, and thoughtful evaluations, which substantially contributed to the quality of
this volume.

Finally, we would like to thank all authors, speakers, participants, partners, and members of
the organizing committee whose dedication and enthusiasm made this conference possible. We hope
that these proceedings will serve not only as a record of the ideas and discussions shared during the
conference, but also as a source of inspiration for future research, new collaborations, and the continued
advancement of cognitive science in the Czech Republic and beyond.

We wish you an inspiring and enjoyable reading experience.

Mgr. Juraj Hvorecky, PhD and Mgr. Karina Zamrazilova
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Invited speakers

Prof. Jamin Pelkey

Prof. Jamin Pelkey, PhD is Full Professor in the Department of Languages,
Literatures & Cultures at Toronto Metropolitan University and a core member of
the TMU-York University Joint Graduate Program in Communication & Culture.
He currently serves as President of the International Association for Cognitive
Semiotics (2022-2026) and previously served as President of the International
Cognitive Linguistics Association (2023-2025).

His research focuses on questions of language and meaning and employs
mixed methods to investigate the relationships between patterns of embodied
experience and the evolution of human consciousness—from extreme ideologies to the creative imagi-
nation. His work integrates insights from linguistics, poetics, anthropology, psychology, and philosophy,
interpreting symbolic systems across cultures in order to better understand cross-cultural paradoxes
and reversals related to belief, knowledge, aesthetic experience, and the meaning of life. Prof. Pelkey
is an award-winning teacher and researcher, recipient of multiple prestigious research grants and aca-
demic honors, and the author of numerous influential publications in semiotics, cognitive science, and
linguistics.

With talk: Alteroception and the Divided Brain: Embodied Blending from Imagination to Ideology

When we experience another person’s movement as if we were them, this is known as alteroception.
Projections of such experiences onto inanimate spaces provide meaningful networks of criss-crossing
relations that owe their dynamic structure to the evolution of upright posture. A series of cross-cultural,
trans-historical examples of these patterns at work offer insight into the evolution of language and the
origins of human consciousness from imagination to ideology. Recent studies in the neuroscience of
brain lateralization suggest that the interplay between these two facets of human nature grows out of
radically distinct ways of paying attention to the world. I argue that it is necessary to consider all of
these relationships interdependently in order to make sense of human cognition and its consequences.



Dr. Sarah Berger

Dr. Sarah Berger is a Full Professor in the Department of Psychology at the
College of Staten Island and a core faculty member at the Graduate Center of
the City University of New York (CUNY). She currently serves as the Director
of the Child Development Lab at CSI, where she mentors the next generation of
developmental scientists. A distinguished scholar with a global research footprint,
Dr. Berger is a two-time Fulbright Scholar, most recently, at the Czech Technical
University in Prague with Dr. Matej Hoffmann.

Her research focuses on the dynamic interplay between motor action and
cognitive processing, employing mixed methods to investigate how infants acquire
problem-solving skills in the context of locomotion. Her work integrates insights
from developmental psychology, movement science, and artificial intelligence, utilizing interdisciplinary
collaborations in computer vision and robotics to model embodied intelligence and automate behavioral
coding. She is the author of numerous influential publications in leading journals such as Child
Development, Developmental Psychology, and Infancy, contributing significantly to the fields of
cognitive science and developmental psychology.

With talk: The Role of Sleep in Infant Learning and Problem Solving

Sleeping is the primary brain activity of early development, yet studies that address how sleep impacts
the acquisition of new skills in infancy are scarce. Underscoring the interplay between different
development domains, especially at times of emerging new skills, I will present a series of studies from
my lab that bridge cognitive development, motor development, and sleep. I will discuss how individual
differences in the quality of night sleep, the presence and timing of daytime naps, and gestational age
impact infants” motor problem solving. I will also discuss what the temporal relation between the onset
of new motor skills and changes in infants’ sleep reveals about the function of sleep for learning in
infancy.



Mgr. JindfFich Libovicky, Ph.D.

Mgr. Jindfich Libovicky, Ph.D. is a researcher at the Institute of Formal and
Applied Linguistics at MFF UK in Prague. He previously worked at the University
of Munich and completed research internships at Google and IBM. At MFF
UK, he leads a group focused on multilingual language modeling and cross-
lingual fairness. His research interests center on the technical foundations of
language representation in language models and on how these models behave
across languages — whether their behavior can be predicted from the models’
internal states and potentially steered in desirable directions.

With talk: How Language Models (Don’t Always) Work Across Languages

Large language models appear at first glance to work well regardless of the language we use to commu-
nicate with them. Upon closer evaluation, however, it becomes clear that they perform significantly
better for some languages than for others. In this talk, we will explore how multilinguality in language
models actually works: How well or poorly do they perform across different languages? To what extent
does the amount of available training data for a given language matter? And is it true that language
models internally operate in English? We will also show how seemingly unrelated technical decisions
made decades ago about character encoding affect model performance — and why these decisions benefit
European languages while putting languages of the Global South at a disadvantage.
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Mgr. Michal Vavrecka, Ph.D.

Mgr. Michal Vavrecka, Ph.D. is a cognitive scientist specializing in developmen-
tal robotics, artificial intelligence, and cognitive modeling. Since the beginning
of his research career in 2005, he has been dedicated to the principles of Artificial
General Intelligence (AGI). During his psychology studies, he began developing
his own cognitive architectures. He continued this work by testing these architec-
tures on humanoid robots trained according to the principles of developmental
robotics, using reinforcement learning and intrinsic motivation, and employing
advanced robotic simulators that enable the automated generation of long task
sequences for lifelong learning. In his research, he integrates findings from psychology and neuroscience
with technical applications in robotics. He currently works as a researcher at the Czech Institute of
Informatics, Robotics and Cybernetics (CIIRC), Czech Technical University in Prague (CTU), where
he focuses on the development of algorithms for humanoid robots and research in Human—Robot
Interaction (HRI).

With workshop: How to Train a Robot

This workshop provides a hands-on introduction to working with the open-source tool myGym, which
enables rapid prototyping of robotics tasks based on reinforcement learning. myGym is a modular
simulator designed for training robots in manipulation and navigation tasks. The workshop focuses
primarily on hands-on demonstrations: participants will learn how to run a simulation, define a training
experiment, and train a robot using reinforcement learning algorithms. Using specific examples, we
will demonstrate how to select a robot, environment, and task type, and how to configure the reward
function that controls the learning process. myGym allows tasks to be defined parametrically—the user
selects the robot, objects, action type, and reward structure, while the training and evaluation themselves
are automated. The goal of the workshop is to provide researchers and students with practical guidance
on how to quickly begin experimenting with reinforcement learning in robotics, how to design their
own experiments, and how to use simulation to develop algorithms that can subsequently be transferred
to real robotic systems.
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Modeling and Exploring Visual Concepts in Deep Networks

Mhd Walid Al Jallad and Kristina Malinovska

Centre for Cognitie Science, DAI FMPI,
Comenius University in Bratislava, Slovakia
Mlynska dolina, 84248 Bratislava
Email: jallad1 @uniba.sk, kristina.malinovska@fmph.uniba.sk

Abstract

Deep neural networks produce powerful visual features,
yet they only provide limited capacity for interpretabil-
ity, compositional reasoning, topographic coherence,
and often do not allow for continual learning. De-
spite their performance, their representations remain far
from human cognition and these gaps persist in recent
foundation models. Inspired by cortical topographic
maps and prototype theory, we propose a differentiable,
topology-preserving conceptual layer over features of
convolutional and foundation models as a unified in-
terface for visual concept modeling, together with an
auxiliary unsupervised loss to guide representations in
deep models. Our approach enhances existing mod-
els with (1) a navigable concept atlas whose semantic
topography mirrors inferotemporal-cortex organization;
(2) compositional fuzzy reasoning over concept proto-
types, where logical operations respect graded mem-
bership and neighborhood smoothness; and (3) con-
tinual open-world detection with incremental category
learning. The proposal bridges prototype interpretabil-
ity, concept bottlenecks, neuro-symbolic reasoning, and
continual learning under a single biologically grounded
computational framework.

1 Introduction

Deep neural networks have become a dominant
approach to visual perception, where recent self-
supervised foundation models, such as DINOv2/v3,
SigLIP, CLIP, are able to produce remarkably strong
general-purpose features without requiring labeled data
(Oquab et al., 2024; Siméoni et al., 2025; Zhai et al.,
2023; Radford et al., 2021). Despite being transfer-
able across distributions and tasks, these features are
organized by the training objective rather than by any-
thing resembling a concept. They afford no human-
interpretable readout, no compositional reasoning inter-
face, and no principled mechanism for absorbing new
categories without forgetting existing ones.

We argue that deep neural networks (DNN) are
missing a topographic, prototype-based structure that
learns from raw feature spaces in an unsupervised man-
ner. We propose a new approach to tackle the visual
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concepts within the realm of deep learning inspired by
cognitive science methodology. For the sake of our
work the visual concept is a labeled category of visual
data that the network is driven to classify.

In order to explore the concepts of DNNs and
promote emergence of more human-like concepts, in-
spiration can be taken from biological cognitive sys-
tems. First, biological learning combines both bottom-
up error-driven and top-down unsupervised processes,
as demonstrated by O’Reilly’s XCAL model and Leabra
framework (O’Reilly et al., 2024).

Second, primate inferior-temporal cortex are
shown to contain a coarse navigable map of object space
(Bao et al., 2020), suggesting that cortical visual rep-
resentations are explicitly topographic, a property that
DNN feature spaces lack by default. In support of this
claim, recent artificial neural networks where able to re-
produce this organization only when an explicit topo-
graphic prior is added during training (Margalit et al.,
2024).

Third, it has been suggested that natural cate-
gories in the brain are prototype-like and hierarchi-
cally graded (Rosch, 1978), and recent neuroimaging
research shows that prototype and exemplar represen-
tations coexist across distinct cortical regions during
learning (Bowman et al., 2020). This suggests that
prototype-based categories behave as fuzzy sets, afford-
ing logical composition. Finally, the mammalian brain
exhibits efficient lifelong learning due to its reliance
on hippocampal episodic memory interleaved with slow
neocortical consolidation (McClelland et al., 1995).

Recently, the missing topographic structure in
DNNSs is slowly starting to get acknowledged by some
foundation-models. For instance, the prototype heads of
the DINO family have been shown to be redundant and
unordered, with many prototypes converging on near-
identical directions (Govindarajan et al., 2024). Addi-
tionally, DINOvV3 introduces an ad-hoc spatial coher-
ence prior to recover the kind of topographic smooth-
ness that classical biologically-motivated representa-
tions posses by construction (Siméoni et al., 2025).

Founded in our previous claims, we propose that
a topology-preserving prototype layer, i.e., a differen-
tiable self-organizing map (SOM, Kohonen, 1990) de-
fined over a network’s feature space, can serve as a uni-



Kohonen SOM EMA-VQ

Fig. 1: The Kohonen self-organizing map update with
Gaussian neighborhood (left) reduces to the EMA-
VQ codebook update under zero neighborhood width
(right). The red node marks the best-matching unit;
dashed rectangles indicate the neighborhood support.
Inspired by (Irie et al., 2024).

fying interface for visual concept modeling. We demon-
strate proof of concept by drawing on prior work on
an unsupervised auxiliary loss (MT-SOM, Samporova,
2024), and we sketch three downstream affordances: (1)
a global, navigable concept atlas with human-validated
interpretability; (2) compositional fuzzy-logical reason-
ing over part-prototypes for top-down concept blending;
and (3) continual open-world detection paired with as-
sociative memory.

2 Related Work

2.1 Self-organizing Maps as a Topology-preserving
Prototype Layer

The classical primitive for topology-preserving pro-
totype learning is the self-organizing map (Kohonen,
1990). A SOM is a two-dimensional grid of prototype
vectors trained by repeated competitive selection of a
best-matching unit and a neighborhood-weighted up-
date which preserves the topological structure by ensur-
ing prototypes that are close on the grid become close in
the feature space. SOMs also exhibit density awareness,
in that codebook (i.e. prototype vectors) density tracks
the input density.

Recent work has shown that the exponential mov-
ing average vector-quantization (EMA-VQ) codebook
update used in modern image tokenizers is a special
case of the SOM update when the neighborhood ap-
proaches zero (Irie et al., 2024). Conversely, the SOM
is a strict generalization of the discretization primitive
that foundation tokenizers already deploy, since it adds
a smooth continuous topological structure without sac-
rificing the discretization behavior (see Fig. 1)

The integration of SOMs into modern deep learn-
ing architectures is a small but a growing research di-
rection. SOM-VAE (Fortuin et al., 2019) and DPSOM
(Manduchi et al., 2020) embed SOMs in autoencoders
for interpretable time-series representations; SOM-CPC
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adds SOMs to contrastive learning for high-rate physio-
logical signals (Huijben et al., 2023); and ViT-SOM in-
corporates a SOM bottleneck into a vision transformer
(Luo and Yuan, 2026).

2.2 MT-SOM Model

A concrete instantiation of the SOM mechanism at
small scale appears in a prior work on a MT-SOM model
with unsupervised auxiliary loss (Samporova, S. and
Malinovskd, K., 2023; Samporovd, 2024). The Mean
Teacher model (MT, Tarvainen and Valpola, 2017)
maintains a student network and a teacher network
whose parameters are an exponential moving average
over the student’s network. It adds to the supervised
loss a consistency cost between student and teacher pre-
dictions on unlabeled inputs. In MT-SOM (Fig. 2),
this consistency cost is reformulated as a distance over
a self-organizing map laid over the last convolutional
layer of the network. Thus, minimizing the overall loss
requires both that student and teacher features map to
nearby prototypes on the SOM grid, and that the fea-
tures themselves remain close to those prototypes.

label  input student ‘teacher

Fig. 2: Illustration of MT-SOM model, figure taken
from Samporova (2024)

On CIFAR-10, MT-SOM produces a clearly orga-
nized 10x 10 prototype grid in which semantically sim-
ilar classes settle on neighboring grid cells (Fig. 3), and
yields modest accuracy gains over the unaugmented MT
baseline (Samporovd, 2024). The result is small in scale
but illustrates the topology preservation and density-
aware prototype placement properties of our proposed
primitive.

2.3 Four Approaches in Visual Concept Modeling

Four lines of recent work address related aspects of the
visual concept modeling problem. The first is regard-
ing prototype-based methods. ProtoPNet (Chen et al.,
2019) and its descendants attach a small set of train-
able prototypes to a deep neural classifier, and explain
predictions as similarity to prototypes. However, recent
work shows that spatial alignment of pototype activa-
tions to image regions they intend to explain is poor,
and that prototype interpretability methods provide no
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Fig. 3: CIFAR-10 MT-SOM neuron-activation grid,
from (Samporova, 2024).

global geometry over the prototype set (Sacha et al.,
2024).

Another instance of a missing global geometry is
related to concept-bottleneck models (CBM). Discover-
then-Name CBM (Rao et al., 2024) yields a dictionary
of named concepts but no relational structure between
them, offering per-concept activations rather than a con-
tinuous similarity surface. No global geometry of pro-
totype methods are shared, in addition to the risk of
leakage when concept activation values are continuous
(Mabhinpei et al., 2021).

In terms of continual learning, models such
as RanPAC (McDonnell et al., 2023) and FeCAM
(Goswami et al., 2023) use prototype-style representa-
tions for exemplar-free continual learning over frozen
foundation features achieving strong results but the pro-
totypes themselves carry no internal organization.

Furthermore, neurosymbolic approaches like
PROTO-LTN (Martone et al., 2022) ground logical op-
erations on prototype activations within a logic-tensor-
network framework. The logic, however, is imposed
without any topological grounding since there is no
notion that nearby prototypes should compose more
smoothly than distant ones.

3 Our Proposal

We propose a SOM-based mechanism that supports
semi-supervised training of DNNs by extending them
to include a topology-preserving prototype layer that
is trained over the distribution of feature vectors us-
ing competitive selection of best-matching units and a
neighborhood-weighted update.

This mechanism should be differentiable end-
to-end and exhibit three main properties: (1) fopol-
ogy preservation—the neighborhood term should en-
sure that proximity on the grid, representing a concep-
tual structure, mirrors proximity in feature space; (2)
density awareness—prototype density tracks the input
density in such a way that rare regions of the feature
space receive proportionally fewer prototypes; and (3)
discrete sparse activations, demonstrated by the best-
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Image

¥

Frozen foundation encoder

¥
Topology-preserving
prototype layer

Concept atlas Fuzzy logical Continual learning
composition

Fig. 4: The proposed pipeline. Images are passed
through a frozen foundation encoder; the resulting fea-
tures are routed through a topology-preserving proto-
type layer, a differentiable self-organizing map, whose
grid serves as a shared substrate for the three down-
stream affordances.

matching unit SOM mechanism, where only a small
subset of neurons activate for each input, rather than
all neurons being continuously active. Structurally,
this is closer to hard concept-bottleneck models than
to concept-embedding models that are less transparent
due to leakage of information across distributed concept
representations (Mahinpei et al., 2021).

To promote the captured structure of the concepts,
in line with the previous work on auxiliary unsupervised
loss and unsupervised consistency cost (see Sec. 2.2)
the models can be further finetuned using the distance
on the SOM-based prototype layer. Within the design
of the outlined model the map itself shall be very large
and sufficiently sparse to avoid collapse of the concepts
as well as allow for new concepts to be added post-hoc.

3.1 Downstream Affordances

We sketch three downstream uses of the proposed prim-
itive (see Fig. 4). The first concerns a navigable con-
cept atlas. Existing prototype-interpretability methods
do not produce a 2D topology where spatial proximity
equals semantic proximity. While each cell in a trained
SOM grid carries its prototype vector, which ensures
continuous semantic transitions across the grid. This
affordance is the most direct translation of the inferior-
temporal cortex topographic map (Bao et al., 2020) into
a deep learning architecture. To validate such claim,
we may adopt the HIVE protocol (Kim et al., 2022),
which allows comparing concept-atlas readouts against
ProtoPNet-style explanations (Sacha et al., 2024) and
Discover-then-Name dictionaries (Rao et al., 2024).
The second affordance concerns compositional
fuzzy reasoning. Prototype-based natural categories can
be described as fuzzy sets (Rosch, 1978; Bowman et al.,
2020), where membership is graded, and compositions
of categories, such as AND, OR, NOT, should respect
the gradedness. Over the SOM, we predict that nearby
part-prototypes should compose more smoothly than
distant ones, with neighborhood-weighted t-norms op-
erating on activation patterns. For instance, for a query



“unicorn”, the activation pattern should be the inter-
section of a horse-prototype neighborhood and a horn-
prototype neighborhood on the grid. The closet ex-
isting comparable model that achieves such composi-
tional reasoning is PROTO-LTN (Martone et al., 2022),
which grounds logical operations on prototype activa-
tions through logic tensor networks but imposes the
logic without any topological structure.

The third affordance is enabling of the contin-
ual learning. Recent state-of-the-art continual learn-
ing methods that operate over frozen foundation fea-
tures, use prototype-style representations but offer no
mechanism for episodic recall (McDonnell et al., 2023;
Goswami et al.,, 2023). We hypothesize that our
topology-preserving prototype layer will offer a natu-
ral slow consolidation memory, by initially training a
subset of SOM’s neurons and freezing the rest in such
a way that new categories can either fill in those held-
out neurons or settle into existing topographic structure,
where rare regions of the grid absorb novel prototypes
incrementally.

4 Conclusion and Future Work

In this paper we propose a single primitive, a topology-
preserving prototype layer over frozen foundation fea-
tures, that unifies four lines of recent work in visual
concept modeling: prototype interpretability, concept-
bottleneck explanation, neurosymbolic reasoning, and
continual learning. Each component of our proposal has
some inspiration in cognitive neuroscience. Overall, the
primitive itself echoes the topographic functional orga-
nization of cortical maps (Bao et al., 2020), reflecting
the correlation between spatial and semantic represen-
tations, and motivating the need of an interpretable and
navigable concept atlas that is learned from the feature
space of deep neural networks. Fuzzy reasoning draws
on prototype theory (Rosch, 1978) and the finding by
(Bowman et al., 2020) that prototype and exemplar rep-
resentations coexist in the brain, motivating composi-
tion over graded prototype activations. Finally, contin-
ual learning follows complementary learning systems
theory (McClelland et al., 1995).

Following this proposal, we will (1) design and
benchmark the primitive on deep convolutional neu-
ral networks, starting from prior work of MT-SOM
(Samporovd, 2024) and then expanding the implemen-
tation to the attention models, namely the DINO fam-
ily; (2) compare SOMs navigable concept atlas against
other baseline models (e.g., ProtoPNet) utilizing inter-
pretability frameworks; (3) evaluate fuzzy-logic compo-
sition over part-prototypes on synthetic compositional
benchmarks; and (4) test the SOMs ability on continual
learning tasks.

15

Acknowledgement

This paper was written at the Centre for Cognitive Sci-
ence at DAI FMPI Comenius University Bratislava,
with the support of a project APVV-21-0105. We also
thank for support to the Slovak Society for Cognitive
SSKV!.

References

Bao, P, She, L., McGill, M., and Tsao, D. Y. (2020). A
map of object space in primate inferotemporal cortex.
Nature, 583(7814):103-108.

Bowman, C. R., Iwashita, T., and Zeithamova, D.
(2020). Tracking prototype and exemplar represen-
tations in the brain across learning. eLife, 9:659360.

Chen, C., Li, O., Tao, C., Barnett, A. J., Su, J., and
Rudin, C. (2019). This looks like that: deep learn-
ing for interpretable image recognition. Curran As-
sociates Inc., Red Hook, NY, USA.

Fortuin, V., Hiiser, M., Locatello, F., Strathmann, H.,
and Ritsch, G. (2019). SOM-VAE: Interpretable dis-
crete representation learning on time series.

Goswami, D., Liu, Y., Twardowski, B., and van de Wei-
jer, J. (2023). FeCAM: Exploiting the heterogene-
ity of class distributions in exemplar-free continual
learning. In Thirty-seventh Conference on Neural In-
formation Processing Systems.

Govindarajan, H., Sidén, P., Roll, J., and Lindsten, F.
(2024). On partial prototype collapse in the DINO
family of self-supervised methods. In 35th British
Machine Vision Conference 2024, BMVC 2024, Glas-
gow, UK, November 25-28, 2024. BMVA.

Huijben, I. A., Nijdam, A. A., Overeem, S., Van Gilst,
M. M., and Van Sloun, R. (2023). SOM-CPC: Un-
supervised contrastive learning with self-organizing
maps for structured representations of high-rate time
series. In Proceedings of the 40th International
Conference on Machine Learning, volume 202 of
Proceedings of Machine Learning Research, pages
14132-14152. PMLR.

Irie, K., Csordas, R., and Schmidhuber, J. (2024). Self-
organising neural discrete representation learning a la
Kohonen. In Artificial Neural Networks and Machine
Learning — ICANN 2024, pages 343-362. Springer
Nature Switzerland.

Kim, S. S. Y., Meister, N., Ramaswamy, V. V., Fong,
R., and Russakovsky, O. (2022). HIVE: Evaluat-
ing the human interpretability of visual explanations.
In Computer Vision — ECCV 2022, pages 280-298.
Springer Nature Switzerland.

Thttps://cogsci.fmph.uniba.sk/sskv/



Kohonen, T. (1990). The self-organizing map. Proceed-
ings of the IEEE, 78(9):1464—1480.

Luo, A. and Yuan, K. (2026). Simple self-organizing
map with vision transformers. IEEE Signal Process-
ing Letters, 33:331-335.

Mahinpei, A., Clark, J., Lage, 1., Doshi-Velez, F., and
Pan, W. (2021). Promises and pitfalls of black-box
concept learning models.

Manduchi, L., Hiiser, M., Vogt, J., Rétsch, G., and For-
tuin, V. (2020). DPSOM: Deep probabilistic cluster-
ing with self-organizing maps.

Margalit, E., Lee, H., Finzi, D., DiCarlo, J. J., Grill-
Spector, K., and Yamins, D. L. K. (2024). A unifying
framework for functional organization in early and
higher ventral visual cortex. Neuron, 112(14):2435-
2451.e7.

Martone, S., Manigrasso, F., Lamberti, F., and Morra,
L. (2022). PROTOtypical logic tensor networks
(PROTO-LTN) for zero shot learning. In 2022
26th International Conference on Pattern Recogni-
tion (ICPR), pages 4427-4433.

McClelland, J. L., McNaughton, B. L., and O’Reilly,
R. C. (1995). Why there are complementary learn-
ing systems in the hippocampus and neocortex: In-
sights from the successes and failures of connection-

ist models of learning and memory. Psychol Rev,
102(3):419-457.

McDonnell, M., Gong, D., Parvaneh, A., Abbasnejad,
E., and van den Hengel, A. (2023). RanPAC: Ran-
dom projections and pre-trained models for continual
learning. In Thirty-seventh Conference on Neural In-
formation Processing Systems.

Oquab, M., Darcet, T., Moutakanni, T., Vo, H. V.,
Szafraniec, M., Khalidov, V., Fernandez, P., HAZ-
IZA, D., Massa, F.,, El-Nouby, A., Assran, M., Ballas,
N., Galuba, W., Howes, R., Huang, P.-Y., Li, S.-W.,
Misra, 1., Rabbat, M., Sharma, V., Synnaeve, G., Xu,
H., Jegou, H., Mairal, J., Labatut, P., Joulin, A., and
Bojanowski, P. (2024). DINOv2: Learning robust vi-
sual features without supervision. Transactions on
Machine Learning Research. Featured Certification.

O’Reilly, R. C., Munakata, Y., Frank, M. J., Hazy,
T. E., and Contributors (2024). Computational Cog-
nitive Neuroscience. Online Book, 5th Edition, URL:
https://compcogneuro.org.

Radford, A., Kim, J. W., Hallacy, C., Ramesh, A., Goh,
G., Agarwal, S., Sastry, G., Askell, A., Mishkin,
P, Clark, J., Krueger, G., and Sutskever, 1. (2021).
Learning transferable visual models from natural lan-
guage supervision. In International Conference on
Machine Learning.

16

Rao, S., Mahajan, S., Bohle, M., and Schiele, B.
(2024). Discover-then-name: Task-agnostic concept
bottlenecks via automated concept discovery. In
Leonardis, A., Ricci, E., Roth, S., Russakovsky, O.,
Sattler, T., and Varol, G., editors, Computer Vision —
ECCV 2024, pages 444-461, Cham. Springer Nature
Switzerland.

Rosch, E. (1978). Principles of categorization. In
Rosch, E. and Lloyd, B. B., editors, Cognition and
Categorization, pages 27-48. Lawrence Elbaum As-
sociates.

Sacha, M., Jura, B., Rymarczyk, D., Struski, L., Tabor,
J., and Zielifiski, B. (2024). Interpretability bench-
mark for evaluating spatial misalignment of proto-
typical parts explanations. Proceedings of the AAAI
Conference on Artificial Intelligence, 38(19):21563—
21573.

Samporovd, S. (2024). Auxiliary self-organization-
based loss for semi-supervised learning. Master’s
thesis, Comenius University in Bratislava. Supervi-
sor: K. Malinovska.

Samporova, S. and Malinovskd, K. (2023). Vyuzitie
samoorganizdcie v Ciasto¢ne riadenom uceni
hlbokych neurénovych sieti. In Farkas, 1.,
Ballova Mikuskova, E., Taka¢, M., Malinovska,
K., and Fandl, M., editors, Kognicia a umely Zivot
2023, pages 58-61. Vydavateistvo UK v Bratislave.

Siméoni, O., Vo, H. V., Seitzer, M., Baldassarre, F.,
Oquab, M., Jose, C., Khalidov, V., Szafraniec, M.,
Yi, S., Ramamonjisoa, M., Massa, F., Haziza, D.,
Wehrstedt, L., Wang, J., Darcet, T., Moutakanni,
T., Sentana, L., Roberts, C., Vedaldi, A., Tolan, J.,
Brandt, J., Couprie, C., Mairal, J., Jégou, H., Labatut,
P., and Bojanowski, P. (2025). DINOv3.

Tarvainen, A. and Valpola, H. (2017). Mean teachers are
better role models: Weight-averaged consistency tar-
gets improve semi-supervised deep learning results.
In Proceedings of the 31st International Conference
on Neural Information Processing Systems, NIPS’ 17,
page 1195-1204, Red Hook, NY, USA. Curran Asso-
ciates Inc.

Zhai, X., Mustafa, B., Kolesnikov, A., and Beyer,
L. (2023). Sigmoid loss for language image pre-
training. In 2023 IEEE/CVF International Con-
ference on Computer Vision (ICCV), pages 11941—
11952.



Cognition and Artificial Life 2026, Trest

Auditory distance perception for sounds around the listener

Gabriela Andrejkova and Norbert Kopco

P. J. Saférik University in Kogice, Faculty of Science
Jesenna 5, 04001 KoSice
gabriela.andrejkova@upjs.sk, norbert.kopco @upjs.sk

Abstract

The accuracy of auditory distance perception is very
different in the region near the listener (<1 meter)
from the distal region (>1 meter). Santarelli et al.
(1999) performed an experiment in a reverberant room
in which listeners were asked to point to the perceived 3-
dimensional (3-D) position of sound sources presented
from a random location in the right hemifield within 1
m of the listener’s head.

Here, a new analysis focuses on the distance local-
ization performance in these data. It evaluates the mean
absolute error (MAE) and standard deviation (SD) in
responses as a function of source location varying si-
multaneously in all three dimensions. Results provide
a characterization of 3-D localization performance for
nearby sources in a reverberant room (is characterized
by high energy density of reflected sound), showing
that MAE is significantly different for stimuli (sound
sources) directly above the listener compared to stim-
uli originating in front, behind, or below the listener.
SD is highest for stimuli bellow the listener, and it is
dependent on distance, polar angle, and lateral angle.
Distance judgments are less accurate for medial stimuli
than for lateral stimuli at larger distances. The analysis
of temporal profile during the whole experiment showed
a significant decrease in MAE but not in SD. The de-
crease in MAE occurred mainly in the second half of
the responses, indicating that spontaneous learning has
occurred on a slow time on hours.

1 Introduction

The ability to determine the distance of sounds is im-
portant for a person’s orientation in the environment
and for interpretation of these sounds. There are many
various acoustical and non-acoustical factors thought to
contribute to source distance perception. Zahorik et al.
(2005) demonstrated that people use multiple cues to es-
timate distance, especially the Direct to Reverberant en-
ergy Ratio (DRR), systematically underestimate distant
sources and these abilities emerge in early childhood.
For sounds near to the listener, Kopco and Shinn-
Cunningham (2011) showed that distance judgments
were dominated by a reverberation related cue (com-
monly interpreted as DRR), which listeners mapped to
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distance in a direction independent but frequency de-
pendent manner. Brungart and Durlach (1999) evalu-
ated 3-D localization of sound sources near the head in
anechoic room (walls absorb sound). They found that in
an anechoic space distance localization performance in
the proximal field is better than at larger distances, but
at the same time it is strongly dependent on azimuth -
that is, on whether the source is in a lateral position or
in the medial plane.

Santarelli et al. (1999) implemented nearly identi-
cal study in a reverberant room and he showed that the
presence of reverberation does indeed have a substan-
tial effect on localization ability. The important finding
of this work is that different cues underlie the distance
perception of nearby sounds in anechoic and reverber-
ant space.

Both studies focused on response analysis sepa-
rately in each space dimension. Sound localization is
typically examined separately in the three spatial di-
mensions (azimuth, elevation, distance), or for combi-
nations of two dimensions (e.g., azimuth and elevation
Best et al. (2011), or azimuth and distance, Ihlefeld and
Shinn-Cunningham (1999). Estimating multiple dimen-
sions simultaneously can be more challenging than for
fewer dimensions. On the other hand, when location co-
varies in two dimensions, perception can improve over
1-dimensional baseline (example of visual distance per-
ception Loomis et al. (1998).

Very few studies looked at 3-D localization.
Kopco and Andrejkova (2025) examined biases in dis-
tance perception for nearby sources varying location
in polar and lateral angles in reverberant room. For
sources in the horizontal plane the results don’t vary
dramatically, with an overall underestimation (approx-
imately -10% of presented stimuli distance) that tends
to increase for nearby lateral sources (approximately -
20 %) and appears to be stronger in front than behind
the listeners.

Here, we evaluate distance localization perfor-
mance of Santarelli et al. (1999) data in a perceptually
based coordinate system, in which the space was di-
vided into 9 directional bins based on lateral angles (bin
centered at 15°, 45°, 75°), polar angles (bins centered at
0°,90°, 180°, 270°). Each directional bin is divided into
5 log-distance bins (centered at 20, 28, 41, 58, 83 cm).
We use MAE as the main accuracy metric and SD as



the reliability metric. MAE assesses the overall local-
ization error, while SD expresses the variability of the
responses.

Together, the two metrics provide a robust as-
sessment of accuracy and consistency in the near field,
where acoustic parameters cause nonlinear and signifi-
cant variations.

2 Material and methodology

2.1 Original data

The experiment was done by Santarelli et al. (1999) in
the room (9x5x3-m (length x width x height) located
within the Department of Cognitive and Neural Sys-
tems at Boston University. The testing apparatus, shown
in Fig. 1, was prepared according to description of
Brungart and Durlach (1999). Seven listeners partici-
pated in the experiment. The listener sat on a wooden
chair placed in the center of the room. The chair was
equipped with an adjustable headrest to help prevent
the listener from making head movements during data
collection. The experimenter stood to the right of the
listener with the testing apparatus. The transmitter for
the electromagnetic tracker was placed to the rear of the
listener, slightly to the left, at mid-back level.

Headrest :/ \.
\ AN
N/ o
{ o Position -
Sensors
—~ . Mirror
Polhemus ' ~ Point Source N
—
Source

Fig. 1: Modified setup according to (Brungart and
Durlach (1999))

2.2 Procedure

At the beginning of each trial, a computer-generated
voice instructed the listener to "listen,” providing the
listener with a cue to close his eyes. The computer then
randomly chose a spatial location in the listener’s right
hemisphere by specifying the appropriate azimuth, ele-
vation, and distance. Next, the experimenter pressed a
switch on the source-wand, triggering the presentation
of the stimulus. The experimenter promptly returned the
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source to the starting position and pressed the switch
again. The listener opened his eyes and used the re-
sponse wand to indicate the position at which he per-
ceived the source. With a final press of the switch, this
position was recorded, marking the end of the trial.

Stimuli consisted of five pink-noise bursts (150 ms
duration, 30 ms inter-stimulus interval, or ISI). During
data collection, the trials were partitioned into blocks
that consisted of either 25 or 50 trials. Each listener
was given a 5—10-minute rest interval between blocks
of trials. A typical session lasted roughly 1 to 1.5 hours
and included a total of 100 to 150 trials. Each listener
was required to complete a total of 1200 trials (the first
200 of which were practice trials), which translates to
approximately 12 hours of testing.

2.3 Methodology

We evaluated the results using the interaural polar coor-
dinate system which allowed us to track the dependence
of the distance responses simultaneously on the lateral
angle (LA) and polar angles (PA), as well as on source
distance. The data were binned into 9 directional bins
by dividing them into five distances. The directional
bins were combinations of lateral angle (3 regular inter-
vals centered at LA = [15°, 45°, 75°]) and polar angle
(one bin for LA > 75°, 4 bins centered at PA = [0°, 90°,
180°, 270°] for LA in range of [15°, 45°]). We evalu-
ated Mean Absolute Error (MAE) and Standard Devi-
ations (SD) using a log-log scale (loglO(response dis-
tance) — log10(stimulus distance)). Log—log scales are
used in hearing research because both sound and human
perception operate on ratios and power laws, not linear
differences. Repeated measures ANOVA were used to
analyze the data with Box-Geissler-Greenhouse epsilon
used to correct for potential violations of the sphericity
assumption.

3 Results

3.1 MAE and SD

We averaged data within each directional and distance
bin for each listener and then collapsed across listen-
ers. In the upper panels of Fig. 2, the MAE is shown
as a function of log-distance, the polar angle is distin-
guished by color and a colored icon. The largest devi-
ations are observable in stimuli in bins with a centered
polar angle of 270° (magenta), the stimuli below listen-
ers. For LA=15°, near the medial plane, MAE increases
with distance for stimuli above the listener. In other di-
rections (front, back, and below) MAE is affected by lat-
eral angle only. Listeners make larger errors in smaller
lateral angles, and with increasing lateral angle these er-
rors don’t increase.

A three-way ANOVA with factors polar angle PA
= [0°, 90°, 180°, 270°], lateral angle LA = [15°, 45°]



and distance D = [20, 28, 41, 58, 83] cm showed a sig-
nificant main effect LA, F(1,6) = 35.32, p = 0.001, in-
dicating that MAE for LA = 15° has higher values than
for LA =45°. At the same time, a significant interaction
PA x D was shown, F(12,72) = 3.49, p = 0.0004. Subse-
quent simple effects analyses revealed that distance D is
mostly increasing with distance at PA = 90° (red line).

In evaluation SD, 3-way ANOVA showed main ef-
fects PA, F(3,18) = 12.47, p<0.001, LA, F(1, 6) = 17.36,
p = 0.003, and D, F(4,24) = 5.52, p = 0.003. SD is af-
fected by distance, polar and lateral angle independently
of each other.

After averaging across polar angles, 2-way
ANOVA with factors LA =[15°, 45°, 75°] and D = [20,
28, 41, 58, 83] cm showed main effect LA, F(2,12) =
64.16, p<0.001.
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Fig. 2: Across-listener mean of Absolute Error (MAE)
and Standard Deviations (SD) in five distance and nine
directional bins. The upper panels A) - B) show MAE
in two lateral angels and four polar angles (recognized
by colors and icons). Panel C) shows the MAE for all
three lateral angles after averaging over polar angles. In
the lower panels, SDs are drawn in a similar way.

Evaluation MAE and SD in panels C) and F)
shows the largest differences for lateral angle LA = 15°.
This means the presence of outliers and smaller stability
of responses. Listeners’ responses to stimuli in this area
are the most imprecise and variable.

3.2 Temporal profile

Each listener performed approximately 1200 trials in
the same reverberant room. The first 200 trials are
considered training stimuli, and they weren’t used in
an evaluation of temporal profile. In rooms, reverber-
ation provides distance information and candidate cue
is Direct-to-Reverberant energy ratio, Bronkhorst and
Houtgast (1999). Shinn-Cunningham (2000) showed
that in rooms, there exists a learning effect: distance
performance is improved with experience.

We analyzed learning process followed by MAE
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and SD through all evaluated trials. All data of each lis-
tener was divided into 5 temporal blocks per 200 trials
in chronological order. The sequence of these blocks
follows time sequence of trials. For each listener and
each trial, the MAE and SD was calculated and aver-
aged across stimuli in each temporal block. The time
course of the averaged values also represents the course
of adaptation to the stimuli.

In Fig. 3, panel A), the courses of all listeners
are shown (colored dotted lines), as well as their av-
erage across listeners (black solid line). We assumed
some trend in decreasing MAE, a linear approximation
of MAE is depicted in panel B), for all listeners and
mean across listeners (black solid line). SDs are shown
in panels D) and E). One-way ANOVA with factor the
first and the last values of approximating line V (V1,
V2) showed main effect V F(1,6) = 6.05, p=0.049. This
means that the MAE is decreasing and the decrease in
values is significant.

Trend during all trials  Trends in close and far Dist

Temporal profile

02[A /T ®) or-..

MAE [log10(cm)]
=)
o

F) [——dist<=38
—— 38<dist < 100

SD [log10(cm)]

0.1 meanSlope=-0.00187

1 2 3 4 5 1 2 3 4 5

1 2 3 4 5
Temporal blocks of 200 trials

Fig. 3: Temporal Profile (TP) of MAE and SD. The first
column of panels A) and D) shows profiles of MAE
and SD of all listeners (colored dotted lines) and the
mean across the listeners (black solid line) in 5 tempo-
ral blocks of 200 averaged trials. The panels B) and D)
show linear regressions of temporal profiles. In the pan-
els C) and F), trends of listeners (dotted lines) and aver-
aged across listeners in two log-distances are shown.

Further analysis of a temporal profile in each of
two log-distances intervals, division in 38 cm, is shown
in panel C). Averaged values across stimuli and across
listeners in each log-distance interval are drawn in five
temporal blocks. It is shown that MAE doesn’t increase
in any log-distance interval, in most of them MAE de-
creases. Two-way ANOVA with factors distance D (<
38, > 38) and begin and end values of approximating
lines V (V1, V2) showed main effect V, F(1,6) = 6.11,
p = 0.048. It means that the MAE is decreasing and the
decreasing in values is significant at V, but there is no
significant effect at D. Taken together, these results in-
dicate that listeners continue to improve on the task in
both distances even after 200 practice trials.



4 Discussion

The current study examined MAE and SD in distance
perception for nearby sources varying location in polar
and lateral angles in the reverberant room. For frontal
sources close to the horizontal plane (polar angle from
-45° to +45°) the results don’t vary dramatically (blue
lines), the highest value of MAE is in bin centered by
41 cm for frontal sources (panel A). For sources above
the listener’s head (from 45° to 135°), we observe an
increasing MAE with distance for frontal sources. The
largest MAE values are for sources below the listener’s
head at almost all distances. In the regions of lateral an-
gles (0° to 30°), (30° to 60°) and (60° to 90°) we observe
an increasing in MAE at small distances, at larger dis-
tances the MAE decreases or almost does not change,
panel C). The SD is largest for sources below the lis-
tener’s head and larger for frontal sources, panel D). At
larger distances, we observe that SD is almost the same
for all polar angles, panels D) and E). Panel F) shows
the largest variability for frontal sources.

Although Brungart and Durlach (1999) investi-
gated the localization of very close sources in anechoic
space, his results provide a generally valid explana-
tion of the psychophysical and acoustic limitations that
affect the accuracy of distance estimation. Brungart
shows that for sources up to about 1 m, there are sharp
nonlinear changes in binaural and spectral cues, espe-
cially the interaural level difference (ILD), while the in-
teraural time difference (ITD) remains relatively con-
stant. These rapid changes in acoustic cues cause im-
paired distance estimation accuracy and increased re-
sponse variability already in anechoic environments.

In a reverberant room, these known limitations are
compounded by the contribution of DRR, which is a sig-
nificant distance cue for nearby sources. Santarelli et al.
(1999) and later Kopco and Andrejkovd (2025) show
that reverberation can improve or worsen the availabil-
ity of distance information depending on the direction
of the source, with systematic upward and downward
biases being typical of the combination of binaural and
reverberant cues.

The resulting MAE and SD values in our data thus
represent a natural consequence of these known mech-
anisms. MAE reflects a combination of the nonlinear
changes in ILD, and spectral properties described by
Brungart, supplemented by the distribution of reverber-
ation in the room. SD results from the instability of
acoustic cues with small changes in source distance and
orientation, which are even more pronounced in a rever-
berant environment. Overall, MAE and SD are there-
fore consistent with Brungart’s theory of local acoustic
limitations for very close sounds, as well as with the re-
sults of Santarelli et al. (1999) in reverberant conditions.

Our results confirm previous findings Shinn-
Cunningham (2000) that room learning occurs in rever-
berant environments, leading to reduced localization er-
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rors. The improvement in MAE and SD during the ex-
periment is therefore an expected and theoretically well-
supported consequence of adaptation to the acoustic en-
vironment.
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Abstract

The problem of interpreting deep neural networks, espe-
cially large transformer-based models, is widely known
and has motivated the development of diverse inter-
pretability approaches. A dominant branch of inter-
pretability research focuses on concept discovery in la-
tent spaces. Sparse Autoencoders (SAEs) and cluster-
ing methods are two prominent unsupervised concept
analysis approaches. However, little is known about the
consistency of the structures recovered. In this work, we
propose a framework for evaluating the semantic robust-
ness of these methods by applying SAEs and clustering
techniques in parallel to the same latent spaces of the
Vision-Language Model (VLM) LLaVA. Our proposed
theoretical framwork combines layer-wise overlap mea-
sures, MonoSemanticity scores, and visual inspection
of representative samples and importance heatmaps.
The goal is to investigate whether the discovered con-
cepts reflect the intrinsic semantic structure of the tar-
get model or arise as artifacts of the chosen extraction
method.

1 Introduction

Modern foundation models are able to process highly
rich latent representations, but their structure and the
layer-wise progression of activations are hardly inter-
pretable. A promising and popular scheme for under-
standing latent structure is the so-called concept anal-
ysis, which aims to map internal representations to
human-understandable semantics. Within the spectrum
of available concept extraction methods, clustering and
Sparse Autoencoders represent two prominent unsuper-
vised approaches. However, the associated algorithms
are fundamentally different.

Clustering groups latent activations according to
their similarity, implicitly assuming that semantic struc-
ture aligns with geometric proximity. In contrast, SAEs
learn sparse, overcomplete feature dictionaries, where
individual neurons or directions are interpreted as dis-
entangled concepts. While both approaches are used
widely, there is limited understanding of whether they
recover consistent semantic structures or whether their
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outputs are method-dependent artifacts.

In this work, we propose a theoretical framework
for investigating the extent to which concepts recovered
by different unsupervised interpretability techniques are
stable and method-invariant. Specifically, we propose
to apply clustering methods and Sparse Autoencoders
(SAES) in parallel to the same latent representations of a
foundation model LLaVA Liu et al. (2024). The frame-
work combines a layer-wise overlap measure, MonoSe-
manticity scores, and visualization of the representative
samples to evaluate whether both approaches recover
consistent semantic structure. Note that the MonoSe-
manticity score for SAEs was introduced by Pach et al.
(2025). Here, we extend this idea by proposing an anal-
ogous metric for clustering-based concepts (Section 3).

The present work focuses on the formulation of
the proposed framework and its associated evaluation
methodology, while its implementation and large-scale
empirical validation constitute the primary direction of
future work.

The proposed framework is motivated by the fol-
lowing hypothesis: if concepts extracted by clustering
and SAEs converge, this would suggest that the under-
lying semantic structure is intrinsic to the model. Con-
versely, systematic disagreement between the two ap-
proaches would indicate that at least part of the recov-
ered structure may arise from biases introduced by the
chosen extraction method.

2 Related Work

Concept-based interpretability aims to associate la-
tent representations of neural networks with human-
understandable semantic concepts. Existing approaches
can be broadly/ divided into supervised and unsuper-
vised methods.

Supervised methods typically rely on predefined
concept annotations.  Concept Bottleneck Models
(CBMs) Koh et al. (2020); Rao et al. (2024) explicitly
predict concepts before producing final outputs, while
Concept Whitening Chen et al. (2020) aligns latent di-
rections with semantic concepts through fine-tuning a
Concept Whitening module. Another influential post



hoc approach is TCAV Kim et al. (2018); Schrouff et
al. (2022), which estimates concept activation directions
in latent space and measures their importance with re-
spect to model predictions. Since TCAV assumes ap-
proximate linear separability of concepts, Crabbé and
van der Schaar (2022) proposed nonlinear support vec-
tor classifiers to better capture complex latent geome-
tries. Although effective, supervised approaches gener-
ally require a datasets annotated with predefined con-
cepts, restraining scalability and generalization.

These limitations motivated increasing interest in
unsupervised concept discovery methods. Sparse Au-
toencoders (SAEs) Huben et al. (2024) learn sparse
overcomplete feature dictionaries and are commonly in-
terpreted through the superposition hypothesis Elhage
et al. (2022), where individual neurons correspond to
disentangled semantic directions. However, SAE train-
ing often requires very large datasets, and interpreta-
tion of the learned features frequently depends on ex-
ternal language or vision-language models Lieberum et
al. (2024); Zhang et al. (2025).

A complementary line of work employs cluster-
ing techniques to uncover semantic organization in la-
tent spaces. Prior work demonstrated the effectiveness
of unsupervised clustering approaches for discovering
meaningful latent structures in both vision and language
models Kolouri et al. (2017); Ghorbani et al. (2019);
Dalvi et al. (2021). In particular, O’Mahony et al.
(2023) showed that hierarchical clustering can disen-
tangle multiple semantic meanings hidden within pol-
ysemantic neuron activations. Fel et al. (2023) further
proposed a unifying framework interpreting concept ex-
traction as a form of dictionary learning, while Hawasly
et al. (2024) analyzed quality—efficiency trade-offs of
clustering-based concept discovery methods.

Despite the growing popularity of both SAEs and
clustering approaches, relatively little work investigates
whether the semantic structures recovered by these
methods are consistent across extraction paradigms.
Our work addresses this gap by directly comparing
clustering-based and SAE-derived concepts within the
same latent spaces and by evaluating their robustness
under varying data conditions.

3 Methodology

In order to test the robustness of the unsupervised con-
cept extraction approaches, we state a proposition. Par-
ticularly, if concepts are encoded in the latent space —
manifold — of the target model, they should be discov-
erable irrespective of the method employed, assuming
the used method is faithful to the latent representations.
To this end, we implement and test two interpretability
approaches, namely clustering-based and SAE concept
learning. Specifically, we chose and apply both methods
to subset of deep layers in a pretrained Vision-Language
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Model, such as LLaVA.

Then, we compare the semantic similarity be-
tween clusters and SAE features measured by their
pointwise overlap, given as the weighted cosine simi-
larity. For the normalized feature activations of the k-
th SAE neuron, @* € [0,1] and the smoothed cluster
membership ¢/, € [0, 1] given by the normalized angu-
lar distance to j-th centroid the overlap becomes
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Note that both SAE feature activations and the cluster
memberhip of latent activations refer to the same layer
¢ from which they are extracted. In addition, all ac-
tivations come from a common dataset J = {x, €
X}V_,, which should span a wide variety of images to
include enough concept of diverse granularity. Alterna-
tively, a probability based measure can be defined using
the Jensen-Shannon divergence (JSD), which is a sym-
metrized version of the Kullback-Leibler divergence for
two distributions by transforming the normalized acti-
vations into probabilities py(n) = ak /> ak.

A high overlap between a pair of cluster and SAE
neuron indicates a substantial semantic closeness.

The validity of semantic coherence of each SAE
feature and cluster can also be tested individually us-
ing the MonoSemanticity score introduced by Pach et
al. (2025). For the SAE features the score of the k-th
neuron becomes

ey

k
k Zl§n<m§N TnmSnm
MSsae =

@)

2 r
1<n<m<N 'nm

where the relevance matrix 7 = @*a* quantifies the

joint neuron activation of each image pair. Sy, is the
pairwise similarity between images computed as the co-
sine distance of their embeddings from an auxiliary vi-
sion encoder F, i.e.
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Note that in future experiments CLIP network (Rad-
ford et al., 2021) will be used as the vision encoder
E. We formulate an analogous MonoSemanticity met-
ric adapted to clusters, which replaces neuron activa-
tions @ by the normalized distance of each activation
a, in the embedding space from the cluster centroid
=~ 1+ cos(f)
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Then the relevance matrix is computed analogously as
for the SAE metric, that is, p/,,, = d?,d/,. Hence, ap-
plying the same logic to construct the MonoSemanticity
score for clusters yields
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Computing the aforementioned metrics allows a
quantitative comparison of qualitatively distinct con-
cept extraction methods. On the one hand, the SAEs
are trained in a self-supervised fashion, disentangling
the latent signal into an overcomplete dictionary of fea-
tures using an encoder-decoder like architecture. On
the other side, the clustering-based approaches decom-
pose the latent activations into groups (clusters) accord-
ing to their pairwise (agglomerative clustering) or point
to centroid (K-means clustering) distances. Therefore,
finding matching concepts among the SAE features and
the clusters strengthens the validity of the individual re-
sults and affirms the robustness of both present concepts
extraction approaches.

4 Visual Inspection Techniques

Once the overlap between SAE features and clusters is
established, the feature-cluster pairs with overlap higher
than a set threshold O3, > 7 will be selected for intro-
spection and concept description. The overlap threshold
T may be selected statistically by estimating a null dis-
tribution through random permutation of cluster mem-
berships or SAE activations and choosing the corre-
sponding upper confidence percentile (e.g., the 95th per-
centile), thereby retaining only statistically significant
concept correspondences. Presumably, clusters and fea-
tures whose activations overlap significantly share com-
mon input samples and will thus constitute the same (or
similar) semantic meaning — concept. Particularly, sam-
ples whose activations fire for both a feature and a clus-
ter simultaneously can be considered as the core repre-
sentatives for the sought-for concept.

Conversely, examining the semantic content of
clusters and SAE features independently may reveal dis-
crepancies between the two approaches, thereby expos-
ing inherent differences in the corresponding extraction
methods. These differences constitute an important ob-
ject of study in their own right.

To interpret these features, it is necessary to de-
termine which semantic concepts they embody and how
these concepts can be mapped to human language. At
present, there exist two primary approaches for inspect-
ing and describing their semantic content in natural lan-
guage. The first, most intuitive yet labor-intensive ap-
proach relies on human visual inspection of the corre-
sponding input images. To illustrate this method, we
provide an example below. Another possibility is to em-
ploy an external Vision-Language Model (VLM) capa-
ble of generating textual descriptions for sets of images
associated with a given cluster or SAE feature. In this
work, we do not further explore the latter approach, al-
though it may serve as an interesting direction for future
analysis.

Here, we briefly present the process of visually in-
specting the input images associated with the highest
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Fig. 1: A collage plot of 100 input images, which yield
the highest activation of the 41045th neuron in the SAE
layer. The apparent common concept among these im-
ages is food dominated by fruits and vegetables.

activations a” of the k-th neuron in the SAE. Similarly,
the semantic content of a cluster can be analyzed by dis-
playing the input samples whose activation vectors a,,
lie closest to the centroid p; of a given cluster. Further-
more, importance heat maps are constructed for a subset
of representative samples in order to highlight the input
patches that contribute most strongly to the activation of
the corresponding neuron.

A composite visualization of the 100 most rep-
resentative samples associated with the 41 045-th SAE
feature, trained on the 18-th layer of LLaVA 1.5 Liu et
al. (2024), is shown in Figure 1.

Another useful approach, mentioned above, is the
construction of importance maps or heatmaps. Figure
2 presents four heatmaps highlighting the input patches
that contribute the most strongly to the activation of the
same 41 045-th neuron. Interestingly, the boundaries of
the depicted objects, predominantly fruits and vegeta-
bles, consistently exhibit the highest contributions to the
feature activation.

5 Conclusion and Future Work

To conclude, we have proposed a framework together
with quantitative measures for evaluating the robustness
of extracted concepts with respect to the choice of un-
supervised extraction method. The proposed methodol-
ogy consists of three main stages. First, Sparse Autoen-
coders are to be trained on selected layers of a founda-
tion model, while activations from the same layers are
analyzed in parallel using clustering techniques. Next,
the pairwise overlap between SAE features and clusters



Fig. 2: Importance heatmap revealing image patches
with highest contribution to the SAE feature activation.
The four presented images belong to the set of samples
with overall highest activation of the 41045th neuron.

is evaluated layer-wise, together with MonoSemanticity
scores computed for the top-/V activating samples and
the top-INV samples closest to the corresponding clus-
ter centroids. Finally, representative samples associ-
ated with both SAE features and clusters are visualized
using collage plots, complemented by importance heat
maps highlighting the input regions contributing most
strongly to feature activation.

The primary direction of future work is the im-
plementation and large-scale evaluation of the pro-
posed framework. The experimental analysis will be
conducted on a large and semantically diverse image
dataset (e.g., ImageNet, COCO, or Visual Genome) en-
suring that the extracted concepts span a broad spec-
trum of visual semantics and abstraction levels. The
expected contribution lies in providing empirical ev-
idence regarding the semantic robustness of unsuper-
vised concept discovery methods. In particular, the pro-
posed analysis aims to clarify the relationship between
geometric, clustering-based representations and sparse
SAE-derived representations. Quantitative overlap and
monosemanticity measures may provide practical in-
sight into the reliability of these methods and help deter-
mine in which settings one approach may be preferable
over the other.

More broadly, improving our understanding of the
stability and consistency of unsupervised interpretabil-
ity techniques may contribute to more reliable and trust-
worthy deployment of foundation models.
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Abstrakt

Vyzkumy naznacuji, ze u obéznich lidi dochazi ke
zkresleni vizudlni pozornosti smérem ke stimulim
spojenych s jidlem, oproti neobéznim lidem jiz na
urovni percepce vénuji pozorovani jidla vice ¢asu. V
této eye-trackingové studii porovnavame miru
pozornosti vé€novanou riznym typum vizualnich
podnétli (vysoce a nizce primyslové zpracované jidlo,
ne-jidlo) na vzorku déti z 1écebny pro obézni déti a
kontrastni skupiné neobéznich déti. Eye-trackingova
uloha sestavala ze dvou casti. V prvni casti respondenti
volné¢ pozorovali kombinace dvou typl vizudlnich
podnéti. Ve druhé ¢asti byla ¢ast podnéti obsahujici
kombinaci vysoce a nizce primyslové zpracované jidlo
prezentovana znovu a respondenti si vybirali jidlo, na
které maji vice chut. Mimo experimentalni ¢ast byl
administrovan dotaznik DEBQ-C (Dutch Eating
Behavior Questionnaire). Vysledky naznaduji, ze u
obéznich déti z 1éCebny ve srovnani s kontrolni
skupinou dochazi k opacnému efektu, nez je popisovan
v literatufe, tedy ze vysoce zpracovanému jidlu vénuji
méné pozornosti. Mira pozornosti veénovana jidlu
souvisi se subskalami DEBQ-C.

1 Uvod

Obezita v détstvi je komplexni fenomén, jehoz vyskyt v
poslednich desetiletich celosvétové roste (Wang &
Lobstein, 2000). Vedle genetickych a
environmentalnich faktord hraji dalezitou roli i
kognitivné-behaviordlni mechanismy, jako jsou
stravovaci navyky a pozornostni procesy.

Podle teorie pfedchozich vyzkumiti na zkresleni
pozornosti pii percepci jidla, miize vystaveni podnétim
spojenym s jidlem wvést k vétsi citlivosti na tyto
podnéty, a tedy i k vétsi pravdépodobnosti nadmérného
pfijmu kalorii. Vyzkumy u dospélych i adolescent
Casto naznacuji, ze jedinci s vyssi télesnou hmotnosti
vénuji véEtsi pozornost vysoce kalorickému jidlu.
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Nicméné tato zjisténi nejsou u déti konzistentni
(Graham et al., 2011; Werthmann et al., 2011).

Nasim cilem bylo ovéfit, zda existuje rozdil v délce
fixaci a preferencich mezi détmi s obezitou a jejich
vrstevniky s normalni hmotnosti. Zaroven jsme chtéli
zjistit, zda existuje vztah mezi stravovacim stylem
(m&fenym pomoci DEBQ-C) a pozorovanymi
pozornostnimi vzorci.

2 Metody

2.1 Vyzkumny soubor

Do studie bylo zahrnuto 77 déti ve véku 11 az 17 let.
Skupina déti s obezitou (n = 43) byla rekrutovana v
ramci lazeiiského pobytu zaméfeného na 1écbu
nadvahy. Kontrolni skupinu (n = 34) tvorily déti bez
obezity, které se rekreacné zotavovaly v jiném zafizeni.
Ob¢ skupiny byly srovnatelné z hlediska véku a
pohlavi. Pfesna antropometricka kritéria, napiiklad
BMI percentil nebo BMI z-skoére, nebyla v této fazi
analyzy zahrnuta

2.2 Materialy

K meéfeni stravovacich navyk byl pouzit dotaznik
DEBQ-C (Dutch Eating Behavior Questionnaire for
Children), ktery zahrnuje tfi dimenze: restriktivni,
emocni a externi stravovani (van Strien, et al., 2008).
Pivodni binarni s$kaly odpovédi v dotazniku byly
upraveny na pétibodové frekvenéni Likertovy Skaly:
Hhikdy* (0), ,,zfidka®, ,,nekdy*, ,,Casto* a ,,velmi Casto*

4.

Byly pouzity dv¢ ulohy: (1) pasivni sledovani 69 dvojic
obrazkl, z nichZz kazda zobrazovala kombinaci ultra-
zpracovanych nebo minimalné zpracovanych potravin
nebo ne-jidla, a (2) aktivni vybér preferované potraviny
ze 23 dvojic obsahujicich ultra- a minimalné
zpracované potraviny. Viz Obr. 1.



Stimuly byly vybirany z databaze Food-pics (Blechert
et al.,, 2014) a byly upraveny tak, aby byly vizualné
vyvazené z hlediska kontrastu, sytosti barev a velikosti.
Pfi  vybéru podnétd jsme dale zohlednovali
srovnatelnost kategorii z hlediska vizualni komplexity
a luminance. Kazda dvojice byla prezentovana po dobu
3 sekund v prvni tloze, ve druhé pak po dobu trvani
odpovédi participanta.

Prezentace probihala na 19" LCD monitoru se Sedym
pozadim. Eye-trackingovd data byla zaznamenéavana
pomoci systému EyeLink 1000 Plus s frekvenci 500
Hz.

315 px 315 px

20px 57 240 px 240 px

background: #dcdcdc (220, 220, 220)

Obr. 1: Podnétovy material

2.3 Cisténi dat a postup analyzy

Celkem bylo sesbirano 98 datovych zaznamii. Po
vicestupfiovém c¢isténi bylo vylouceno 21 participantd.
Sedm déti bylo vyrazeno kvuli zdvaznym zrakovym
vadam (napft. nekorigovana dalekozrakost,
barvoslepost, strabismus). Dalsi ¢tyfi pro nadmeérnou
ztratu signalu, jeden kvili $patné validaci (chyba >1°) a
tii pro extrémné nizky pocet fixaci. Na zaklade
laboratornich poznamek byli vyfazeni dva Ucastnici s
poruchou piijmu potravy a Ctyfi s vyraznymi projevy
ADHD. Do finélni analyzy bylo zahrnuto 77 déti.

AOI (oblasti zajmu) byly pifedem definovany jako
obdélnikové oblasti kolem kazdé z potravin na
obrazovce. Hlavnimi vystupy byly celkova délka fixaci
na jednotlivé AOI a pocet fixaci. Pro analyzu byla
pouzita kombinace deskriptivni statistiky, smiSenych
regresnich modelti (LMM a GLMM) a analyza rozptylu
(ANOVA) k porovnani mezi skupinami. V piipadé
preferencni tlohy byla hlavni proménnou binarni volba
jednoho ze dvou obrazkd.

2.4 Etika vyzkumu

Vyzkum byl schvalen Etickou komisi Mendelovy
univerzity. Uast ve vyzkumu byla dobrovolna. Pied
zatazenim do studie byl ziskdn pisemny informovany
souhlas zakonnych zastupci déti a zaroven ustni
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souhlas samotnych détskych participantii. Studie byla
realizovana v souladu s etickymi principy vyzkumu s
lidskymi  ucastniky  kodifikovanymi v Helsinské
deklaraci (1964).

3 Vysledky

V této Casti jsou uvedené pouze CasteCné vysledky
zaméfené na porovnani obou skupin, kompletni
vysledky jsou zpracovavany do vyzkumného ¢lanku.

3.1 Dotaznik DEBQ-C

Analyza ukazala, ze déti s obezitou mély signifikantné
vyssi skore v subskale restriktivniho stravovani
(pramér = 2.22, SD = 0.80) nez kontrolni skupina
(pramér = 1.65, SD = 0.73), t(73.49) = -3.29, p = .002,
d=-0.75.

3.2 Fixace pfi volném sledovani

Pro porovnani dwell time (tedy suma fixaci) na
jednotlivych typech AOI u obou skupin byl vyuzit
smiSeny linearni model. Pokud se zaméfime na within-
subject planované kontrasty, tak u ultra-zpracovaného
jidla kontrolni skupina (primér = 1220 ms) vykazovala
statisticky ~ vyznamné  delsi dwell time nez
experimentalni skupina (primér = 1125 ms), t(Inf) =
4.34, p <.001, d = 0.17. Opaény vzorec byl detekovan
v pfipadé minimalné zpracovaného jidla, kde
vykazovala experimentalni skupina (pramér = 1275
ms) delsi dwell time, nez kontrolni (primér = 1210
ms), t(Inf) = -2.94, p = .003, d = -0.11. Stejny vzorec
byl pozorovan i podnétl zobrazujicich ne-jidlo, kde byl
dwell time u experimentalni skupiny (pramér = 1185
ms) opét delsi nez u kontrolni (primér = 1133 ms),
t(Inf) = -2.37, p = .018, d = -0.09. Piestoze uvedené
kontrasty dosahly statistické vyznamnosti, velikosti
efektu byly nizké az velmi nizké. Tyto vysledky je
proto nutné interpretovat obezfetné: naznacuji spiSe
slaby posun ve vzorci vizualni pozornosti nez robustni
¢i prakticky vyrazny rozdil mezi skupinami.

3.3 Preference

Na kalkulaci rozdili v preferencich u druhé ulohy byl
vyuzit GLMM model s binomialni logit link funkeci.
Vystupem tohoto modelu byla pravdépodobnost vybéru
ultra-zpracovanych potravin u obou skupin. Vysledky
planovanych kontrastii naznacuji, Zze pravdépodobnost
vybéru ultra-zpracovanych potravin je u experimentalni
skupiny statisticky vyznamné nizs$i (32.1 %) nez u
skupiny kontrolni (45.3 %), b=-0.564, p = .012.



3.4 DEBQ-C a experimentalnich dloh

Nakonec byly vypocitany dva smiSené regresni modely
se subskalami DEBQ-C jako prediktory a s dwell time
(aloha 1) resp. preferencemi (Gloha 2) jako zavisle
proménnymi. Zadna z dimenzi dotazniku vyznamné
nevysvétlovala dwell time u ulohy 1. U ulohy 2 byla
dimenze restriktivniho stravovani v signifikantnim
vztahu s preferenci ultra-zpracovaného jidla, ¢im vyssi
bylo skore vtéto subsSkale, tim niz§i byla
pravdépodobnost vybéru ultra-zpracovaného jidla (b =
-0.26, p = .022).

4 Zavér

Zjisténi této studie jsou v rozporu s ocekavanim, ze déti
s obezitou vykazuji zvySenou vizualni citlivost vuci
vysoce kalorickym podnétim. Celkové vysledky
naznacuji mozny inverzni vzorec, tedy tendenci déti s
obezitou vénovat relativné méné pozornosti ultra-
zpracovanym potravinam a Castéji preferovat zdravejsi
alternativy. Vzhledem k malym velikostem efektl je
vsak tfeba tato zjisténi chapat jako piedbézna a
interpretovat je opatrné. Moznym vysvétlenim mize
byt socializa¢ni vliv prostfedi, ve kterém se déti
nachazeji, v€etné zdravotnich a vzdélavacich intervenci
béhem pobytu v laznich. Dal§im faktorem mize byt
zvySena vnitini motivace ke zméné stravovacich
navykl. Vysledky zaroven upozoriiuji na omezenou
platnost teorie pozornostniho zkresleni u déti, u nichz
mize hrat vétsi roli kontrolni mechanismus a normy. Z
praktického hlediska mohou tato zjisténi predbézné
naznaCovat, ze pfi dalsim vyzkumu behavioralnich
intervenci zaméfenych na stravovaci volby déti mize
byt wuzitecné veénovat pozornost nejen omezeni
dostupnosti nezdravych potravin, ale také motivaénim a
normativnim faktorim. Vzhledem k observaéni povaze
prezentovanych vysledkii a specifickému kontextu
naboru je vSak nutné tyto implikace chapat jako
hypotetické a vyzadujici dalsi ovéteni.
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Abstract

High-level human cognition depends on structured rep-
resentations enabling entities, attributes, and events to
be compared, categorized, and reused across contexts.
Raw perceptual input, however, is continuous and non-
symbolic, and to achieve a higher level of conceptual
understanding, a cascade of transformations must be
performed on it to translate it effectively. The present
work aims to explore how visual perceptual informa-
tion might be computationally organized into structured
conceptual representations that can support concept for-
mation and basic reasoning. We propose a preliminary
active computer vision system that processes a 3D video
stream to segment scenes, track objects, infer simple ob-
ject properties, and represent affordances through inter-
action. Via this process, the architecture is intended to
construct object-centric, perceptually grounded concep-
tual representations within the framework of conceptual
spaces, embedding observed object attributes and mo-
tion behaviors into a structured semantic space. This ap-
proach aims to draw on cognitively inspired principles,
prioritizing modularity and interpretability over state-
of-the-art fully monolithic, end-to-end neural architec-
tures. Consequently, this perceptual architecture could
complement other reasoning and learning systems in the
future, contributing to a more robust cognitive architec-
ture applicable in the real world.

1 Introduction and Related Work

Visual perceptual input is an essential modality for early
sensorimotor discovery and learning in human infants
(Gopnik et al., 1999). Especially during pre-verbal de-
velopmental stages, visual perception, coupled with the
ability to physically interact with the environment, is
theorized to facilitate the construction of multimodally
grounded semantic representations (Fitzpatrick et al.,
2003; Lohmann et al., 2020). The semantics of early
conrete concepts in this stage are not primarily learned
via language (Mandler, 1992; Carey, 2009), but rather
by observing the attributes (i.e., in the case of concrete
physical objects, these attributes could be related to ap-
pearance, physical properties, behavioral patterns un-
der some physical intervention by the agent, etc.) and
characterizing the concepts using the sets of such at-
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tributes (Rosch, 1978; Gérdenfors, 2000; Takac, 2007;
Baillargeon, 2004; Held and Hein, 1963).

The theory of conceptual spaces (Gérdenfors, 2000,
2014) is one of the well-established computational
frameworks modeling such semantic mechanisms with
a higher degree of biological plausibility. Within it,
observed instances of concepts, exemplars (Medin and
Schaffer, 1978; Nosofsky, 1984), are aligned with other
exemplars in the semantic space based on the similarity
of their attributes. Consequently, the observed exem-
plars tend to cluster along the semantic space dimen-
sions corresponding to their common attributes (i.e.,
quality dimensions), forming convex regions that rep-
resent conceptual categories, with the cluster centroids
approximating prototypical instances (Rosch, 1978). As
a result, conceptual spaces are formally hyperdimen-
sional geometric spaces organized along interpretable
and separable quality dimensions, supporting semantic
similarity assessment by measuring spatial distances be-
tween exemplars or categories, as well as categorization
and category recall, since any newly observed exemplar
can be mapped to the appropriate convex region.

Hence, such a combination of a computational vi-
sual processing pipeline with conceptual spaces for se-
mantic representations and an embodied agent lever-
aging physical manipulation to elicit new environmen-
tal observations may yield an approximate computa-
tional model of a bottom-up visual perception process
(McMains and Kastner, 2011), specifically producing
non-verbal physical-object-centric concepts grounded
in perception and action (Barsalou, 1999). In the
context of cognitive robotics, this process is essential
for constructing high-level symbolic representations of
the environment, facilitating higher-level reasoning and
planning.

The integration of robotic interaction with com-
puter vision methods to boost their performance, how-
ever, has been explored relatively extensively. Most no-
tably, the research has focused on learning the proper-
ties of physical objects in the scene via motion track-
ing following the physical interaction performed by an
embodied agent (Fitzpatrick et al., 2003; Fitzpatrick,
2003; Katz et al., 2013; Nematollahi et al., 2020; Kru-
zliak et al., 2024). Additionally, there has been a focus
on learning manipulation strategies to explore the envi-



ronment more efficiently (Lohmann et al., 2020; Gadre
et al., 2021), or on linking robotic actions to object per-
ception to construct affordance representations (Gupta
and Davis, 2007; Gadre et al., 2021).

The present paper proposes an artificial perceptual
architecture (Section 2) that would leverage active com-
puter vision, intended to enable robotic agents to study
and learn the attributes and behaviors of physical objects
and to generalize across multiple observations to form
structured conceptual representations. In our design, we
rely on standard computer vision and machine learning
methods to facilitate this kind of visual processing and
assemble them into a modular system functionally in-
spired by pertinent aspects of the human visual system.
Thus, the proposed architecture is intended to remain
transparent and interpretable, while preserving a cogni-
tively inspired organization. Subsequently, we suggest
how the architecture and the representations it yields
could provide a substrate for more complex cognitive
functions, such as language processing and primitive so-
cial cognition (Section 3). Our design methodology is
hence in accordance with the developmental perspective
of human cognition: a child first learns foundational,
object-centric representations through sensorimotor ex-
ploration of the physical world (Mandler, 2007), sub-
sequently grounds early linguistic labels in these pre-
existing perceptual concepts (Tomasello, 2003; Bloom,
2000), and eventually leverages this acquired linguistic
system as a cognitive tool to bootstrap the formation of
increasingly abstract and complex representations (Vy-
gotskij, 1978; Lupyan, 2012).

2 Proposed Architecture

The minimal computational high-level formulation of
the proposed perceptual architecture could be defined
as a stateful ¥-parametrized function Iy : v(t) — o(t),
where v(t) € [0.0; 1.0]7*W>x4X¢ denotes a visual ob-
servation at the discrete environmental time ¢ € N, in
our context defined as a sequence of 1 < ¢ < ¢ normal-
ized RGB-D images, and o(t) being an abstract set of
high-level disentangled state variables [akin to the ones
in our previous work (Cibula et al., 2024)] extracted
from the visual percept v(¢).

The parametrization 1 affects the system’s subpro-
cesses by specifying configurable hyperparameters of
the modules within the architecture, with specifics de-
pending on the system implementation. In our con-
ceptualization, ¥ enables top-down influence from the
rest of the architecture, thereby allowing a computa-
tional analog of top-down/bottom-up bidirectionality in
the perceptual process (Dijkstra et al., 2017; McMains
and Kastner, 2011). More specifically, 9 can be inter-
preted as serving two purposes: capturing longer-term
perceptual adaptation based on feedback from a poten-
tial reasoning component, and providing shorter-term
control, for example, in attentional filtering (Deutsch
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and Deutsch, 1963; Cowan, 1998).

In designing the internal mechanisms of Ily (Fig-
ure 1), we do not rely on monolithic, end-to-end neural
architectures. Such models tend to be opaque and resis-
tant to integration into larger, modular cognitive archi-
tectures in which specific perceptual domains must be
isolated and manipulated. Instead, the proposed frame-
work leverages a decoupled, multi-branch pipeline uti-
lizing specialized computer vision methods. This de-
sign is functionally inspired by aspects of the human
visual system, partitioning continuous visual perception
into discrete object representations, kinematic tracking,
and spatial topology extraction.

2.1 Scene Discretization and Visual Memory

As raw perceptual input is predominantly continuous
and non-symbolic, a bottom-up quantization mecha-
nism is useful for converting the continuous RGB-D
signal into discrete entities. In human infants, object
individuation is strongly supported by cues such as mo-
tion and physical cohesion (Spelke, 1990). Computa-
tionally, we propose to operationalize this using stan-
dard prompt-free instance segmentation models coupled
with multi-object tracking.

To support object identity across changing view-
points, brief occlusions, and manipulation, the system
employs Ephemeral Eidetic Memory Storage (EEMS).
As objects are tracked, the EEMS captures geomet-
ric and visual crops of the objects from various view-
points, provided the observations meet heuristic qual-
ity thresholds, such as low visual similarity to already
recorded observations or high image sharpness. EEMS
serves as a functional analog to short- to mid-term visual
memory, accumulating multiple object-centered obser-
vations of the physical entities in the scene.

2.2 Feature Extraction

Following scene discretization into tracked entities, the
architecture processes the EEMS data through three par-
allel branches, extracting representations that map to
fundamental domains of human object cognition: in-
trinsic visual appearance (the “what”), spatial topology
(the “where”), and dynamic behavior (the “how’). This
categorization is inspired by the two-stream processing
hypothesis (Goodale and Milner, 1992), and the the-
ory of affordances (Gibson, 2014). By isolating these
modalities, the system generates separable representa-
tions ready for conceptual embedding.

Visual Domain To capture the “what” attributes of an
object (e.g., color, shape, texture), the system avoids
language-dependent models in favor of unsupervised
representation learning. Relatively recently, a new
class of slot-attention-based models (Locatello et al.,
2020) has emerged that can disentangle raw pixel inputs
into distinct, continuous latent factors (Stammer et al.,
2024). When applied to sets of visual observations for
each object stored in the EEMS, the architecture is in-
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Fig. 1: High-level schematic of the proposed perceptual architecture with the essential subsystems facilitating the con-
version of a low-level visual percept from a physical scene to a high-level scene description while learning high-level
conceptual representations modeled as a conceptual space.

tended to approximate a decomposition of visual object
properties into separable feature dimensions without re-
quiring linguistic supervision.

Spatial Domain To represent the spatial organization
of the scene, spatial relationships between objects can
be formalized using purely geometric metrics, echo-
ing developmental evidence that preverbal infants are
sensitive to primitives such as spatial containment and
support before acquiring spatial vocabulary (Mandler,
1992; Baillargeon, 2004). For each object, an egocen-
tric spatial signature could be constructed by evaluating
relative 3D directional vectors (i.e., azimuth, elevation,
distance) and volumetric overlaps with surrounding ob-
jects. This approach would embed variable-sized scene
graphs into fixed-length relational vectors, forming an
embeddable spatial domain.

Kinematic Domain Finally, to characterize how ob-
jects behave and interact dynamically, the system can
track 6-degree-of-freedom (6-DoF) trajectories of their
movement. This could be achieved by any standard
6D object-pose estimator tracking each object during
the recording session. Such a tracking process yields
a 6D time-series trajectory that can be converted into
compact motion descriptors. Acting as a signal, each
trajectory can be filtered and transformed into the fre-
quency domain (Mao et al., 2020). By retaining only
the low-frequency coefficients, we can generate a com-
pact, fixed-length vector that captures the prototypical
“shape” of the motion (e.g., tumbling, sliding) and is
less sensitive to the event’s specific speed or duration.

2.3 Semantic Representation Construction

The objective of the perceptual architecture is to con-
struct a structured semantic representation utilizing the

31

framework of conceptual spaces (Girdenfors, 2000).

The vectors extracted from the three processing
branches (Section 2.2) would act as points within their
respective, separable quality dimensions. Each obser-
vation of an object could function as an exemplar. As
the embodied agent interacts with the environment, ex-
emplars sharing common attributes can cluster together.
The centroids of these clusters would emerge as the pro-
totypical instances of concepts.

By measuring semantic similarity via spatial dis-
tances, the system could dynamically categorize novel
objects by mapping them to the nearest established re-
gions. This architecture would contribute to grounding
conceptual meaning in multimodal perception and phys-
ical action (Barsalou, 1999; Harnad, 1990), providing a
foundation for higher-level reasoning without requiring
prior linguistic knowledge.

Concurrently, this categorization process yields the
immediate high-level scene descriptor o(t). At any dis-
crete time step ¢, o(t) serves as an instantaneous, object-
centric state representation of the environment, encap-
sulating the tracked entities, their current kinematic in-
formation, spatial relationships, and their mapped con-
ceptual categories. Consequently, the perceptual pro-
cess yields a dual product: it progressively builds a
longer-term, generalized semantic space while simul-
taneously producing a structured, real-time descriptor
ready to be leveraged by downstream action-selection
or reasoning modules.

3 Potential Cognitive Extensions

The proposed architecture suggests possible extensions
toward higher-order cognitive capabilities while pre-
serving the same object-centric representational princi-



ples. By producing a geometrically grounded semantic
space, we hypothesize that the system could provide a
useful representational substrate for language acquisi-
tion and primitive social cognition.

Language Grounding Following the framework of
conceptual spaces, the proposed system represents
object-related meaning geometrically prior to any lin-
guistic involvement. Within this paradigm, linguis-
tic labels can be modeled as pointers that guide at-
tention to specific regions or centroids in conceptual
space (Girdenfors, 2024). This suggests a possible
mapping between mathematical clusters and grammati-
cal categories: visual attribute clusters may correspond
to adjectives (e.g., “yellow”, “cubic”), kinematic clus-
ters may correspond to verbs (e.g., “slides”, “falls”),
and spatial clusters may correspond to prepositions
(e.g., “behind”, “on”). Consequently, attaching lin-
guistic labels to these autonomously formed categories
could support later compositional language inherently
grounded in sensorimotor perception, thereby contribut-
ing to a possible solution to the symbol grounding prob-
lem (Harnad, 1990; Vogt, 2002).

Social Cognition Furthermore, the object-centric na-
ture of the architecture suggests a possible pathway
toward primitive social perception. By treating other
agents as physical systems, the discretization module
could segment a person into constituent body parts and
track them as object-like entities. In such an extension,
the system could implicitly approximate a form of body-
pose representation, thereby extracting the behavioral
kinematics and spatial topology of the observed agent.
If the robotic agent has a model of its own body, it could
measure semantic similarities between the tracked tra-
jectories of the observed agent’s limbs and its own end-
effectors. This mapping between the self and the other
could provide one prerequisite for observational imita-
tion learning and simple intent recognition.

4 Conclusion

Here, we propose a theoretical framework for a modular
active computer vision architecture designed to trans-
form continuous non-symbolic video streams into dis-
crete, high-level semantic representations. By explic-
itly avoiding opaque, end-to-end monolithic models,
we outline a transparent, cognitively inspired pipeline
that partitions visual processing into visual, spatial, and
kinematic domains, drawing inspiration from human vi-
sual perception. By embedding these extracted fea-
tures, we outline how the system could dynamically
construct a conceptual space that reconciles exemplar-
based observations with prototype-based category for-
mation through geometric proximity, without linguistic
influence.

Ultimately, this perceptual architecture is designed
to serve as a non-verbal sensory module for embodied
agents. By outputting real-time structural scene descrip-
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tors and progressively learned conceptual representa-
tions, the proposed system could provide the necessary
grounding for downstream cognitive architectures, fa-
cilitating sensorimotor learning and inference, and po-
tentially supporting later language grounding in embod-
ied settings.
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Abstrakt

Spolecnost pro kognitivni védu pfedstavuje studentskou
a popularizacni platformu, kterd v ceském prostiedi pro-
pojuje zdjemce o mysl, poznavani a pribuzné obory.
V situaci, kdy se kognitivni véda v Ceské republice
rozviji pfevazné napfi¢ riznymi disciplinami a institu-
cemi, maji podobné iniciativy zvlastni vyznam. Nejde
pouze o organizaci pfednaSek nebo popularizaénich ak-
tivit, ale o vytvafeni komunity, kterd poméaha udrzovat
pohromadeé obor, jenz je svou povahou interdisciplinarni
a instituciondlné rozptyleny. Cilem tohoto piispévku
je predstavit Spolecnost pro kognitivni védu jako plat-
formu, kterd propojuje studenty, odborniky i Sirsi
vefejnost a tim prispiva k vétsi viditelnosti a soudrznosti
kognitivni védy v ¢eském prostredi.

1 Uvod

Spolecnost pro kognitivni védu byla zaloZena v roce
2011 na Vysoké $kole ekonomické v Praze pod ndzvem
Spole¢ nost pro kognitivni védu a filosofii. Za jejim
vznikem stili Ondfej Becev a Petr gpecién, ktefi usi-
o mysl, védomi, jazyk, pozndvani a soucasny vyzkum v
kognitivni védé. Spolek od pocatku poradal prednasky
a diskuse a po stupné rozsifoval své aktivity i mimo
Prahu, naptiklad do Brna. Zapojoval se také do SirSiho
akademického a popularizaéniho déni, mimo jiné do or-
ganizace konference Kognice a umély Zivot a n¢kolika
ro¢nikd festivalu Na hlavu. Po roce 2018 vSak ¢innost
spolku na nékolik let ustala. K jejimu obnoveni doslo az
v roce 2022, kdy se o novy rozbéh zasadila novd gene-
race studentd v Cele s Karinou Zamrazilovou. Obnoveny
spolek navazal na ptivodni my$ lenku mezioborového
setkavani, ale zarovei ji rozvinul smérem k soucasnym
formam studentské, populariza¢ni a komunitn{ ¢innosti.

2 Fungovani spolku

pofddani pravidelnych ptedndsek, popularizacnich ak-
tivit a neformdlnich setkdni. Cilovou skupinou jsou
predevsim vysokoskolsti studenti, ale také stfedoskolaci
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a SirSi ve fejnost. Vedle prednaSkové Cinnosti se spo-
lek vénuje i popularizaci novych poznatkii na webu a
socidlnich sitich, kde pfiblizuje aktudlni vyzkum sro-
zumitelnou formou. DileZitou soudasti fungovani jsou
také pravidelna ne formdlni setkdni nazyvand Cogtaily,
jejichZ cilem je propojovat aktivni i byvalé ¢leny spolku
a podporovat mezioborovou i mezigeneracni diskusi.
Spolek tak ne stoji jen na jednotlivych akcich, ale
i na komunitnim rozméru, ktery umoziiuje dlouho-
dobé budovani vztaht a spoluprace. Pravé tento aspekt
je pro mezioborovy obor, jakym je kognitivni véda,
mimoradné dilezity.

Hlavni oblasti ¢innosti spolku

=
Prednasky

Obr. 1: Hlavni oblasti ¢innosti Spolecnosti pro kogni-
tivni védu.

3 Sife témat a podoba oboru

Program spolku dobfe ukazuje, jak Siroce lze dnes ko-
gni tivni védu chdpat. V poslednim obdobi zaznély
prednasky napriklad o percepni teorii schizofrenie,
o vztahu kognice, paméti a interpretace svéta, o ko-
gnitivnich mapach pfi prostorové orientaci osob se
zrakovym postizenim, o vztahu umélé inteligence a
nevédomi nebo o pozornosti a vizudlni percepci. Ta-
kova tematickd riznorodost ukazuje, Ze kognitivni véda
dnes nepredstavuje jednu tzce vymezenou disciplinu,
ale spiSe prostor, v némz se setkdvaji psychologie, fi-
losofie, neurovédy, biologie, jazykovéda, informatika
i technické obory. Pravé tato rozmanitost je jednou z
nejvétsich pred nosti kognitivni védy, ale zarovenl zna-
mend, Ze podobny obor potfebuje mista, kde se jeho



riznorodé Casti mohou skute¢né propojovat. Spolek v
tomto sméru nevystupuje jen jako poradatel akci, ale
i jako prostfedi, které t€émto riznym tématim dava
spole¢ny ramec.

4 Popularizace a verejna viditelnost

Vedle prednasek je dilezitou soucdsti ¢innosti spolku
také popularizace souCasného vyzkumu. Na webu
spolecnosti se objevuji texty vénované napiiklad psy-
chedelikim a védomi, neuroestetice, cocktail party
efektu, vztahu Al a kreativity nebo dal$im tématim
na pomezi psychologie, neurovéd a filosofie. Spolek
zaroven vyuziva Instagram, YouTube a dalsi online plat-
formy k informovéani o ak cich, predstavovani Clent
a sdileni zdznamt vybranych pfednasek. Tato Cinnost
m4i vyznam nejen popularizacni, ale i obo rovy. Ko-
gnitivni véda je totiz v Ceském prostfedi rozpty lena
mezi vice instituci a tradi¢nich disciplin. Pokud ma byt
vnimdna jako smysluplny celek, je dilezité vytvéret
mista, kde se tento celek stava viditelnym. Popularizace
tak nepfedstavuje jen doplnék odborné Cinnosti, ale i
sou ¢ast toho, jak se obor pfedstavuje navenek a jak si
buduje své misto v §ir§Sim akademickém i vefejném pro-
storu.

5 Komunita jako podminka rozvoje oboru

Jednim z dulezitych aspektd cCinnosti spolku je
vytvafeni komunity kolem kognitivni védy. U mezi-
oborovych oblasti totiz Casto nestaci, aby vedle sebe
pouze existovala rizna témata a metody. Stejné dulezité
je, aby existoval prostor, ve kterém se mohou lidé
z riznych obord pravidelné setkdvat, navazovat spo-
lupréci a spole¢né pfemyslet o problémech, které Zadnd
jednotlivd disciplina neobsdhne sama. Pravé v tom lze
vidét $irsi vyznam spolku. Nejde jen o studentskou or-
ganizaci v béZném smyslu slova, ale o plat formu, ktera
pomdhd udrzovat pohromad¢ obor, jenz je svou povahou
interdisciplinarni a instituciondlné rozpty leny. Studie
vénované interdisciplinarnim obordm navic ukazuji, Ze
pro jejich dlouhodoby rozvoj nejsou dulezita jen témata
a metody, ale i infrastruktura, identita a ko munita, které
témto obortim dédvaji stabilnéjsi podobu. Spolecnost pro
kognitivni védu tak nepoméha pouze popu larizovat jed-
notlivd témata, ale zdroven podporuje vznik sdileného
prostoru, ve kterém lze kognitivni védu vnimat jako
skute¢ny celek.

6 Smérovani do budoucna

Vyznamnou soucasti ¢innosti spolku ziistava také vazba
na konferenci Kognice a umély Zivot, jejiz dalsi ro¢nik
pro béhne v roce 2026. Pravé propojeni studentské ini-
ciativy, popularizace a konferen¢niho prostiedi ukazuje,
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Ze Ceska kognitivni véda nestoji jen na jednotlivych
pracovistich, ale i na aktivni komunité, kterd vytvari
kontakty, sdili témata a otevird prostor pro nové spo-
luprace. Do budoucna se proto jako dileZité jevi nejen
pokracovani v pfedndskové a popularizaéni ¢innosti,
ale také dalsi roz Sifovani Clenské zdkladny, posilovani
vefejné viditelnosti oboru a propojovani studentd s od-
borniky z riznych in stituci. Pokud ma mit kogni-
tivni véda v Ceském prostiedi siln€j$i a dlouhodobé
udrZitelnou podobu, nebude to za viset pouze na jed-
notlivych vyzkumnych projektech, ale také na tom, zda
kolem ni bude existovat aktivni komu nita, ktera ji bude
dal rozvijet a zpfitomilovat navenek.

7 Zavér

Spolecnost pro kognitivni védu dnes nepiedstavuje jen
studentsky spolek, ale platformu, ktera propojuje lidi,
témata a instituce spojené s Ceskou kognitivni védou.
Skrze prednéasky, popularizaéni ¢innost, online komuni
kaci i neformalni setkdvani vytvaii prostor, ve kterém
se mohou rizné obory skutecné setkivat a vzdjemné
obo hacovat. Jeji vyznam proto nespocivd pouze v
organizaci jednotlivych aktivit, ale pfedev§im v bu-
dovéani komunity, kterd pom4ha davat kognitivni védé
v Ceském prostiedi konkrétni, viditelnou a dlouhodobé
udrzitelnou podobu.
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Abstract

In dynamic environments, robust representations and
memory mechanisms are important for continuous
learning and adaptation. In this study, we explore Mod-
ern Hopfield Networks (MHNs) as associative mem-
ory for incremental visual recognition. We propose
a memory-based framework built on a pretrained self-
supervised DINOv3 encoder with prototype-based or
exemplar-based memory. Memory is updated incremen-
tally and MHN-based refinement can optionally be ap-
plied to query embeddings before retrieval. For clas-
sification, we compare cosine similarity with MHN-
based attention scoring. The method is evaluated under
the OWOD split protocol using ground-truth object re-
gions in order to focus on incremental and open-world
recognition independently of object detection. The ob-
served trade-off between known and unknown object
recognition shows that the memory dynamics play a
critical role in balancing stability and plasticity, where
stronger associative retrieval improves familiarity-based
classification but reduces sensitivity to novel or out-of-
distribution inputs.

1 Introduction

Continuous learning in artificial intelligence is essen-
tial for real-world applications, where systems must au-
tonomously acquire new knowledge, adapt to dynamic
environments, and preserve previously learned informa-
tion (Parisi et al., 2019). Biological systems serve as an
inspiration, since humans are capable of learning incre-
mentally and retaining stable representations over time
despite changing inputs. In practice, ANNS still struggle
with catastrophic forgetting, where new information in-
terferes with earlier representations (Wang et al., 2023).
In vision systems, some biological mechanisms such as
stable representations and memory consolidation have
been used as motivation for incremental learning.

To address this challenge, we explore Modern
Hopfield Networks (MHNs) (Ramsauer et al., 2021) as
an associative memory mechanism for open-world per-
ception, combined with large-scale self-supervised vi-
sual representations. Our framework builds on a pre-
trained DINOv3 (Siméoni et al., 2025) encoder for fea-
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ture extraction and supports both prototype-based and
exemplar-based memory representations. This allows
different strategies for storing and updating knowledge
over time, depending on how much detail is preserved.

We investigate incremental visual recognition un-
der the OWOD (Joseph et al., 2021) protocol. The
model must continuously learn new object categories
while still recognizing both known and previously un-
seen ones. We assume ground-truth object regions are
available, so the focus is more on classification and
open-set recognition rather than detection.

Inspired by biological learning principles, we
try to balance plasticity and stability through explicit
memory updates and retrieval. The results indicate that
memory structure and update strategy may significantly
affect retrieval quality, classification accuracy, and
unknown class detection, though the effect varies
across settings.

Our contributions are as follows:

* We present a memory-based framework for in-
cremental and open-world visual recognition us-
ing MHN retrieval and frozen DINOv3 represen-
tations.

* We show that prototype-based and exemplar-based
memory lead to different known—unknown trade-
offs under incremental updates.

* We show that MHN-based retrieval improves
known-class recognition, while stronger associa-
tive retrieval tends to reduce sensitivity to unknown
categories.

2 Related work

Ramsauer et al. (2021) connect energy-based memory
models with modern deep learning architectures. They
revisit classical Hopfield networks by introducing con-
tinuous states. In this formulation, memory is repre-
sented as attractor states in an energy landscape.

The authors also show that MHNSs are closely re-
lated to the softmax attention mechanism used in trans-
former architectures. From this perspective, attention



can be interpreted as a form of associative memory,
where a query interacts with stored key—value patterns.
This makes MHNs a natural bridge between energy-
based models and large-scale representation learning.

In continual learning, these properties are particu-
larly relevant, as the main challenge is balancing sta-
bility of previously acquired knowledge with plastic-
ity for new information. Memory-based approaches are
commonly used to reduce catastrophic forgetting by ex-
plicitly retaining or aggregating past experiences (Ku-
dithipudi et al., 2022). From this perspective, MHNs
provide a natural mechanism for associative memory
retrieval, which can be interpreted as a computational
abstraction of similarity-based recall processes in cog-
nitive systems.

Similar ideas appear in prototype- and exemplar-
based representations. Prototype models compress ex-
perience into a central representation per class, while
exemplar-based models preserve individual instances
and rely on similarity-based retrieval over stored mem-
ories. Different granularity representations originate
from cognitive science as competing models of hu-
man categorization. Prototypes capture central tenden-
cies, while exemplars preserve instance-level variability
(Nosofsky, 1992). Rather than being fundamentally dif-
ferent mechanisms, more recent work suggests they can
be viewed as different regimes of a shared similarity-
based retrieval process (Smith, 2014).

This interpretation naturally aligns with Modern
Hopfield Networks. MHN’s operate over an energy land-
scape where stored patterns act as attractors. Depend-
ing on retrieval sharpness, the same mechanism can be-
have more like a compressed prototype system or a dis-
tributed exemplar system. MHN-based retrieval natu-
rally spans both regimes by operating directly on simi-
larity in representational space.

Despite these connections, the role of MHNSs as
an associative memory mechanism in incremental open-
world visual recognition remains underexplored. In par-
ticular, it is not well understood how memory granu-
larity affects stability—plasticity trade-offs in continual
learning settings. To investigate this behavior, we evalu-
ate our method under the OWOD protocol (Joseph et al.,
2021). We follow the standard split setup on the COCO
dataset (Lin et al., 2014), where object-level annotations
are incrementally introduced as new classes. This pro-
vides a test-bed for continual learning with expanding
label spaces and varying memory representations.

Existing OWOD methods such as OW-DETR
(Gupta et al., 2022) focus on object detection and un-
known object discovery. In contrast, we assume ground-
truth object regions and focus on the recognition prob-
lem. Our approach also differs from standard paramet-
ric learning methods, since knowledge is stored and up-
dated in memory while the DINOv3 encoder remains
frozen.
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3 Our method

Motivated by biological continual learning systems
that maintain both stable and adaptable representa-
tions through memory consolidation and incremental
updates, we propose a memory-based framework for in-
cremental visual recognition. The proposed approach
combines large-scale self-supervised visual representa-
tions with an associative memory mechanism. We use
a pretrained DINOV3 encoder for feature extraction and
a memory module parameterized as either class proto-
types or class exemplars. The pipeline consists of: (i)
feature extraction from object regions, (ii) supervised
memory construction from labeled support data, (iii) in-
cremental memory updates that allow new classes to
be integrated without retraining from scratch, and (iv)
open-world inference with optional MHN-based query
refinement and unknown rejection.

3.1 Memory Construction

Given an input image and corresponding object regions
(from annotations), each region is encoded using a pre-
trained self-supervised DINOv3 backbone (Siméoni et
al., 2025). The encoder outputs a feature embedding
z € R?, which is L2-normalized before being stored in
memory:

z

[Py

ey

2:

Let M = {(pj,cj)}j»v:”l denote memory support
items, where p; is normalized prototype or exemplar
embedding and c; its associated class label. We con-
sider two memory granularities:

Prototype-based memory. For each class, a fixed
number of memory items is initialized (e.g., k-means
centroids or selected examples).

Exemplar-based memory. Support embeddings
are stored directly without aggregation preserving
instance-level detail, though at higher memory cost.

This design reflects a trade-off between com-
pact semantic representation and fine-grained instance
preservation.

Memory is built from labeled support samples
grouped by class. For each class, support embeddings
are added to memory according to the selected repre-
sentation strategy. Class-wise confidence statistics are
maintained for open-set thresholding:

Te = fe — ko, ()

where p. and o, are class c confidence mean and stan-
dard deviation, and k is a tunable margin parameter.

These thresholds are later used for unknown rejec-
tion during inference.



3.2 Incremental Memory Update

To support continual learning, memory is updated incre-
mentally as new labeled samples arrive. In prototype-
based memory, updates follow a stability-preserving ex-
ponential moving average (EMA):

p <+ norm ((1 — a)p + aZ), 3)

applied when the cosine similarity between the incom-
ing sample and the nearest prototype exceeds a prede-
fined update threshold (7ypdate = 0.7). If the similarity
is below a second threshold (Tew = 0.5), a new proto-
type is appended to memory. Samples with intermedi-
ate similarity are ignored. In exemplar-based memory,
new embeddings are directly stored without modifica-
tion. This improves continuous adaptation while pre-
serving past class representations.

3.3 Inference

At inference time, query embeddings can optionally
be refined using a Modern Hopfield retrieval step over
memory items (Ramsauer et al., 2021).

Given a query embedding Z and memory matrix
P, retrieval is computed as:

w = softmax(B:2P"), r=wP, )
where [ controls the retrieval sharpness.
The query is then refined via interpolation:

Z= norm((l — ANz + )\r), 5)

where A controls the influence of retrieved memory.
When MHN-based query refinement is enabled, the re-
fined embedding z is used for classification. Other-
wise, the original embedding 2 is used. This step is
optional and introduces an associative recall mechanism
before classification, where two different strategies are
employed:

Cosine-based classification. The predicted class
is assigned using nearest-neighbor search in cosine sim-
ilarity space. Since the focus of this work is on memory
representations and associative retrieval, cosine simi-
larity is used as a simple baseline to isolate the con-
tribution of MHN-based memory mechanisms. Simi-
lar nearest-neighbor evaluation is used for DINO-style
representations, but is typically reported on image clas-
sification benchmarks (e.g., ImageNet) in a closed-set
setting rather than under open-world recognition proto-
cols.

MHN:-based classification. When both refine-
ment and MHN classification are enabled, Eq. (4) is ap-
plied first to 2 and then again to Z.

Class scores are obtained by summing attention
weights over memory items belonging to each class.
The predicted class corresponds to the class with the
highest aggregated score. The confidence is defined as
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the normalized attention mass of the predicted class,
i.e., the fraction of total attention assigned to that
class. In this setting, the parameter m acts as a global
minimum-confidence threshold.

Following the open-world setting described ear-
lier, a prediction is accepted as known only if its con-
fidence score exceeds a class-dependent threshold (in
MHN mode, optionally a global minimum-confidence
term m). Otherwise, the sample is assigned to an un-
known category.

4 Experiments

4.1 Dataset and Protocol

We follow the standard task-wise split setting (Gupta
et al., 2022) on the COCO dataset (Lin et al., 2014),
with four incremental stages (¢t € {1,2,3,4}), and re-
port results on the corresponding test partitions. We
use ground-truth object bounding boxes as input regions
and do not evaluate object proposal or detection perfor-
mance. All methods are evaluated at the region level,
where each ground-truth object crop is treated as an in-
dependent recognition instance.

Unknown recognition uses the class-aware confi-
dence threshold as defined in Eq. 2. In MHN mode,
an additional minimum-confidence constraint m is ap-
plied. We further evaluate the effect of memory rep-
resentation (prototype vs exemplar), classifier type (co-
sine vs MHN), and MHN query refinement.

Performance is evaluated on ground-truth in-
stances under the OWOD incremental protocol. We re-
port known-class accuracy, unknown recall (U-Recall),
and open-set error rate (OSE).

4.2 Experimental Setup

We evaluate configurations varying along three factors:
(i) memory representation (prototype vs. exemplar), (ii)
classification strategy (cosine similarity as a baseline
vs. MHN-based classification), and (iii) optional MHN-
based query refinement.

This results in a total of eight configurations, sum-
marized in Table 1. All setups are evaluated under the
OWOD protocol across tasks T1-T4.

All experiments use frozen DINOv3 (Siméoni et
al., 2025) features extracted from object regions. Mem-
ory is built from labeled support samples (ngupport) US-
ing either: (i) prototype-based aggregation, or (ii) direct
exemplar storage.

During training, optional refinement updates
memory using additional labeled samples. This allows
gradual adaptation without full retraining.

Unless stated otherwise, we keep the encoder, data
splits, and extracted features fixed across all experi-
ments, and vary only memory and inference configu-
rations. Key hyperparameters include the number of



Row | Memory Classifier Refinement
1 Prototype | Cosine (baseline) -
2 Prototype MHN -
3 Prototype Cosine MHN
4 Prototype MHN MHN
5 Exemplar | Cosine (baseline) -
6 Exemplar MHN -
7 Exemplar Cosine MHN
8 Exemplar MHN MHN

Tab. 1: Evaluated configurations across memory rep-
resentation, classifier type, and optional MHN-based
query refinement.

support samples (Nsupport = 10), number of proto-
types, update strategy (ema or append only), and
the unknown-threshold parameter k. To ensure stability
of the exemplar memory, we limit storage to at most 100
samples per class.

5 Results

For the first experiment, we keep the following param-
eters fixed: the MHN sharpness parameter 5 = 30.0,
the unknown threshold parameter k£ = 0.5, and the min-
imum confidence threshold m = 0.35.

For exemplar-based memory (Table 2), MHN-
based classification improves known-class accuracy
compared to the cosine baseline (from 7.84% to
19.65%). A further improvement is obtained when
MHN-based query refinement is included (up to
25.33%). However, this gain is accompanied by a
strong decrease in unknown-class performance, where
U-Recall drops from 81.53% to 33.74% and OSE in-
creases accordingly. A similar behavior is observed for
prototype-based memory. MHN classification improves
known-class accuracy (61.98% to 66.74%) and slightly
increases unknown recall. However, MHN-based re-
finement has a strong negative effect on open-set be-
havior, reducing U-Recall to 3.19% in the cosine+refine
setting and significantly increasing OSE. The results are
consistent with the idea that the prototype-based regime
enforces stronger abstraction, while the exemplar-based
regime preserves variability necessary for open-set dis-
crimination.

The low accuracy of the exemplar cosine base-
line (Table 2) is likely caused by the limited number
of stored exemplars per class. Due to the high vari-
ability of object instances in COCO, the memory may
not sufficiently cover the feature space of each cate-
gory, making nearest-neighbor retrieval less robust than
prototype-based representations. This interpretation is
consistent with the results in Table 5, where increasing
the number of stored exemplars improves performance.

Overall, these results suggest that MHN-based
retrieval improves recognition performance on known
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classes, but also introduces a bias toward predicting
known categories (Fig. 1). This effect becomes more
pronounced when MHN query refinement is applied.
Interestingly, despite this bias, the person class still
shows a tendency to be misclassified as unknown, in-
dicating class-specific ambiguity.

Method ‘ Known Acc. | U-Recall | OSE
Exemplar-based memory

Cosine NN (baseline) 7.84 81.53 18.47

MHN classification 19.65 7297 ]27.03

Cosine + MHN refine 19.97 5129 |48.71

MHN + refine 25.33 33.74 | 66.26
Prototype-based memory

Cosine (baseline) 61.98 25.30 | 74.70

MHN classification 66.74 38.54 | 61.46

Cosine + MHN refine 66.27 3.19 96.81

MHN + refine 65.75 29.45 | 70.55

Tab. 2: Comparison of exemplar- and prototype-based
memory under cosine and MHN-based inference vari-
ants.

When we compare the incremental tasks, the same
pattern remains stable, as shown in Table 3. Earlier
tasks achieve higher known-class accuracy, while later
tasks show a gradual shift toward a more balanced but
still unstable known—unknown trade-off.

Task Known Acc. U-Recall OSE
(%) (%) (%)
T1 82.52 23.80 76.20
T2 70.03 35.64 64.36
T3 59.08 56.17 43.83
T4 55.34 N/A N/A

Tab. 3: Per-task performance for prototype-based mem-
ory with MHN classification across OWOD incremental
stages T1-T4.

At Task 4, all 80 COCO categories in the OWOD
protocol have already been introduced. Since no unseen
categories remain in the evaluation set, unknown-class
metrics such as U-Recall and OSE cannot be computed.
For this reason, only known-class accuracy is reported
for Task 4.

We also designed the experiments to analyze the
effect of individual parameters on model behavior. In
this setting, we increase the MHN sharpness parameter
to 8 = 60.0, the unknown threshold to £ = 0.7, and the
minimum confidence threshold to m = 0.6.

The results, summarized in Table 4, show how
these changes affect performance across tasks T1-T4.
Increasing 3 makes the model more confident but sig-
nificantly reduces unknown recall, leading to strong
over-assignment to known classes. Increasing k£ makes
the decision boundary slightly more permissive for un-
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Fig. 1: Confusion matrix of MHN-based classification.
The model shows strong diagonal structure for known
classes, but a tendency to assign unknown samples to
known categories.

known detection. Increasing the minimum confidence
threshold m improves open-set behavior by rejecting
uncertain predictions, but at the cost of lower known-
class accuracy. This pattern is consistent with the
attractor-based memory systems, where increased at-
tractor strength can lead to overgeneralization toward
familiar categories at the expense of sensitivity to novel
inputs (Hopfield, 1982).

Known Acc. U-Recall OSE
Task
(%) (%) (%)
Base 66.74 38.54 61.46
k=0.7 67.03 36.95 63.05
B8 =60 68.67 8.83 91.17
m = 0.6 52.13 65.30 34.70

Tab. 4: Prototype-based memory with MHN classifi-
cation under different parameter settings. The base-
line (Base) refers to the default configuration used in
the main experiments, with 8 = 30, £k = 0.5, and
m = 0.35.

The MHN sharpness parameter 8 was selected
through preliminary hyperparameter exploration over
a range of candidate values, from nearly uniform re-
trieval (8 ~ 0) to highly selective retrieval (8 = 60).
Increasing 3 increases the sharpness of associative re-
trieval. In our experiments, 3 = 60 produced highly se-
lective memory retrieval and substantially reduced un-
known recall, while 5 = 30 provided a more balanced
trade-off between known- and unknown-class recogni-
tion. Higher values concentrate attention on the most
similar memory items, whereas lower values average
information over a larger set of prototypes. For the set-

Row-normalized rate
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tings considered here, 3 = 30 provided a more balanced
trade-off than 5 = 60.

The results in Table 5, further highlight the role
of memory granularity in the stability—plasticity trade-
off. Increasing the number of stored exemplars per class
leads to a substantial improvement in unknown recall
(from 33.74% to 52.51%), while only slightly reduc-
ing known-class accuracy. This indicates that a denser
exemplar memory improves the model’s ability to re-
ject unseen categories, likely by providing a more com-
plete coverage of the known-class feature space. Since
exemplar memory construction heavily depends on the
available support examples, this aspect requires further
investigation.

Task Known Acc. U-Recall OSE
(%) (%) (%)

MHN + refine 25.33 33.74 66.26

(baseline)

50 exam- 22.76 39.40 60.60

ples/class

100 exam- 22.38 52.51 47.49

ples/class

Tab. 5: Exemplar-based memory with MHN classifica-
tion. Mean performance across tasks for different exem-
plar settings, with 20 examples per class as the baseline.

To better understand the MHN mechanism, a qual-
itative analysis was conducted. The DINO mask visual-
ization shows a clean part-level structure on both the
dog and the person, distinguishing it from the back-
ground. This confirms that DINOv3 features encode
meaningful semantics, which aligns with levels of hu-
man organization in figure—ground segmentation. Inter-
estingly, the cosine and MHN attention maps highlight
different regions (head/torso/limbs). MHN attention fo-
cuses more on the head and central parts of the body,
showing stronger weighting on salient features.

Fig. 2: Dense DINO Feature and Memory Retrieval Vi-
sualization



6 Conclusion

In this work, we studied how MHN-based associative
memory supports incremental open-world visual recog-
nition. Different memory representations originating
from cognitive theories, classification strategies, and
optional MHN query refinement are studied under the
OWOD protocol. The presented results are obtained
using ground-truth object regions. In a full OWOD
system, object proposals would introduce additional
noise and localization errors. Evaluating the proposed
memory framework together with object detection re-
mains an important direction for future work. Using the
OWOD protocol on COCO also allows future integra-
tion with existing detection-based benchmarks. Unlike
standard parametric approaches, the proposed frame-
work updates knowledge through memory mechanisms
while keeping the visual encoder fixed. This provides
an alternative perspective on incremental learning based
on retrieval and memory dynamics rather than continual
parameter optimization.

The results show a clear trade-off between known-
class recognition and open-set performance. While
similarity-based retrieval can improve known-class ac-
curacy, it also tends to increase the bias toward known
categories, especially when query refinement is used.
This leads to lower unknown-class recall and higher
open-set error. Stronger associative retrieval increases
attraction toward familiar memory states, while reduc-
ing sensitivity to novel inputs. We also find that mem-
ory structure has an important effect. Exemplar-based
memory improves unknown detection when more sam-
ples per class are stored, suggesting that better cover-
age of the feature space helps rejecting unseen cate-
gories. In contrast, more compact memory representa-
tions are more stable for known classes but less effective
for open-set recognition.

Overall, the results show that retrieval-based
memory is a simple and effective approach for open-
world recognition, but its behavior depends strongly on
memory design and retrieval settings.
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Abstract

Understanding the computational basis of action recog-
nition is a key challenge in social cognition as well as
human-robot interaction. Inspired by the mirror neu-
ron system, we propose a two-level architecture for mo-
tor primitive discovery and processing, applied to the
humanoid robot. In the first level, two self-organising
maps learn topologically structured manifolds over arm
kinematics and hand kinematics covering seven manip-
ulation and gesture actions. The second level uses the
Echo State Network that encodes the temporal grammar
of primitive sequences to predict actions and infer inten-
tions from partial observations. In this paper, we focus
on the first level and report preliminary results.

1 Introduction and Related Work

The ability to recognise observed actions and infer the
intentions behind them is fundamental to social inter-
action. An observer who can interpret partner’s mo-
tor behaviour can proactively adapt, anticipate, and col-
laborate more effectively. The Mirror Neuron System
(MNS) offers a compelling biological model for this
capacity: mirror neurons discharge both when an indi-
vidual executes a motor act and when it observes an-
other performing the same act (Gallese et al., 1996),
grounding action understanding in an internal motor vo-
cabulary rather than abstract perceptual classification
(Rizzolatti and Craighero, 2004). Neurophysiological
studies have shown that parietal mirror neurons encode
not only the observed action but also its goal (Fogassi
et al., 2005). This goal-specificity is a key feature of
the action-understanding hypothesis and motivates the
design of computational systems that can similarly dis-
tinguish actions at the level of motor primitives and at
the level of goal-directed sequences (Oztop et al., 2006).

The classical computational approach encodes ob-
served motion directly from kinematic or visual signals
using recurrent architectures trained end-to-end on ac-
tion labels (Shahroudy et al., 2016). More recent meth-
ods replace recurrence with transformer-based archi-
tectures, enabling the modeling of long-range tempo-
ral dependencies through self-attention (Bertasius et al.,
2021). However, neither approach embeds the biolog-
ical insight that action understanding operates across
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two levels simultaneously: a repertoire of elementary
motion primitives and the goal-directed sequences they
compose (Wolpert et al., 2003). Computational mod-
els of the MNS have addressed this by modelling the
mirror system as a self-organising map (SOM) (Koho-
nen, 1982) that receives both motion and context inputs,
showing that goal-specific neuron pools emerge natu-
rally from the geometric relationships between these
inputs without any explicit goal representation (Thill
et al., 2011). The same principle underpins chain mod-
els of intention understanding (Chersi et al., 2011; Erl-
hagen et al., 2006), in which sequences of motor prim-
itives activate a learned chain that predicts the overall
action goal. In our previous MNS-related work, we also
exploited topographic mapping as an organizing princi-
ple (Pospichal et al., 2019; Rebrova et al., 2013).

Here we focus on topographic representation of
proprioceptive signals whose sequence describes the
moving arm. Proprioception is one of the least under-
stood senses in cognitive neuroscience, yet fundamental
for the control of movement. There is evidence that to-
pography of cortical representations is a widespread or-
ganising principle of the brain (deCharms et al., 2000).
It has also been proposed for proporioception at the
level of latent representations of the variational autoen-
coder (Grogan et al., 2024).

We propose a two-level MNS-inspired architec-
ture grounded in these findings, using topographic
organisation at the lower level. There, two SOMs
discover a vocabulary of reusable motion primitives
from arm and hand kinematics independently — a dual-
stream design consistent with the observation that mo-
tion and context inputs to parietal mirror neurons orig-
inate from distinct neural pathways (Thill et al., 2011).
The topology-preserving projection naturally groups
temporally similar movement episodes into prototype
nodes, which serve as a discrete primitive vocabulary
(Hemeren and Thill, 2011). At the higher level, an Echo
State Network (LukoSevicius and Jaeger, 2009) encodes
the temporal ordering of these primitives into state-level
representations from which actions and intentions can
be inferred, extending our previous work on arm trajec-
tory prediction (Gregor et al., 2025).

Our central research question is: How much of a
robot’s motor sequence structure is determined by mo-
tion primitives alone, and how much additional contex-
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Fig. 1: The overall concept of the presented work.

tual information (object properties, action intent) is re-
quired for accurate motion prediction?

2 Data and Methods

2.1 Simulation and Data Collection

To build the dataset for motion primitive discovery, we
employ a physics-based Unity simulation environment
featuring NICO robot (Kerzel et al., 2017), a humanoid
platform for multi-modal interaction. In our setup,
the robot performs 7 manipulation and gesture actions:
Pick, Eat, Place, Push, T'ap, Point, W ave. Each ac-
tion is performed on a library of 14 physically diverse
objects spanning spheres, cubes, cylinders, discs, and
irregular shapes in multiple sizes. Object manipula-
tion actions Pick, Fat, Place are executed with either
a Power or Precision grasp, while the remaining actions
each employ a dedicated hand configuration. To ensure
the diversity in the dataset, the object positions are ran-
domized within a reachable peri-personal workspace,
requiring the robot to generate a varying motion tra-
jectories. Motion trajectories are generated through in-
verse kinematics, while 13 finger joints are controlled
via four synergy parameters inspired by human grasp-
ing studies. Movement execution is organized as phase-
based state machines containing 27 movement phases
across the complete motion cycle. Representative phase
labels include preshape, movetograsp, closing, lift.
Motion is recorded at 60 Hz. The resulting dataset
contains 4,200 simulated trials, of which 4,106 com-
pleted successfully, yielding approximately 1.28 mil-
lion frames. Following preprocessing and window ex-
traction, 61,523 balanced windows were used for SOM
training.
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2.2 Feature Analysis and Selection

Prior to SOM training, a feature selection pipeline was
applied to 108 candidate signals to identify and remove
redundancy and features that are workspace-dependent
and do not generalise across object locations. Based on
correlation analysis and hierarchical clustering we se-
lected 22 non-redundant features, which are divided into
two functional sets: (1) 13 arm features for arm SOM
(A-SOM): 3 TCP (Tool Center Point) palm velocities,
6 arm joint velocities, palm orientation quaternion; and
(2) 9 hand features for hand SOM (H-SOM): aperture
and aperture velocity, 3 thumb and middle finger posi-
tions, 4 finger joint velocities.

2.3 Windowing and Normalisation

Motion logs were segmented into overlapping windows
of 30 frames (0.5 s at 60 Hz) with a stride of 15 frames
(50% overlap). Each window was represented by its
per-feature mean value. Phase and action labels were
assigned from the central frame of the window. To pre-
vent over-represented actions from dominating SOM or-
ganization, windows were stratified such that each ac-
tion contributed an equal number of samples. The final
balanced dataset contained 8,789 windows per action.
Features were independently normalized using z-score
computed from training-set statistics.

2.4 SOM Training

Two independent SOMs (Kohonen, 1982) were trained
using a custom implementation with a Gaussian neigh-
bourhood function, initial learning rate cvg = 0.5 decay-
ing exponentially to ay = 0.01, and initial neighbour-
hood radius 0p = max(R, C')/2 decaying to oy = 1.0
over T' = 100 epochs. Each SOM maintains a weight
matrix W € REXCExds where RxC' is the grid size
and dj is the SOM-specific feature dimension (d4 = 13
for A-SOM, dy = 9 for H-SOM). The winner (best
matching unit, BMU) for input x; is the neuron with
minimal Euclidean distance to the weight vector. A-
SOM uses a 35x35 grid, while H-SOM uses an 18 x 18
grid. Grid sizes were selected empirically. Increasing
A-SOM from 25x25 to 3535 improved phase purity
from approx. 68% to 74% while maintaining high neu-
ron utilization. For H-SOM, larger grids provided little
benefit because the synergy controller produces only a
small number of discrete hand configurations. Training
was repeated with three random seeds to assess sensi-
tivity to initialisation. A-SOM phase purity varied by
40.08 percentage points (pp) across runs and H-SOM
grasp purity by £0.31 pp, confirming that both maps
converge to stable representations independent of ini-
tialisation.
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Fig. 2: Topographic organisation (in H-SOM) of domi-
nant grasp types across neurons.

2.5 Evaluation Metrics

To quantify map organization, we measured the purity
of phase, action and grasp. For each active neuron, the
dominant class label was identified. Purity was then
computed as the proportion of samples belonging to that
dominant label, averaged across active neurons. Phase
purity measures the consistency of movement-phase
representation, action purity measures action specificity,
and grasp purity measures grasp-type specificity. Neu-
ron utilization was computed as the percentage of neu-
rons that became BMUs for at least one training sam-
ple. Dead neurons are defined as neurons that never be-
come the BMU for any training sample. In H-SOM,
dead neurons primarily occur between isolated hand-
configuration clusters and therefore serve as separators
between distinct configuration regions rather than indi-
cating poor training.

3 Results

A-SOM learned to use up to 90% of its neurons (as win-
ners for any input). Phase purity (74%) is the strongest
label dimension, with large coherent zones emerging
without supervision. The map encodes a directional
reaching topology: approach phases occupy the left half
and post-action phases the right, a gradient learned en-
tirely from kinematics with no temporal supervision.
Action purity (67%) and grasp purity (66%) are lower,
as expected, since arm kinematics alone cannot distin-
guish actions sharing identical reach trajectories, nor
encode grip type, both of which are delegated to H-
SOM.

H-SOM achieves 51.5% neuron utilisation, lower
than A-SOM by design — the hand synergy con-
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troller produces discrete, non-overlapping configuration
spaces, so dead neurons act as hard boundaries between
isolated action islands rather than representing wasted
capacity (see Fig. 2). Grasp purity (97.2%) is the best
result overall. Point, Tap, Wave, and Push each form
perfectly pure isolated clusters, whereas Power and Pre-
cision diverge into distinct, non-overlapping regions,
with impurities restricted to a narrow transition band in
the mid-close range. Each hand pose occupies its own
island with no kinematic path between them, reflecting
the hard discreteness of the synergy controller. Action
purity (72.9%) and phase purity (76.1%) confirm that
finger-level signals carry complementary discriminative
structure to the arm-level primitives of A-SOM.

4 Planned Upper-level Architecture

The lower-level SOM outputs serve as the input repre-
sentation for an Echo State Network (ESN). Trajecto-
ries will be encoded as temporal sequences of BMUs,
providing a discrete motor-primitive vocabulary learned
from arm and hand kinematics. Extending our prior
work on trajectory prediction shown in Figure 3 (Gregor
et al., 2025) the upper level will employ an ESN-based
forward model trained on motion primitive sequences.
The system will learn to predict future motion states
from short observation windows, leveraging the unsu-
pervised SOM representations of arm and hand kine-
matics. By encoding sequences of SOM activations, the
ESN is expected to capture the temporal grammar un-
derlying goal-directed actions and provide a compact
state representation for subsequent action recognition
and intention inference.

& Probability Visualization

Yellow Prob: 83.00
Red Prob: 5.50
Green Prob: 11.50

Fig. 3: ESN prediction of future arm trajectories.

5 Conclusion

We have presented a two-level MNS-inspired architec-
ture for motion primitive discovery in a humanoid robot,
with focus on the first level. Two SOMs trained on arm
kinematics and hand kinematics jointly encode a prim-
itive vocabulary with clear topographic structure. At
the same time, the results suggest that arm and hand



kinematics encode complementary aspects of motor be-
haviour — “where and how” of reaching vs. ”what and
how” of grasping — not recoverable from either stream
alone. This complementarity of SOMs may reflect the
dual representational strategy attributed to the MNS,
where elementary motor primitives and their sequential
composition operate at distinct levels of abstraction.

A key limitation is that the SOM is currently
trained on balanced, stratified windows from a single
observer executing its own actions. Extension to cross-
embodiment observation — where NICO observes a hu-
man or a different-size robot — will require the mirroring
mechanism to resolve the viewpoint and embodiment
gap. This is consistent with MNS-inspired computa-
tional accounts but requires direct empirical validation
beyond the scope of the present work.
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This paper presents a concise summary of previ-
ously published work describing a multi-scale model of
location- and frequency-dependent synaptic plasticity
induced by repetitive magnetic stimulation (Hananeia et
al., 2025).

Abstract

Repetitive transcranial magnetic stimulation (rTMS) in-
duces long-term synaptic changes, but the mechanisms
underlying these effects remain unclear. We developed
a biophysically realistic modelling framework that inte-
grates a voltage-dependent plasticity model with neu-
ronal compartment models and electric field simula-
tions to predict repetitive magnetic stimulation (rMS)-
induced excitatory synaptic plasticity.

The framework reproduced experimentally ob-
served LTP-like plasticity in hippocampal CA1 pyrami-
dal neurons following 10 Hz repetitive magnetic stimu-
lation, including strong distance dependence and locali-
sation to proximal synapses. Simulations also predicted
reduced plasticity at lower stimulation frequencies (5
Hz and 1 Hz). In addition, the model replicated distal
synaptic plasticity induced by local electrical theta-burst
stimulation and predicted both proximal and distal plas-
ticity during magnetic theta-burst protocols. These re-
sponses were strongly facilitated by dendritic spikes and
showed limited sensitivity to inhibitory suppression.

This framework enables high-resolution simula-
tion of rMS-induced synaptic plasticity and may im-
prove parameter screening and the design of more ef-
fective plasticity-inducing stimulation protocols.

1 Introduction

Transcranial magnetic stimulation has been used clin-
ically for decades, yet its cellular mechanism remains
elusive.

TMS induces strong electric fields in the brain tis-
sue beneath the stimulation coil. These fields primar-
ily excite axonal compartments rather than somatic or
dendritic membranes, generating action potentials that
propagate to the soma and dendrites. The clinical effect
is thought to arise from its modulation of neuroplastic-
ity; however, the relationship between the electric fields
and long-term synaptic plasticity (long-term potentia-
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tion (LTP) and long-term depression (LTD)) remains in-
completely understood.

We developed a modelling framework that allows
simulation of realistic magnetic stimulation in morpho-
logically complex cells with high spatiotemporal reso-
lution. This allows modelling of plasticity arising from
both global (direct electric field induced extracellular
voltage) and local (events such as NMDA spikes and
large postsynaptic potentials) effects.

Studies (Lenz et al., 2015) have found strong dis-
tance dependence in the response of synapses to mag-
netic stimulation, wherein proximal synapses are poten-
tiated far more strongly than distal ones by a 10 Hz mag-
netic stimulation protocol.

Using a reduced morphology model of the CAl
pyramidal cell, we were able to reproduce the distance-
dependent pattern of magnetic stimulation induced LTP.
Additionally, we predict frequency-dependent potentia-
tion, with higher frequencies producing stronger effects.
Finally, we found that high-frequency theta-burst mag-
netic stimulation of 100 Hz can induce potentiation in
distal tuft synapses.

2 Methods

All simulations were implemented in NEURON using
the NeMo-TMS toolbox (Shirinpour et al., 2021) with
a biophysically detailed but morphologically reduced
CA1 pyramidal cell model (Tomko et al., 2021). This
reduced model has many of the morphological features
typical of a CA1l pyramidal cell, but is far less com-
plex than a complete reconstruction. It has two basal
dendrites that each have two branches, as well as a sin-
gle apical dendrite with a thickened trunk that branches
into two thin tufts. Additionally, it has three oblique
branches connecting directly to the apical dendrite (Fig.
1).

Because magnetic stimulation initiates action po-
tentials in axonal locations, an explicit axon was in-
cluded in the model. This consisted of an initial seg-
ment, an unmyelinated terminal segment, and myeli-
nated internodal segments. Myelinated internodes
were included to enable reliable magnetic-stimulation-
induced firing; rMS-initiated action potentials do not
occur without myelination.
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Fig. 1: Schematic of reduced model of CA1 pyramidal
cell with layers highlighted.

The model has many ion channels, and is tuned to
reproduce the electrophysiological behavior of the bio-
logical cell, and its behavior is independently validated
by the HippoUnit test suite (Séray et al., 2021).

128 excitatory AMPA/NMDA synapses and 18 in-
hibitory GABA synapses were placed in all layers of the
cell and assigned to the various layers in the model (see
Fig. 1), based on relative synapse numbers in Megias et
al. (2001).

To model synaptic plasticity, we used the synaptic
plasticity model of Ebner et al. (Ebner et al., 2019) for
AMPA/NMDA synapses and the non-plastic Exp2Syn
method with a negative reversal potential was used for
GABA synapses.

The Ebner model is a voltage-based phenomeno-
logical plasticity model of a combined AMPA/NMDA
synapse with internal variables corresponding to bio-
physical processes. It considers four separate pathways
of plasticity: presynaptic LTP, presynaptic LTD, post-
synaptic LTP, and postsynaptic LTD, which govern two
separate internal weights, presynaptic and postsynaptic.

The effective synaptic weight, which determines
EPSP amplitude, is defined as the product of the presy-
naptic and postsynaptic weights. All reported weight
changes refer to this effective synaptic weight.

Simulation of the rMS-induced magnetic field was
done using the NeMo-TMS toolbox. The toolbox’s uni-
form magnetic field option was chosen for simplicity
as we modelled an in-vitro experiment, where complex
geometry of neural tissue was not a factor. Here, the
magnetic stimulation is implemented as an extracellular
potential at every compartment in the model, shown in
equation 1, where V, is the extracellular voltage, F is
the electric field vector, and ds is the differential over
a given segment of membrane, and E(%%Z) are the x,
y, and z components of the electric field at location

(m’ y7 Z):

Ve(z,y,2) = —/E-dé': —E.5= —(Eyz+Eyy+E.2)
ey

The temporal component is encoded in a separate
timecourse which is multiplied by this uniform spatial
component; the time course also contains the temporal
shape (monophasic or biphasic) of the stimulus. These
temporal shapes are based on recorded waveforms from
real stimulators and are included in the NeMo-TMS
framework.

When simulating an rMS pulse we stimulated all
synapses simultaneously with the extracellular voltage
application, with a delay of 1ms between the magnetic
stimulus and the synaptic activation. This was chosen
because rMS strongly activates axon terminals without
the activation of their cell bodies, which would lead to
synaptic activation.

3 Results

3.1 Validation of the synaptic plasticity model for
local electrical simulation

Since our synaptic plasticity model was not tuned for
the CA1 region, we used the experiments of Ikegaya
et al. (Ikegaya et al., 2002). In this experiment, the
cells were directly electrically stimulated by a series of
900 pulses delivered to the Schaffer collaterals (stratum
radiatum and stratum oriens targets) at a constant fre-
quency of either 1, 10, 30, or 100 Hz. In these experi-
ments, weight changes were measured both with inhibi-
tion present and absent.

After adjusting the parameters of our model, we
found results within observed standard deviation for all
conditions except for the 1 Hz and 10 Hz control cases.
The change in synaptic weights was negligible at fre-
quencies below 10 Hz (Fig. 2).

3.2 Proximal LTP induction by repetitive magnetic
stimulation

To determine whether our plasticity model would be ap-
plicable to a realistic rMS protocol, we simulated the
experiments of Lenz et al. (Lenz et al., 2015). In this
study, an rMS of 900 pulses at 10 Hz was applied to hip-
pocampal slice cultures. We modeled this with a train of
900 monophasic pulses with an amplitude of 275 V/m,
which is above the cell’s firing threshold.

As a result, the mean Schaffer collateral weight
increased by 30%, with the LTP induction strongly lo-
calized in the proximal dendrites, consistent with what
was observed in Lenz. Considering only the proximal
dendrites of the stratum radiatum, we observed an aver-
age weight increase of 65% above baseline, whereas the
distal synapses on the apical dendrite showed no LTP.

To predict the frequency dependence of synaptic
plasticity induced by this tMS protocol, we also deliv-
ered 900 stimuli at lower frequencies of 1, 5, 6, 8, and
9 Hz. Proximal LTP was induced, with the amount of
potentiation much less at lower frequencies (Fig. 3).
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Consistent with data, our simulations showed that
rMS induced LTP at much lower frequencies (10 Hz
vs 30-100 for classical protocols) than commonly used
plasticity inducing protocols.

3.3 Distal LTP induction by theta-burst stimula-
tion protocols

To determine what conditions could show LTP elicita-
tion at greater distances, we implemented a simulation
of a theta-burst stimulation protocol.

Induction of LTP in these distal synapses has been
shown to require the presence of dendritic spikes (Kim
et al., 2015). Since our plasticity model is capable of
generating responses to subthreshold local events, we
investigated if our model could reproduce this.

We applied a local electrical stimulation protocol
of 15 bursts of 5 pulses at 100 Hz, applied only to the
synapses in the distal tuft. We repeated the same pro-
tocol both with and without inhibition present, since in
the study of Kim et al. (Kim et al., 2015), inhibition was
blocked to facilitate dendritic spikes.

As a comparison to these local electrical stimuli,
we investigated the effect of rtMS applied in a similar
theta-burst fashion. In these cases, the rMS-like stimu-
lus was a biphasic pulse delivered at 275 V/m. Because
this was modelling magnetic stimulation, all synapses
were activated simultaneously with the magnetic pulse,
similarly to in Section 3.2.

We compared the LTP/LTD distance profiles of all
four cases - local electric stimulation and magnetic stim-
ulation both with and without inhibition. With purely
electric TBS and no inhibition, LTP was observed in the
distal tuft, along with the presence of dendritic spikes.
With inhibition present, the dendritic spikes were abol-
ished, and LTP greatly reduced (Fig. 4).

With the magnetic stimulation, however, we ob-
served LTP not only in the proximal branches, but in
the distal tuft, both in the presence and absence of in-
hibition. In these cases, proximal LTP was of similar
magnitude to distal LTP, unlike in our 10 Hz simula-
tions (Fig. 5).

4 Discussion and Conclusion

We present a modelling framework capable of reproduc-
ing experimentally observed location-dependent synap-
tic plasticity induced by repetitive magnetic stimula-
tion. The model replicated the key finding of distance-
dependent potentiation of proximal synapses, with de-
creasing synaptic change with increasing distance.

Furthermore, we predict a dependence of potenti-
ation magnitude on stimulation frequency, with stronger
synaptic potentiation at higher frequencies.

Finally, the model suggests that distal tuft
synapses can be potentiated by theta-burst stimulation:



Inhibition OFF

1404
Stratum oriens

39130+ Stratum radiatum
%; Stratum L-M
2120+
5]
<
o
+= 110
2
§ 1001— comocmmometdds o — — — — — -

90 T T T |

0 200 400 600 800
Distance from soma (xm)
Inhibition ON
1404
Stratum oriens

9130 Stratum radiatum
< Stratum L-M
©
2120
]
S
= 110+
K=
g 100 1— e cemEDSI@SWME=0"0 oy 0 — — -

90 T T T )

0 200 400 600 800

Distance from soma (x:m)

Fig. 4: Electrical theta-burst stimulation produces LTP
in distal tuft when inhibition disabled. Top: Inhibition
off. Bottom: Inhibition on.

Inhibition OFF
1404
Stratum oriens
52130+ . Stratum radiatum
95 o Stratum L-M
.
21201 4* 0% o
B o ¥ o0 ® o
S 110 Wil
Ry
2100 — — — — — = — -
90 T T T .
0 200 400 600 800
Distance from soma (p:m)
Inhibition ON
1404
Stratum oriens
1304 Stratum radiatum
< Stratum L-M
o o %
§120 °® 5% ¢ wee
NI N
+= 110 ° e
=3
21004 — — — — — — — — — — — — — -
90 T T T )
0 200 400 600 800

Distance from soma (xm)

Fig. 5: Magnetic theta-burst stimulation produces LTP
all over the cell both with and without inhibition. Top:
Inhibition off. Bottom: Inhibition on.

locally, through dendritic spike induction, and magneti-
cally, through a similar burst protocol.

Our voltage-dependent model explains these ob-
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servations: simpler spike-dependent plasticity mod-
els would not capture attenuation of backpropagat-
ing action potentials. Inhibition can further modu-
late this process, as inhibitory postsynaptic potentials
reduce the efficacy of backpropagating action poten-
tials. Similarly, dendritic spikes mediated by voltage-
gated sodium channels are often subthreshold but, in
our model, were crucial for distal tuft potentiation under
theta-burst stimulation.

Limitations of the model include the absence of
metaplasticity (Abraham, 2008) and inhibitory plastic-
ity (Lenz et al., 2016), both of which may influence
responses during prolonged stimulation. In particular,
disinhibition is a known mechanism for facilitating ex-
citability and plasticity (Lenz a Vlachos, 2016). We
also employed a reduced single-cell morphology rather
than a complete cell reconstruction and did not model
network-level effects, which are likely relevant given
the large tissue volumes stimulated by TMS. These re-
main important directions for future work.

Overall, this study shows that biophysically
grounded modelling can reproduce known effects
of repetitive magnetic stimulation while generating
testable predictions for new protocols. Such approaches
may help guide future experimental design and optimi-
sation of stimulation paradigms.
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Abstract

A cognitive map (CM) is a mental model comprising
information about an environment and is used to infer
knowledge for spatial cognition tasks. Humans acquire
a CM integrating information perceived by their senses.
This makes the acquisition process different for persons
with visual impairment (PVI) as they cannot easily per-
ceive detailed information about an environment from
a distance. CM can be acquired even from exploring
a virtual representation of an environment. Virtual re-
ality (VR) is a promising tool for research of CM ac-
quisition, as it can facilitate the process, is highly cus-
tomizable and allows to measure many features of the
experience. This article presents a systematic literature
review (SLR) of 21 recent papers focusing on VR sys-
tems which facilitate acquisition of CM for PVI. The
review aims to answer four research questions aimed at
mapping the current state of VR systems for PVI con-
cerning the techniques used, the best practices identified
and how are they evaluated. Suggestions for functional
and non-functional requirements of new potential VR
system are synthesized from the findings of the review.

1 Introduction

Like all humans, persons with visual impairment cre-
ate a mental model of an environment called a cognitive
map. CM contains knowledge such as locations, lay-
out, routes, distance, and directions between locations,
which can be used to infer information to support spatial
tasks. Appropriate CM supports a PVI’s ability to move
independently, efficiently, and safely in an environment
as shown by Chebat et al. (2020). CM can be acquired
through direct experience of the environment, but also
through indirect methods, which allow the acquisition
before visiting the real environment, avoiding potential
dangers associated with exploring an unknown environ-
ment. CMs acquired through a combination of indirect
and direct experiences have also been observed to en-
able better execution of spatial tasks than CMs acquired
solely through direct exploration, as indirect methods
have been shown to be better suited for acquisition of
allocentric (object to object) spatial knowledge by Ot-
tink et al. (2022).
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Virtual reality is one of the indirect acquisition
methods, but it has not been fully explored for PVI.
With increased affordability of VR technology such as
head mounted displays in the recent years, more experi-
ments aiming to create a VR system suitable for PVI are
emerging. VR offers great conditions for research as it
allows researchers to have complete control over an en-
vironment in which experiments are conducted, making
it an attractive choice for facilitating both CM acquisi-
tion and evaluation.

2 Review goals

The motivation for this literature review is to map out
the current state of research of cognitive map (CM) ac-
quisition by visually impaired persons (PVI) and virtual
reality (VR) for PVI. The results will serve as one of
the sources based on which a VR framework that would
support CM acquisition for PVI will be designed. This
paper describes a subpart of the review which focuses
specifically on recent VR systems which enable acqui-
sition of spatial information for PVI.

The review aims to answer the following research
questions, which were created using the CIMO scheme.
Rationales behind the questions are presented under
them:

RQ1: What techniques can be used to create a VR sys-
tem for PVI?

rationale: ldentify the available base building blocks
for the VR framework.

RQ2: Which features of a VR system improve CM ac-
quisition for PVI?

rationale: Identify the requirements on the VR frame-
work so that it facilitates CM acquisition.

RQ3: To which extent are cognitive maps acquired in
VR usable in the real environment?

rationale: Verify if the framework is useful for potential
real life application.

RQ4: Which methods can be used to evaluate qualities
of a CM for PVI?

rationale: 1dentify what methods to consider to use for
evaluation and also if any of them could be integrated
into the VR framework.



3 Review methodology

The review followed the PRISMA guideline, starting
with defining the research topic and research ques-
tions presented in the previous part. Based on those
a database search was conducted in the identification
phase. The results from the search were further filtered
in the screening phase and later judged for eligibility.
The steps of the process can be seen in the workflow
diagram in fig 1.

- Records returned by
S databases based on
5] search string
= (Scopus + WoS)
3 n=574
- Identification
»lexclusion (duplicates)
n=162
¥
= Titles and abstracts
= reviewed
] n=412
L=
w Screening exclusion
(out of scope,
> keyword
mismatches)
n= 296
¥
£ Reviewed titles,
2 abstracts, availability
o n=116 Exclusion by EC
n=95
o Time scope: 49
i Too much focus on
neuroscience: 4
Too much focus on sensory
_ Y substitution: 11
g Reviewed full text Not &”"'::igrf.ﬁico“; T spatial
s n=21 Newer version of the project
- was included instead: 3
Other 5LRs: 3
Other conditions: 22

Fig. 1: SLR flow chart

3.1 Identification

The search string was created from the research topic
Supporting cognitive map acquisition among persons
with vision impairments in VR, which was divided into
three blocks: 1. Cognitive map, 2. Persons with vision
impairments and 3. Virtual reality. From these blocks
a document-term matrix was constructed, which can be
seen in table 1. This table was then used to construct the
following search string:

( “cognitive map*” OR “mental map*” OR
(”spatial” AND (”cognition” OR “knowledge” OR
“learning”)) OR “survey knowledge” OR ’route
knowledge” OR ’indoor navigation” OR wayfinding
OR pathfinding OR orientation and mobility” OR
"O0&M” ) AND ( ’visual impairment*” OR “visual
disability*” OR visually impaired” OR blindness OR
blind) AND ( ’virtual reality” OR VR OR ’extended
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reality” OR XR OR “augmented reality” OR AR OR
“mixed reality” OR MR )

For the search, the following digital libraries Sco-
pus, Web of science, SpringerLink, ACM and IEEE
Xplore were considered. In the end only Scopus and
Web of science were used, as the results from Springer-
Link were focused too much on medicinal papers and
the search string was too restrictive for ACM and IEEE
Xplore. The search was conducted on the 1st of April
2026.

The identification phase ended with automated du-
plicates removal using the Zotero software for paper cat-
aloging, with total of 162 duplicates being removed.

3.2 LLM assisted Screening

Since Title and Abstract Screening is one of the most
time-consuming parts of an SLR, a decision was made
to try to automate it using large language models
(LLM). With the recent rise of LLMs, there have
been some research into using them for various parts
of SLRs, mainly for the screening and identification
phases. In their paper Joos et al. (2026) reached very
promising results in Title and Abstract Screening us-
ing a consensus of multiple LLMs. Joos et al. also
freely provide the software they developed for the LLM
screening called LLMSurver I which was used for
screening.

For the screening models provided by e-INFRA
CZ were used as they were free and without rate limits
for academic purposes. The models chosen were qwen
3.5, deepseek-v3.2-thinking, gpt-oss-120b and redhatai
scout, as they were the built for reasoning and long form
tasks from among the other available models provided
by e-INFRA CZ.

In the beginning a random sample of 20 pa-
pers was selected and manually screened. This man-
ual screening was used as a goal result for iterative
prompt and consensus scheme refinement. The result-
ing scheme was, that a paper was included when at least
two models agreed on inclusion.

Validation on a manually screened sample of 40
papers yielded a precision of 0.90 and recall of 1.00,
indicating that the approach effectively reduced manual
screening effort while maintaining high sensitivity.

3.3 Filtering the subpart

The last exclusion of papers was done to filter out papers
focusing on recent VR systems which enable acquisi-
tion of spatial information for PVI. In this phase papers
older than 10 years and those which did not focus on
VR (but only on sensory substitution devices) or spatial
cognition were excluded. This part was done manually
by reviewing titles, abstracts and full texts.

! https:/llmsurver.dbvis.de/



Tab. 1: Document-term matrix

Cognitive map

Persons with vision impairments

Virtual reality

Related terms

survey knowledge, route knowledge

Broader terms
entation and Mobility, O&M

cognitive map acquisition, mental map, spatial
cognition, spatial knowledge, spatial learning,

indoor navigation, wayfinding, pathfinding, Ori-

visual impairment, visually im-

VR, virtual environment

paired, visual disability, blind-

ness, blind

(without vision), nonvisual Extended reality (XR), Aug-
mented reality (AR), Mixed
reality (MR)

3.4 Included papers

After the exclusion process 21 papers were left, whose
full texts were reviewed. The papers are listed in tables
2 and 4.

4 Results and research questions discus-
sion

The contents of the papers were analyzed with the goal
of answering the research questions. The findings con-
cerning each one are presented in the following parts.

4.1 RQI1: What techniques are used to create a VR
system for PVI?

Analysis of the reviewed systems identified five de-
sign dimensions: movement, user input, output modal-
ity, output triggers, and additional accessibility features.
Table 2 summarizes the implementations. The percent-
age representation can be found in table 3.

The systems reviewed in the SLR were split in the
implementation of movement between stationary design
and real walking. All the systems used audio for output
and two thirds used it in combination with haptic fea-
tures. The most used interaction method is avatar colli-
sion at 47.62% alluding to the use of contact with object
for orientation by PVIL.

Around a third of the systems used already avail-
able VR technology such as head mounted displays with
controllers and treadmills modified for PVI, prominent
example being Han et al. (2025). A quarter of the
implementations aimed for simplicity and affordability
using only a smartphone as both an input and output
device and for position tracking. Several experiments
tried to create their own specialized devices, such as
the Canetroller by Siu et al. (2020) a white cane con-
nected to a harness simulating both a texture of an object
with vibrations and hard contact using brakes prevent-
ing movement of the cane. Some systems like The vir-
tual Cane in Lahav (2022) try to create a more modified
version of reality which incorporate sensory substitution
methods to give the user detailed information about an
object from a distance, which is normally unavailable to
them.
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4.2 RQ2: Which features of a VR system improve
CM acquisition for PVI?

4.2.1 Movement

In the case of movement Han et al. (2025) observed bet-
ter performance in obstacle detection with free walk-
ing, while using a VR treadmill improved layout learn-
ing in perpendicular environments. Kubota et al. (2025)
showed that real body turning improved navigation of
complex, non-perpendicular routes. No paper unfortu-
nately compared real walking and stationary setups.

4.2.2 System output and modalities

In terms of output modality Siu et al. (2020) and Zhao et
al. (2024) highlight the benefits of using a multimodal
feedback in enabling CM acquisition at multiple levels
of detail at the same time, increasing CM acquisition ef-
ficacy. Kubota et al. (2025) reported that audio feedback
is better for general orientation while haptic feedback
is better for conveying finer object details. Others like
Kunz et al. (2018) and Guerrén et al. (2020) warn not
to overload one modality with too much information, as
the user will not be able to process all the information.
Andrade et al. (2021) demonstrated echolocation
as an effective method for spatial layout acquisition.
Ecological validity of sounds—particularly footsteps
and voice—was important to users, with unnatural au-
dio causing distraction Andrade et al. (2021); Ochiai et
al. (2025). May et al. (2020) identified that key land-
marks should be highlighted with more salient cues

4.2.3 Additional features

Cobo et al. (2018) observed that access to informa-
tion about distant objects improved spatial confidence
and localization . Lahav et al. (2018); Lahav (2022)
found that distal exploration yielded more allocentric
CM models and greater object detail recall than real en-
vironment exploration, though at the cost of prolonged
exploration time. Sonification and voice cues for ob-
jects in the user’s line of sight accelerated and improved
exploration according to Cobo et al. (2017). Simpler,
more intuitive interfaces were preferred by PVI in pa-
pers by Guerrén et al. (2020); Lahav et al. (2018).



Tab. 2: Types of VR techniques implemented across the reviewed.

. . Output Additional
Article Movement User input Output P
trigger features
Andrade et al. (2021)  stationary, fixed, controller ~ head tracking, spatial audio, physics sim., footsteps loop, on demand teleport
controller echoes
Cobo et al. (2017) stationary, real turning phone spatial audio, physics sim., avatar collision, proximity sonification, TTS, addi-
echoes tional info
Guerrén et al. (2020)  stationary, real turning, phone spatial audio, haptic, vibration avatar collision, proximity sonification, TTS, addi-
phone tional info
Han et al. (2025) real walking, treadmill, free head tracking, spatial audio, haptic, vibration avatar/cane collision, proxim- —
walking controller ity, cues
Junior et al. (2025) customizable head tracking, audio, haptic avatar collision, proximity customizable
controller

May et al. (2020)
Kreimeier
Gotzelmann (2019)
Kubota et al. (2025)
Kunz et al. (2018)
Lahav et al. (2018)

Lahav (2022)

Merabet and Sanchez

(2016)
Ochiai et al. (2025)

Cobo et al. (2018)
Ricci et al. (2022)
Riviere et al. (2019)
Seki et al. (2023)
Siu et al. (2020)
Tang et al. (2025)
Yeung et al. (2023)

Zhao et al. (2024)

and

real walking, free walking
real walking, treadmill
stationary, real turning
real walking, free walking
stationary, fixed, controller

stationary, fixed, controller,
keyboard

stationary, fixed, keyboard,
joystick

real walking, treadmill

stationary,  real
phone

stationary, real turning

turning,

stationary, fixed, joystick
real walking, treadmill

real walking, free walking

real walking, free walking

stationary, real turning,
phone
stationary, real turning,
phone

head tracking

head tracking,
controller
head tracking,
controller
head tracking,
controller
controller

controller

keyboard, joystick

head tracking,
controller

phone

head tracking,
controller
joystick

head tracking,
controller

head tracking,
controller

head tracking
phone

head
phone

tracking,

spatial audio

haptic, vibration, spatial audio
spatial audio, haptic, vibration
spatial audio, haptic, vibration
spatial audio

spatial audio, haptic, vibra-
tion, texture

spatial audio, haptic, vibration
spatial audio

spatial audio, haptic, vibration
spatial audio, haptic, vibration
spatial audio, haptic, vibra-
tion, texture, kinesthetic

spatial audio, haptic, vibration

spatial audio, physics sim.,

haptic,  vibration, texture,
kinesthetic
audio

haptic, vibration, spatial audio

haptic, vibration, spatial audio

cues, proximity

footsteps collision, avatar col-
lision
on demand, cues

proximity, cues

on demand, cues, footsteps
loop

on demand, cues, footsteps
loop

ambient, on demand, avatar
collision

cues
avatar collision, proximity
avatar collision

ambient

cane collision, footsteps colli-

sion
cane/avatar collision, cues

cues
footsteps
collision
footsteps loop, cane collision

loop, cane/avatar

sonification, TTS, addi-
tional info

sonification, additional
info

TTS, additional info

TTS, additional
teleportation

info,

sonification, additional

info
sonification
sonification, TTS, addi-

tional info

sonification, TTS, addi-
tional info

TTS, additional info
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Tab. 3: Percentage of VR techniques in the reviewed
papers (n = 21).

Feature % Feature %

Movement Control
stationary 57.14 head tracking ~ 61.90
fixed 23.81 controller 57.14
real turning 33.33 phone 23.81
real walking 38.10 controller 14.29
free walking 23.81 joystick 9.52
treadmill 19.05 keyboard 4.76
keyboard 9.52
joystick 9.52

Output modality Output trigger
audio 100.00 avatar collision 47.62
spatial audio 90.48 cane collision ~ 28.57
physics sim. 14.29 proximity 33.33
haptic 66.67 footsteps loop  23.81
vibration 66.67 footsteps coll. 9.52
texture 14.29 cues 47.62
kinesthetic 9.52 ambient 9.52
multimodal 66.67

Additional features
additional info ~ 47.62 vocalization 38.10
sonification 38.10 teleport 9.52

4.3 RQ3: To which extent are cognitive maps ac-
quired in VR useful in the real environment?

Only a small number of studies evaluated transfer of
spatial knowledge from VR to equivalent real environ-
ments and the review identifies it as a research gap.
Nevertheless, the available evidence suggests that cog-
nitive maps acquired in VR can support real-world nav-
igation and object localization. In the strongest com-
parison, Lahav (2022) reported spatial ability at a level
better or equal to that achieved in real space exploration.
Han et al. (2025), Junior et al. (2025), Ricci et al. (2022)
and Seki et al. (2023) further motivated their work by
emphasizing the safety benefits of learning unfamiliar
environments in VR before visiting them physically.

4.4 RQ4: What methods are used to evaluate qual-
ities of a CM of PVI?

The result of the evaluation methods analysis is the
table 4 describing the evaluation type, metrics, meth-
ods and participant sample and table 5 presenting the
percentages of each in the population of the reviewed
papers. Evaluation approaches were predominantly
mixed-method 61.9%, combining task-based quantita-
tive measures with interviews or questionnaires. The
most common quantitative metrics were success rate,
completion time and collision count. Most studies
assessed cognitive maps indirectly through navigation
tasks, while only 38.1% employed explicit cognitive-
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map externalization techniques such as verbal recon-
struction or physical model assembly. The large
methodological variability makes direct comparison be-
tween studies difficult.

5 Limitations

The findings of the papers reviewed in this SLR are
subject to two main limitations. The first one is men-
tioned in most of the papers themselves and it concerns
the small sizes of participant groups used for evalua-
tion with the mean being 12.43. Several studies also
did not disclose the severity of the visual impairment
of their participants and some used blindfolded sighted
participants limiting the ecological validity. Secondly
the studies used different methodologies for evaluating
the acquired spatial knowledge and the implemented
VR systems.

The SLR itself has limitations in its smaller sam-
ple of 21 reviewed papers, which were sourced from
only two digital libraries. Validity of the screening pro-
cess could also be questioned as it was partially auto-
mated using LLMs. In an attempt to address this limita-
tion, the evaluation of the screening results was done as
described in part 3.2. Another limitation of the review
is that its review protocol was not registered.

6 Discussion

Based on the answers to the research questions, the fol-
lowing system design is recommended. Free walking
with real body turning (section 4.2.1) best supports spa-
tial learning in complex environments. Input devices
should track position and pointing direction to enable
distal object queries and virtual cane functionality, with
a simple interface for the target user group. Multi-
modal output (section 4.2.2) enables perceiving the en-
vironment at multiple levels of detail in parallel, but in-
formation load per modality must be validated, as not
to cause an overload. Echo simulation should be im-
plemented to enable orientation by echolocation. On-
demand distal object information supports allocentric
knowledge acquisition (section 4.2.3). For evaluation
(section 4.4), the system should support task creation,
completion timing, and pointing-based object localiza-
tion.

Papers such as Cobo et al. (2018) and Lahav et
al. (2018) also highlighted the importance of participa-
tory design and creating system requirements based on
user studies, as this process can eliminate usability is-
sues and identify effective interaction methods early in
the development.



Tab. 4: Evaluation methods and participant samples across reviewed papers.

. Evaluation Quantitative Qualitative CM Participant Participant
Article -
type metrics methods extern. total breakdown

Andrade et al. (2021) mixed success rate, comple- interview clay 12 9 totally blind, 12 with vi-
tion time, feature usage sual impairment

Cobo et al. (2017) quantit. success rate, explo- — model 19 19 with visual impairment
ration time

Guerr6n et al. (2020)) mixed success rate, explo- — model 20 20 with visual impairment
ration time

Han et al. (2025) mixed success rate, comple- interview, — 16 3 totally blind, 16 with vi-
tion time, collision quest. sual impairment
count

Junior et al. (2025) without evaluation

May et al. (2020) mixed success rate interview, model, verbal 8 8 with visual impairment

quest.

Kreimeier and Gotzelmann (2019) mixed success rate questionnaire — 6 3 totally blind, 3 sighted

Kubota et al. (2025) mixed success rate interview rewalk 6 6 with visual impairment

Kunz et al. (2018) quantit. collision count — — 13 13 with visual impairment

Lahav et al. (2018) mixed complex task evalua- — — 10 5 totally blind, 5 sighted
tion

Lahav (2022) mixed success rate quest., obser- verbal 15 15 with visual impairment

vation

Merabet and Sanchez (2016) quantit. success rate, comple- — — 0 —
tion time, path

Ochiai et al. (2025) quantit. task accuracy — — 18 —

Cobo et al. (2018) mixed success rate questionnaire — 15 15 with visual impairment

Ricci et al. (2022) mixed success rate, comple- questionnaire — 50 50 with visual impairment
tion time, collision
count

Riviere et al. (2019) quantit. success rate — — 14 7 totally blind, 3 sighted, 4

with visual impairment

Seki et al. (2023) quantit. success rate, comple- — — 3 3 with visual impairment
tion time

Siu et al. (2020) mixed success rate, comple- interview — 8 5 totally blind, 3 sighted
tion time, collision
count

Tang et al. (2025) quantit. completion time, colli- — — 7 3 totally blind, 7 with vi-
sion count sual impairment

Yeung et al. (2023) mixed task accuracy survey verbal 6 6 with visual impairment

Zhao et al. (2024) mixed task accuracy survey verbal 15 12 with visual impairment
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Tab. 5: Frequency of evaluation characteristics across
reviewed studies (n = 21).

Feature % Feature %

Evaluation type Quantitative metrics

mixed 61.90 success rate 47.62
quantitative 33.33 completion time 33.33
without evaluation ~ 4.76 collision count 23.81
qualitative 0.00 task accuracy 14.29

exploration time 9.52

complex task eval.  4.76
feature usage 4.76

Qualitative methods CM externalization

questionnaire 23.81 without 61.90
interview 23.81 verbal 19.05
survey 9.52 model 14.29
observation 4.76 rewalk 4.76

clay 4.76

7 Conclusion and future work

This paper presented a SLR of recent papers concern-
ing VR systems which enable acquisition of spatial in-
formation for PVI. From initial 574 papers found across
two digital libraries 21 were included and their full texts
reviewed. The review served to answer four research
question which would help to create a source of infor-
mation from which requirements of a VR system for
CM acquisition for PVI could be created. In the dis-
cussion section suggestions for the requirements of the
potential system were presented.

While the field of VR systems facilitating CM ac-
quisition for PVI is populated with various promising
approaches certain research gaps were identified in the
SLR. This mainly concerns the evaluation of the CM
acquisition, such as examining the usefulness of the ac-
quired CM in a real environment, comparing the acqui-
sition process with other non-VR methods and compar-
ing the CM acquired with a virtual white cane and with-
out it.
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Abstract

We investigate infant sensorimotor development longi-
tudinally across three contexts: spontaneous behavior,
reaching to tactile stimuli on the body, and reaching
to visually presented objects. Our goals are to iden-
tify early signs of active exploration and emerging goal-
directedness in spontaneous movement, and to com-
pare how reaching toward somatosensory versus visual
targets develops over time. Because our dataset com-
prises dense recordings across hours, days, weeks, and
months, manual annotation is impractical. We therefore
use Al-based pipelines to extract 3D infant pose from
video and map the resulting motion data onto robotic
platforms for embodied analysis. This framework sup-
ports big-data developmental science and the study of
emerging sensorimotor self-representation.

1 Introduction

1.1 Body representations

For successful embodied interaction with the world,
body models of some form are needed. On the neural
side, beyond the somatotopic representations (the “ho-
munculi”) in the primary motor and somatosensory cor-
tices of primates (Leyton and Sherrington, 1917; Pen-
field and Boldrey, 1937), a large number of other so-
matotopically organized areas have been found in the
brain, but their somatotopy is more fractured and less
apparent (e.g., (Seelke et al., 2012)). On the cognitive
side, concepts like “superficial and postural schema”,
“body schema”, “body image”, “corporeal schema” (see
(Ataria et al., 2021) for an overview) have been pro-
posed. One characteristic common to all these repre-
sentations is their multimodal nature: they dynamically
integrate information from different sensory modalities
(tactile, proprioceptive, vestibular, visual), not exclud-
ing motor information. Somatosensory (tactile and pro-
prioceptive) information constitute an important subset,
perhaps most intimately tied to the body itself.

1.2 Development of body representations

Evidence from both psychology and neuroscience sug-
gests that fragments of a functional body schema have
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been laid out before birth (Fagard et al., 2018; Zoia et
al., 2007). Newborns are sensitive to some intersensory
synchrony related to their own bodies (e.g., (Filippetti
et al., 2013)). Infants’ sensitivity to cross-modal per-
ception of their own body, such as seeing the legs sub-
ject to different temporal or spatial manipulations (e.g.,
(Rochat, 1998)), has been studied. The development of
tactile spatial remapping—younger infants code touch
anatomically while older infants remap the stimulus into
“space”—has also been investigated (Ali et al., 2015;
Rigato et al., 2014). Such studies and others generally
focus on the development of multisensory perception of
own body alone or in relation to bodies of others.

1.3 Limitations of the state of knowledge

The literature on the nature of body representations is
not clear. Concepts like body schema and body image
are umbrella notions for a range of observed phenomena
rather than a result of identification of specific mecha-
nisms. Regarding development, de Klerk et al. (2021)
provide an associative learning account, which, how-
ever, needs to be further specified to be testable. Sim-
ilarly, the Sensorimotor Contingency Theory has been
applied to development (Jacquey et al., 2019) but still
only as a high-level framework. Corbetta (2021) hy-
pothesized how goal-reaching develops through links of
visual and proprioceptive-tactile-motor spaces, with in-
trinsic motivation. A detailed theory specifying the un-
derlying mechanisms is lacking.

2 Dense sampling of sensorimotor
development

Infant development is difficult to study because babies
are difficult experimental subjects that cannot be in-
structed to perform specific tasks repeatedly. Insights
from spontaneous infant behavior often draw on small
datasets and simplified manual scoring of video record-
ings (e.g., (DiMercurio et al., 2018; Thomas et al.,
2015)). Behavioral data are sometimes complemented
by brain imaging (see (Azhari et al., 2020) for a re-
view). However, experimental paradigms often involve
preferential looking times or habituation and deliber-
ately avoid movement to reduce motion artifacts in brain
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Fig. 1: Infant pose estimation pipeline. From (Gama, 2026).

scans. To uncover developmental trajectories on multi-
ple and nested time scales, daily spontaneous recordings
of infants and their sharing will be needed (Adolph et
al., 2017; Adolph and Robinson, 2011).

We longitudinally study infant sensorimotor de-
velopment in three behavioral contexts: spontaneous
behavior, reaching to tactile stimuli in the body, and
reaching to visually presented objects. Using behavioral
data collected in these scenarios, we aim to: (i) iden-
tify signatures of active exploration and emerging goal-
directedness in spontaneous movements, and (ii) com-
pare the developmental trajectories of reaching toward
somatosensory and visual targets to understand the in-
teraction between target localization and motor control.
Our data set consists of dense longitudinal recordings
that span hours, days, weeks, and months of infant be-
havior. Such a scale makes manual annotation infeasi-
ble. Therefore, we develop and evaluate Al-based anal-
ysis pipelines.

3 Al tools for developmental science

3.1 2D and 3D pose estimation from images and
videos

Rapid progress in computer vision makes it possible to
estimate the body configuration of humans from images
or videos only. We use this technology to automatically
estimate the pose of infants. Gama et al. (2025) com-
pared the performance of seven state-of-the-art 2D hu-
man pose estimation networks on infant datasets, with
ViTPose (Xu et al., 2022) performing the best overall.
Khoury et al. (2022) performed 2D pose estimation (in
image or pixel space) and then deployed SMPLify-X
(Pavlakos et al., 2019) to get a 3D model. Our current
pipeline is shown in Fig. 1.

60

3.2 Anonymizing infant videos through
face swapping

The sharing of datasets, including raw video footage,
is critical to making progress in psychological science
(Adolph et al., 2017). For ethical reasons, this is not
possible without anonymizing the videos. Simple meth-
ods like covering the face degrade the performance of
downstream tasks like pose estimation. We harness
modern large scale diffusion models to develop meth-
ods of anonymization that (a) change the identity signif-
icantly both for humans and face recognition engines,
(b) keep gaze and facial expression unaltered, (c) re-
main visually consistent with the context without visual
artifacts, (d) are temporally consistent for a video. See
BLANKET (Hadera et al., 2025) and Fig. 2 for more
details.

Original video Anonymized video

gl Compatible-ldentity
Generator

@
@

Temporally-Consistent
Face Swap

Fig. 2: Flowchart of the proposed video anonymiza-
tion. First, an image replacing the original identity with
a new compatible random identity from the first frame
is created. The new face is generated by inpainting us-
ing Stable Diffusion (Rombach et al., 2022). Then, the
new identity is swapped in every frame of the video.
We propose to use FaceFusion (Facefusion, 2024), as
it provides temporally consistent results while preserv-
ing original facial expressions. Figure and caption from
(Hadera et al., 2025).



3.3 Motion retargeting:
from infants to baby humanoids

The automatically extracted infant poses from the video
recordings can then be mapped onto robotic platforms,
allowing us to replay and analyze the motor, proprio-
ceptive, visual, and tactile experiences of infants within
robotic systems (Lopez et al., 2026).

Fig. 3: Motion retargeting — infant to humanoid. The
estimated infant pose or motion is retargeted onto a tar-
get robot or simulator platform. Here, the target is the
iCub humanoid robot. The sensors of the robot can be
used to emulate the first-person sensory experiences of
the infant—vision and touch in this case. See (Lopez et
al., 2026) for details.

4 Beyond random motor babbling

Random motor or body babbling has been a typical de-
velopmental robotics method: a simulated or real robot
randomly moves around its joints, thereby generating
uncoordinated behavior and sensory input, and subse-
quently learns from this experience using reinforcement
learning or another algorithm.

However, human infants hardly ever perform ran-
dom movements. Instead, their movements are shaped
by the biomechanical and neural constraints, and in-
creasing voluntary control with age. Having the pos-
sibility of recreating the sensorimotor experience of
actual infants at specific age and in specific contexts
gives rise to much more ecologically valid multimodal
datasets that can be used to test different learning algo-
rithms (see also (Cusack et al., 2024)). This is where
this work ties in: automatically processing long infant
recordings, turning them into motion trajectories, and
retargeting to humanoid robots and emulating multi-
modal sensorimotor experience.
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5 Conclusion

This approach establishes a framework for big-data de-
velopmental science, combining large-scale behavioral
recordings, machine learning—based analysis, and em-
bodied robotic modeling to advance our understanding
of the emergence of sensorimotor self-representation.
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Abstrakt

Tvorba konverzanych agentov so sebou nesie radu psy-
chologickych otdzok: ako ma vyzeraf prirodzend kon-
verzéacia? Aki osobnos{ md konverzatny agent mat?
Ako md vyzeraf? Ako md prejavoval emdcie? Aky
vztah medzi umelym agentom a ¢lovekom je bezpeény
a prinosny? Tieto aspekty vypovedaji viac o nds
T'ud och, ako o samotnej technoldgii.

1 Prirodzena komunikacia — vytvaranie
konverzac¢ného partnera

Herbert Simon vychadzal z predpokladu, Ze clovek
navrhuje umelé predmety tak, aby plnili ur¢itd fun-
kciu v neustdlom kontakte so svojim prostredim, ¢o
vyZaduje tvahu, ako umiestni{ umelé do sveta priro-
dzeného (Simon, 1968; Glikson a Woolley, 2020). Na
tito myslienku nadviazal Donald Norman, ktory pri
dizajne sociotechnickych systémov zdorazioval kog-
nitfvnu psycholdgiu a potrebu braf ohl'ad na uzivatelove
fyzické aj kognitivne moZnosti (Norman, 1988; Bland-
ford, 2019). Pre dosiahnutie efektivneho konverza¢ného
agenta (CA) je preto nevyhnutné prispdsobif jeho dizajn
evolucne prirodzenym vlastnostiam socidlnej kognicie
(Shu a spol., 2026). Takto skonStruovany CA je kog-
nitivne ¢o moZno najmenej zafazujici (Gambino a
spol., 2020; Xu a spol., 2023). Klti¢om k jeho uveri-
tel'nosti a doveryhodnosti je konzistentnost osobnosti
(Ortony, 2003; Volkel a spol., 2020).

Kli¢ovym prvkom je prirodzend re¢ a vizudlna
podoba agenta (avatar), ked Ze Tudia maju tendenciu pri-
pisovaf strojom l'udské kapacity a ¢rty, ¢o je zndme
ako antropomorfizmus (Van Pinxteren a spol., 2020).
Hlasova komunikdcia predstavuje pre uZivatela ,.bo-
hatSie médium* neZ text, pretoze aktivuje a prehlbuje
vztah medzi ¢lovekom a po&itatom na evoludne star3ej
baze (Nass a Brave, 2005). VySSia miera antropomor-
fizdcie dizajnu (vzhladu aj spravania) spravidla linedrne
zvySuje vnimant kompetenciu a doveryhodnost agenta
(Rheu a spol., 2021).

Této snaha o ludskosf m4 viak svoje limity. TeGria
tiesnivého udolia (uncanny valley) hovori, Ze ak sa
objekt fyzicky cloveku podoba az prilis, ale v jeho

63

spravani si drobné nedokonalosti, namiesto empatie
vznikd negativny, tiesnivy pocit alebo strach (Smestad
a Volden, 2018; Glikson a Woolley, 2020).

CA tvoria ,,novi ontologicki kategériu“ medzi
zivym a nezivym (De Graaf, 2016). V pripade priliSnej
antropomorfizicie klesd ontologickd transparentnost
(teda hranice rozoznatelnosti medzi jednotlivymi ka-
tegGriami s {aZSie rozoznatelné), ktord je podstatnd pre
bezpecné a efektivne uzivanie CA.

2 Konverzac¢ny design — prirodzena rec

UZivatelova skiisenost (user experience, UX) nie je
len vysledkom prirodzenej Struktiry reci, ale aj kon-
textudlnej spravnosti a ucelu konverzicie (Chaves a
Gerosa, 2021). Okrem NLP S$pecialistov je preto ne-
vyhnutny konverzacny dizajn (CxD), ktory vyuZiva
poznatky z pragmatiky a konverzacnej analyzy. CxD
vyuziva tedriu reCovych aktov na triedenie konverzacii
podla ich ti¢elu a opiera sa o Griceove konverzané ma-
ximy:

e Maxima kvantity: poskytnif prdve tolko in-
formdcii, kolko je potrebné.

» Maxima kvality: hovorit pravdu a admitted short-
comings (priznat nedostatky), ¢o zvySuje doveru.

¢ Maxima spdsobu: snaZif sa o jasnost a poriadok v
prejave. (Grice, 1975)

Z evoluénej psycholdgie sa ako kldcovy javi
koncept spolo¢ného zdkladu (common ground) — teda
vz4jomne zdielanych vedomosti a predpokladov, ktoré
umoziuju efektivnu komunikaciu. S tym stvisi aj
zdieland pozornost a schopnosf agenta vnimat intenciu
uZivatel'a (Tomasello, 2010).

3 Emocie

V dizajne CA plati, Ze prejavy emdcii musia byl v
silade s kontextom a ocakdvaniami uZivatela, inak
moZu posobit neautenticky a nartSal doveru (Chaves a
Gerosa, 2021; Shu a spol., 2026; Rheu a spol., 2021).



Pokial nie si emdcie v prejave agenta zvlddnuté alebo
spravne kalibrované, uzivatel mdZze pocifovat neistotu,
¢o vedie k zlyhaniu interakcie. V urcitych situdcidch
moZe byt neutrdlny vyraz bezpeénejSou vol'bou, pretoze
prili¥na snaha o Tudskd eméciu, ktord nie je dokonale
technicky zvladnutd, moze aktivovat efekt tiesnivého
udolia (Wardhana a spol., 2021).

Najcastejsie skimanymi aspektmi emoc¢ného pre-
javu sd pohlad do o¢f (gaze) a tismev.

e Pohlad do o¢i: Je kld¢ovy pre nadviazanie raportu
(Cerekovic a spol., 2016; Loveys a spol., 2020).
Ukazuje sa, Ze afiliativny pohlad (na uZzivatela)
buduje ddveru lepsie neZ &isto referenény pohlad,
aviak neustély oény kontakt mdZze pdsobit nepriro-
dzene (Loveys a spol., 2020; Rheu a spol., 2021).

« Usmev: Expresivne gestd, ako je dsmev, zvySuju
mieru zapojenia uZivatela. Efektivna je najmi
kombinécia zdvorilostného tsmevu pri pozdrave
a pobaveného tsmevu pri vtipoch, ¢o zvySuje
vnimant vrelost agenta (Loveys a spol., 2020).

4 Osobnosf

Osobnost CA mé priamy vplyv na celkovy dojem,
podiatoénd doveru a kvalitu dlhodobého vztahu, ktory
si k agentovi budujeme (Ahmad a spol., 2022; McRorie
a spol., 2011). Casto sa pri tvorbe digitalnych charak-
terov vychddza z psychologickej tedrie Big Five, kde
sa dimenzie ako extraverzia alebo privetivost prejavuju
v reCovom Style a gestikuldcii (Ahmad a spol., 2022;
Pradhan a Lazar, 2021; Chaves a Gerosa, 2021).

Niektoré Stidie vsak ukazuju, Ze u CA st pod-
statné aj iné osobnostné parametre, ktoré model Big
Five, vyvinuty pre Tudi, nepokryva dostatocne (Volkel
a spol., 2020). Navrhované su Specifické dimenzie ako
umelost (artificiality), ktora uréuje, nakolko sa agent
prezentuje ako stroj, sluZobnost (serviceability) zame-
rand na efektivitu plnenia dloh, ¢i sebauvedomenie
(self-consciousness), ktoré u uZivatela vytvdra iliziu
nezavislého myslenia a kreativity agenta (Volkel a spol.,
2020). Vyuzitie koherentnej osobnosti tak sliZi ako
motor, ktory zabezpeluje predvidatelnost socidlneho
spravania CA (Ahmad a spol., 2022; McRorie a spol.,
2011).

5 Doverav CA

LCudia maji preukdzatelnd tendenciu k hlbSiemu se-
baodhalovaniu (self-disclosure) voci Al agentom neZ
voci Tudom, najmi v citlivych témach, pretoZe agen-
tov vnimajui ako neodsudzujicich, anonymnych a ob-
jektivnych (Lucas a spol., 2014, 2017; Skjuve a
spol., 2021; Papneja a Yadav, 2025; Glikson a Wool-
ley, 2020). Pre zabezpecenie prijemného uZivatel'ského
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zazitku a ochoty k navratu je nevyhnutnad spravna ka-
libracia dovery (Mehrotra a spol., 2024; Rheu a spol.,
2021).

Vlastnosti, ktoré najcastejSie budia déveru v CA,
by sa dali zhrnit do Styroch domén:

e Fyzické vlastnosti: Atraktivita avatara a ludsky
hlas (oproti syntetickému) linedrne zvySuju
vnimand  ddveryhodnost a kompetenciu
Atraktivni agenti sd niekedy vnimani ako
doveryhodni bez ohladu na ich skuto¢nd
spolahlivost v dlohach .

Socidlna inteligencia: Zahffia empatiu, prejavova-
nie zdujmu o pocity uZzivatela a dobre zvladnutd
etiketu (napr. neskdkanie do reci), co mdze kom-
penzovaf aj obasnd nespol'ahlivost systému .

Autonémia a reciprocita: Proaktivita agenta pri
navrhovani tém a jeho vlastné ,,sebaodhalovanie*
(napr. zdielanie ,,vlastnych* skisenosti alebo pri-
znanie zranitelnosti) stimuluje uZivatela k re-
cipro¢nému spravaniu a prehlbuje vziah .

Kompetencie: Transparentnost ohladom schop-
nosti a priznanie vlastnych limitov zvySuje doveru
viac neZ simuldcia neomylnosti (Rheu a spol.,
2021; Glikson a Woolley, 2020; Chaves a Gerosa,
2021; Loveys a spol., 2020).

6 Raport a vzfah

Otazka, ¢i je ziaduce, aby uZzivatelia budovali hlboké
vztahy k umelym agentom, je v HCI komunite predme-
tom zivej diskusie (Mehrotra a spol., 2024; De Graaf,
2016; ?). Faktom vSak zostdva, e vzhladom na an-
tropomorfny dizajn systému uZivatelia tieto vzfahy
nadvézuju spontanne (De Graaf, 2016; Koike a Lough-
nan, 2021). UZ v 90. rokoch popisana paradigma CASA
(Computers Are Social Actors) vysvetluje, Ze ludia
automaticky aplikujd socidlne skripty uréené pre ludi
aj na pocitace, ak tieto vykazuji dostato¢né socidlne
signaly (Nass a Brave, 2005; Gambino a spol., 2020). U
sucasnych agentov, ktori disponuju prirodzenou recou a
koherentnou osobnostou, je tento efekt eSte vyraznejsi,
¢o vedie k tomu, Ze im uZivatelia pripisuji zamery, po-
city a vedomie (De Graaf, 2016; Dosovitsky a Bunge,
2021).

Vyskumy potvrdzuji, ¢ vziah ku CA mi v
uréitych kontextoch, napriklad v oblasti duSevného
zdravia a well-beingu, terapeuticky potencial (Darcy a
spol., 2021; Clark a spol., 2019; Shu a spol., 2026).
UZivatelia sd schopni vytvorif si s digitdlnym agen-
tom (napr. Woebot alebo Replika) pracovnu alianciu po-
dobnd tej s Tudskym terapeutom, pri¢om pocituji, Ze
agentovi na nich zélezi (Darcy a spol., 2021; Skjuve a
spol., 2021). Takisto v nasej predchadzajicej Stddii sa



ukdzala emociondlna a socidlna opora (ktorej bezpro-
strednym predpokladom je vzfah) ako uZzivatelmi na-
jocenovanejsi efekt CA (Heissler a spol., 2024).

Vziah €loveka ku CA je v8ak principiélne odli$ny
od medziludského vzfahu. Literatira ho definuje
ako asymetricky a jednostranny (Shu a spol., 2026;
De Graaf, 2016). Zatial ¢o Tudsky vzfah je posta-
veny na reciprocite a vzdjomnej investicii, CA je ,,vy-
robeny* na napfﬁanie potrieb uZivatela, &im sa stdva
skor nastrojom nez socidlnym rovnym partnerom . In-
vesticia CA (Cas a pozornost ) je navyse nekone¢nd a nie
je limitovand kognitivnou kapacitou, ¢o z nich robi pre
mnohych ,jidedlnu ndhradu“ za problematické I'udské
vztahy (Brooks, 2021). Tieto interakcie sa Casto pri-
rovnavaju k parasocidlnym vztahom, kde uZivatel in-
vestuje emdcie do objektu, ktory mu ich nemdZe v plnej
miere opétovat, o vSak paradoxne moZe zvySovat pocit
osobnej pohody (Youn a Jin, 2021; Noor a spol., 2022).

Hoci ide o vzfah k neZivému objektu, CA dnes
tvoria novu ontologicku kategdriu na pomedzi Zivého a
neZivého. Postupnou interakciou a vzajomnym sebaod-
halovanim vznikd emociondlne puto, ktoré m4 kvality
blizke medziludskej intimite, hoci ide o vziah nového
druhu (Clark a spol., 2019).

6.1 Zamilovanosf a sexudlne spravanie

gpeciﬁck;’/m a kontroverznym fenoménom je vznik ro-
mantickych citov a sexudlneho spravania vo¢i CA, ¢o
sa niekedy oznacuje ako romantickd antropomorfizdcia
(Koike a spol., 2023). Existuji agenti (napr. Harmony
alebo postavy v RVG — Romantic Video Games), ktori
si na tento ucel priamo navrhnuti, ¢o vSak vyvoldva
vazne etické obavy ohladom objektifikdcie a psychickej
zranitel'nosti uzivatelov (Mehrotra a spol., 2024; Koike
a Loughnan, 2021; Brooks, 2021).

Zamilovanost k agentovi vznikd pravdepodobne
v dosledku silnej socidlnej motivacie uZivatela a
vnimanej responzivity agenta (pocitu, ze ma niekto
pociiva a rozumie mi). Ak je CA stabilny, privetivy a fy-
zicky atraktivny, dokéZe u uZzivatel'a aktivovat evoluéne
staré centrd odmeny spojené s ldskou a sexom (Koike a
Loughnan, 2021; Koike a spol., 2023).

7 Etické aspekty tvorby CA podobného
cloveku

Pri navrhu konverza¢nych agentov (CA) Celia vyvojéri
neustdle sa vyvijajicim etickym vyzvam, ktoré pre-
sahuji beznu technickd funkcionalitu. Odborna lite-
ratdra v tejto oblasti zdodraziiuje potrebu ukotvit vyvoj v
pevnych etickych radmcoch postavenych na principoch
transparentnosti, spravodlivosti, neubliZovania (non-
maleficence), zodpovednosti, dovernosti, beneficence,
dovery, udrzatelnosti ddstojnosti a solidarity (Jobin a
spol., 2019). Princip neubliZzovania v digitdlnom pro-
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stredi znamenad, Ze Ziadna interakcia ani algoritmus ne-
smie vyvolaf na strane uZivatela psychickd, socidlnu
alebo materidlnu Skodu.

Kli¢ovym etickym pilierom je transparentnost,
ktora musi fungovat na viacerych drovniach. Autori CA
musia jasne deklarovaf zdmery a podmienky pouZivania
dat, zatial o samotny agent by sa mal v kazdom
momente vyhybal neetickému klamstvu (deception) a
nesmie sa snazif budif iluzérny dojem, Ze sa jednd
o 7zivého agenta. Zatial o u avatara je animovana
podstata zrejmd, v reCovom prejave (jeho obsahovej
zlozke) je hranica medzi konverza¢nou plynulostou a
zavadzanim o I'udskosti vel'mi tenkd. Aby bol agent uve-
ritelny a budoval ddveru, musi vyuZivaf techniky seba-
odhalovania, teda zdielania vlastnej ,histérie, posto-
jov & zranitelnosti. Prave tito dynamickd interaktivita
a schopnost vytvdraf zdielany vyznam v§ak modZe po-
siliovat iliziu Tudskosti.

Ako urdité odpoved na tieto otdzky sa rozvija kon-
cept na ¢loveka zamerand umeld inteligencia (human-
centered artificial intelligence), teda pristup ktory
Studuje efekt Al na cloveka i spolocnosi a hladd
rieSenia, ktoré by boli v silade s Tudskymi hodnotami,
potrebami a rastom (Shneiderman, 2020; Riedl, 2019).

7.1 Prevencia samovrazedného
a duSevné zdravie

spravania

V oblasti digitdlneho duSevného zdravia je kri-
tickou prioritou vc€asnd identifikdcia suiciddlneho
spravania a symptomov zavaznych dusevnych portich.
V sucasnosti existuji modely vyuZivajuce digital phe-
notyping, a dokdzu tak na zdklade analyzy prirodze-
nej re¢i a sémantiky identifikovat znamky suiciddlnych
mySlienok ¢i psychotického ochorenia, a to s vysokou
mierou presnosti (Kleiman a spol., 2018; De Boer a
spol., 2020).

Pre bezpeCnost uzivatela je nevyhnutné, aby
CA disponoval ndstrojmi na overenie jeho stavu a
nasledne ho v&as prepojil s Tudskym odbornikom alebo
zachrannymi zloZkami. V pripade detekcie rizika mus{
agent postupoval podla striktného protokolu krizovej
intervencie. Tento protokol by mal eliminovat pocit od-
mietnutia a zabranif nebezpeénej rumindcii (neustdlemu
premietaniu negativnych myslienok).

V poslednej dobe sa takisto vyskytli prvé popisané
pripady Al psychdzy, teda zhorSenia stavu cloveka
s psychotickym ochorenim ndsledkom pouZivania Al
agenta (Morrin a spol., 2025; Hudon a Stip, 2025).

8 Zaver

Konverzacni agenti a metddy ich vyvoja sa transformuju
v bezprecedentnom tempe, pri¢om kaZdych niekolko
mesiacov dochddza k zmene technologickych paradi-
giem. Mnohé z aktuédlnych poznatkov o velkych jazy-



kovych modeloch a socidlnej kognicii mdzu v blizkej
budiicnosti zastaraf. Podstatou odborného zdujmu by
viak nemala byl len samotnd technolégia, ale pre-
dovsetkym to, ¢o konfrontdcia s umelou inteligenciou
vypoveda o Tudskej prirodzenosti a ako nés tdto interak-
cia spitne premiefia. Zameranie by sa teda malo pre-
sundi od samotnej technolégie a jej vyvoja, k tomu,
¢o konfronticia s flou vypovedd o Cloveku a akym
sposobom ho premietfia. Je teda potrebné prehodnotit
tvrdenie Noama Chomského, Ze LLM ndm o jazyku ne-
povie ni¢ nového (Mahowald a spol., 2024). Takisto by
nds to malo viest k vic3ej reflexii toho, ¢o ma pre nds
ako potencidlnych uZivatelov najvi¢si prinos a Co je
naopak riziko. Napokon technoldgia sa nevyvija sama,
bude len takd, aku ju urobime.
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Abstract

Item difficulty is central to test validity and fair
assessment, yet it is difficult to estimate without large-
scale pretesting. Machine learning offers a promising
alternative by enabling prediction of item difficulty
directly from the text prior to administration. This study
replicates and extends previous research on predicting
item difficulty in language comprehension tests using
machine learning algorithms and linguistic features.
Specifically, a modelling approach previously developed
for English maturita (the standardised school-leaving
examination in the Czech Republic) items was applied to
German language test items. Item difficulty parameters
were estimated using Item Response Theory, and 696
features covering lexical, frequency-based, surface
similarity, and readability properties were extracted from
the texts. Regularized linear regression models were
trained and evaluated using nested cross-validation.
Similar to results obtained in the English dataset, the best-
performing model (LASSO) achieved a mean RMSE close
to the standard deviation of item difficulty and therefore
comparable to predicting the mean. This lack of predictive
power was further compounded by marked instability
across  cross-validation folds. Directly applying
coefficients trained on English items resulted in
substantially larger prediction errors. The results are
attributed primarily to the small number of items relative
to the high-dimensional feature space. These findings
suggest that feature-based machine learning approaches
offer limited added value in such settings and are better
treated as a complement to, rather than a replacement for,
traditional difficulty estimation methods.

1 Introduction

Accurate estimation of item difficulty is central to
educational measurement, supporting test validity, score
interpretation, and comparability across test forms. It is
also essential in modern applications such as computerized
adaptive testing, where items must be selected
dynamically to match examinee ability and reduce test
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length. Scalable estimation further enables the
construction of balanced tests, detection of potential
biases, and more informed decision-making about
examinees.

1.1 Traditional Difficulty Estimation

Traditionally, difficulty is established via pretesting and
domain expert judgement. Although pretesting yields
statistically robust estimates (Fadillah et al., 2023), it is
costly, time-consuming, and delays item deployment.
Expert judgement, while useful in early stages, is
subjective and potentially inconsistent across raters
(Wonde et al., 2024).

Yet item difficulty is not arbitrary. It is partly
encoded in an item’s structural and linguistic properties.
Advances in machine learning and natural language
processing now make it possible to infer difficulty directly
from the text. This shift opens the possibility of predicting
item difficulty prior to administration in a scalable and
systematic ~ manner, complementing  traditional
approaches.

1.2 Evolution of Automated Prediction

Early text-based prediction approaches relied on manually
engineered surface-level and linguistic features (Loukina
et al., 2016), such as sentence length, vocabulary rarity,
and syntactic complexity. These features were then used as
inputs to classical machine learning models (e.g., linear
regression, random forests).

Later developments introduced static word
embeddings (e.g., Word2Vec , GloVe) to capture semantic
similarity (Hsu et al., 2018), followed by deep learning
architectures such as convolutional neural networks and
long short-term memory networks (He et al., 2021; Huang
et al.,, 2017; Xue et al.,, 2020), which enabled more
effective modelling of contextual relationships in text.



1.3 Recent Approaches

Recent advances have shifted the field decisively toward
transformer-based architectures and large language
models (LLMs), giving rise to three principal paradigms.

First, the most direct approach is to prompt an LLM
to predict item difficulty from text (Gombert et al., 2024,
Li, Jiao, et al.,, 2025). While intuitive, this approach
typically achieves only moderate accuracy compared to
more structured methods (Razavi & Powers, 2025).

Second, LLMs are used as feature extractors,
generating cognitively and linguistically informed
variables (e.g., reasoning steps or cognitive load) for
downstream models (Razavi & Powers, 2025). This
approach has been shown to outperform both direct LLM
predictions and traditional text-based features (Mojoyinola
et al., 2025).

Third, LLMs are used to simulate student responses
across proficiency levels (Maeda, 2025; Scarlatos et al.,
2025). Item difficulty is subsequently estimated via IRT
models fitted to the synthetic data. A key limitation is
that LLMs struggle to reflect human capability constraints,
and highly capable models tend to overproduce correct
responses even when conditioned on lower proficiency
(Acquaye et al., 2026; Li, Chen, et al., 2025; Liu et al.,
2025).

Beyond these paradigms, LLMs are utilized for data
augmentation to enrich training sets with synthetic items
and rationales (Feng et al., 2025; Li, Jiao, et al., 2025), as
well as for uncertainty estimation, where the model's
internal confidence serves as a proxy for predicting human
task difficulty (Zotos et al., 2025). A comprehensive
overview of these developments is provided by Peters et
al. (2025).

1.4 Limitations and Open Challenges

Despite rapid progress in advanced architectures, several
important challenges remain unresolved. Among these,
interpretability and cross-linguistic generalizability are
particularly relevant to this study.

Automated item difficulty prediction involves a
persistent trade-off between predictive accuracy and
interpretability. Recent LLM-based approaches often
achieve superior performance but rely on high-
dimensional, opaque representations, limiting
transparency. Although post hoc explainable Al methods
have been proposed, they offer only partial insight into
model decision-making (Dunn et al., 2026). In high-stakes
assessment, where transparency is vital for validity and
fairness, traditional feature-based models may be therefore
preferable. Defined linguistic features allow these
approaches to pinpoint difficulty, offering item writers
actionable guidance for precise calibration. They are also
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more robust in small-sample settings, which are typical in
high-stakes testing (Peters et al., 2025).

A second open question concerns the cross-linguistic
transferability of predictive models. Current evidence in
this area is predominantly indirect. For example, recent
research suggests that training models jointly on multiple
languages can substantially improve cross-lingual
performance as they learn global difficulty patterns (Das
et al., 2024; Skidmore et al., 2025). For feature-based
machine learning models, however, studies explicitly
examining transferability are very rare.

1.5 Research Objectives

Two prior studies established a framework for predicting
item difficulty from linguistic features using machine
learning (Dlouhd, 2025; Stépanek et al., 2023) but were
limited to English maturita (the Czech national school-
leaving examination) items. This study aims to test the
framework’s transferability from English to German by
replicating it on German maturita reading items and to
compare these results with the original findings.

2 Methods

2.1 Data

Data were obtained from CERMAT German maturita tests
and response data (spring terms 2016-2024, autumn terms
were excluded due to different examinee populations).
Only reading-comprehension sections (Parts 5 and 7) were
analysed, yielding 45 items per part. A German frequency
resource DeReWo-2014-11 (Institut fiir Deutsche Sprache,
2014) was used for lexical frequency features.

2.2 Procedure

All analyses were conducted in R (R Core Team, 2023).
The replication part followed a three-stage pipeline:

Item difficulty was first estimated via Rasch models
(package eRm; Mair & Hatzinger, 2007). Responses were
analysed per test form without linking.

Items were then segmented into their components
(passage, question, key, distractors) from PDFs. A total of
696 base features (including lexical, frequency-based,
surface similarity and readability indices) were computed
across these components using the quanteda (Benoit et al.,
2018) and udpipe (Wijffels, 2023) packages. Feature—
difficulty correlations were modest (r] < .40), and
substantial multicollinearity combined with a small sample
size motivated the use of regularization.



Separate models were subsequently trained for Parts
5 and 7 using ridge, LASSO, and elastic net regression.
For that purpose, packages g/mnet (Friedman et al., 2010)
and caret (Kuhn, 2008) were used. Nested cross-validation
(9 inner and 9 outer folds) served both for unbiased
performance estimation and hyperparameter tuning.
Before training the model, within each inner loop, the top
100 predictors (by correlation with difficulty) were
selected to reduce dimensionality. Performance was
assessed via mean RMSE and R? from outer folds.

Key differences from prior work include the use of
Rasch models (instead of 2PL), a reduced feature set
(without CEFR or Word2Vec), and frequency-based
lexical profiling using DeReWo.

3 Results

Given the small number of items (n = 45 per part), all
results should be interpreted cautiously. In the nested 9x9
cross-validation, each test fold contained only five items,
resulting in high variance and limited reliability.
Accordingly, the findings are best interpreted as indicative
patterns rather than stable effects.

3.1 Model Performance

Across regularization methods (ridge, LASSO, elastic
net), differences in predictive performance were marginal,
however, LASSO was selected as the primary model due
to its feature selection properties and interpretability.
Performance metrics are reported in Table 1, which
presents mean values and standard deviations across nine
outer folds of nested cross-validation. In both test parts,
RMSE values were close to the empirical standard
deviation of item difficulty (SDy = 0.67 for Part 5, SD,, =
0.85 for Part 7). This indicates that the models offer only
limited improvement over a simple mean-based
prediction.

Table 1: Performance Metrics for LASSO Models

RMSE R?
Me SD Me SD
an an
Part 0.69 0.20 24 .32
5
Part 0.81 0.33 11 17
7

This performance appears slightly weaker than
reported by Dlouha (2025) and broadly comparable to
Stépanek et al. (2023), although differences in feature sets
and difficulty characteristics constrain direct comparison.
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3.2 English-to-German Transfer

Using the optimal hyperparameters identified in nested
cross-validation (oo = 1, A = 0.071), a final LASSO model
was trained to examine selected predictors. There was no
direct overlap between the predictors retained in this
model and those reported by Dlouhé (2025). But given the
high multicollinearity among features and the small
sample size, this is not unexpected. Under such conditions,
LASSO tends to select arbitrary representatives from
correlated predictor clusters, limiting interpretability at the
level of individual variables.

To examine cross-linguistic transfer at the level of
feature space, a model for Part 5 was trained using only the
predictors reported by Dlouha (2025), which resulted in
performance comparable to the full feature set (see Table 2
for a comparison of models).

In contrast, transfer at the parameter level was clearly
unsuccessful, as applying the original English model with

fixed coefficients led to a substantial drop in
performance.
Table 2: Comparison of English-to-German

Transfer Models (Part 5)

RMSE
Mean SD

Full Feature Set 0.69 0.20

English 071 0.20
Features

English -
Coefficients 170

Baseline 0.67 -

Note. RMSE values for cross-validated models
represent mean and standard deviation across 9 folds. The
model with English coefficients was evaluated on the full
dataset. Baseline corresponds to the standard deviation of
item difficulty.

3.3 Feature Selection Stability

Feature selection exhibits limited stability. Approximately
50 predictors consistently ranked among the 100 most
highly correlated features in at least 8 of 9 folds, which
indicates a partially consistent core set. However, the total
number of unique features that met the selection threshold
at least once is large (223 for Part 5; 239 for Part 7),
reflecting substantial variability, which was more
pronounced for Part 7. Given this instability, interpretation
of specific predictors within individual models is not
warranted.

No single feature shows consistently strong
association with item difficulty across both parts. This



absence of robust cross-part predictors is consistent with
the low correlation between examinee performance in
Parts 5 and 7 (r = .15), suggesting that the two sections
might be driven by partially distinct cognitive and
linguistic demands. If this is the case, it would mean that
item difficulty in this context is not a unitary construct and
separate theoretical frameworks and feature engineering
strategies may be needed for each.

4 Discussion

This study aimed to test whether a machine learning
framework for predicting item difficulty from linguistic
features, previously validated on English maturita exams
by Stépanek et al. (2023) and Dlouha (2025), generalises
to German, thereby addressing a gap in evidence regarding
English-to-German transfer within feature-based difficulty
prediction.

The results indicate that linguistic features provide a
modest but unreliable predictive signal. Although
LASSO performed best among the regularization methods,
it showed little improvement over a naive mean predictor.
This pattern mirrors findings from Stépanek et al. (2023)
on English data and suggests that the observed
performance ceiling is unlikely to be specific to German
items. Similar results have been reported in other small-
scale educational datasets, where even more sophisticated
models fail to outperform simple baselines (Gombert et al.,
2024; Kapoor et al., 2025). Overall, these findings point to
limitations in the available data and signal strength rather
than in the choice of modelling approach.

In this study, the problem is further amplified by the
high dimensionality of the feature space relative to the
number of observations. Even with regularisation, the
model is prone to overfitting and unstable coefficient
estimates, a phenomenon commonly referred to as the
curse of dimensionality (Fulari & Rusert, 2024; Peters et
al.,, 2025). Another contributing factor may be the
homogeneous design of the maturita exam, where the
reading items are tailored to a specific proficiency
threshold, which constrains variance in both item difficulty
and linguistic properties, leaving less signal for models to
capture.

Regarding cross-linguistic transfer, the evidence is
mixed. At the feature level, a model restricted to predictors
identified in prior English-based research (Dlouha, 2025)
achieved performance comparable to the model trained on
the full set of available features. However, since both
models operate close to the baseline defined by the
variance of item difficulty, it likely reflects limited
predictive signal rather than successful transfer. In other
words, two uninformative models will always converge on
approximately the same RMSE regardless of their feature
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content. The feature-level transfer question therefore
remains open rather than confirmed or disconfirmed. At
the parameter level, directly applying the English-trained
coefficients to German data produced a substantially
higher RMSE confirming that parameter estimates are
language-specific and retraining is necessary.

Three additional limitations constrain the validity of
the results. First, not all features from Dlouha (2025) were
extracted (e.g., CEFR lists, Dale-Chall index, and
Word2Vec semantic similarity), which may further reduce
comparability with prior work. Second, multicollinearity
complicates the interpretation of selected predictors, as
several features capture overlapping information (e.g.,
features reflecting item length, such as raw counts). Third,
the cross-linguistic scope of this study is restricted to a
comparison of English and German languages and whether
the observed performance patterns extend to other
languages remains an open empirical question.

To address these limitations, future research should
rely on substantially larger datasets when applying this
methodology. In contexts where larger samples are not
available, the number of predictors should be reduced by
prioritising theoretically grounded features, or by applying
more advanced feature engineering and dimensionality
reduction techniques. Predictive performance may also
benefit from incorporating more recent interpretable
approaches, such as features derived from LLMs (e.g.,
indicators of cognitive load or required reasoning
complexity). Finally, for cross-linguistic comparisons, it
may be useful to adopt approaches based on explicitly
formulated and theoretically informed hypotheses, as this
could lead to more interpretable and convincing insights
into language-specific patterns.

5 Conclusion

Recent advances in machine learning, particularly in large
language models, have made automated item difficulty
prediction a rapidly developing area. This study aimed to
replicate and extend prior research on English maturita
items (Dlouha, 2025; Stépanek et al., 2023) by evaluating
the same framework on German data and examining its
transferability between these two languages.

The results show that predictive performance
remains limited across all conditions, and instability in
feature selection prevents meaningful interpretation of
individual predictors. These findings are consistent with
earlier work and suggest that the main constraint lies in
small item sample size. In such settings, these approaches
may offer only limited added value and are better viewed
as a complement to traditional difficulty estimation
methods.
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Abstract

In this paper, we explore the emergence of visual
hallucinatory-like structures in a hierarchical predic-
tive coding model trained on the MNIST digit dataset.
Adding precision to the model enables exploration of
the role of priors in hallucinations. Forcing sensory pre-
cision to low values corresponds to regarding the sen-
sory data as unreliable. Conversely, precision in the
upper layers driven to disproportionately high values
yields strong priors, corresponding to rigid beliefs char-
acteristic of psychiatric disorders. The aberrant preci-
sion weighting is taken as the mechanism underlying
the hallucinations. Hallucinatory-like behavior can be
induced either by clamping the top layer to a specific
digit or by letting the system evolve its internal land-
scape from an unconstrained internal state. The latter
would correspond to spontaneous hallucinations in the
absence of sensory input, while the former would result
in the generative model maintaining a strong belief de-
spite the sensory evidence.

1 Introduction

Recently, predictive coding has shown promise as an
explanatory and exploratory framework for phenom-
ena in computational psychiatry. This influential the-
ory in neuroscience (Friston and Kiebel, 2009) has been
used to explain various cognitive phenomena, including
those in the domain of human vision.

In predictive coding, processing of neural signals
approximates Bayesian inference on the latent causes
of sensory data. Observations (likelihoods) are weighed
against expectations (priors) to arrive at better beliefs
(posterior probabilities or posteriors). Prediction errors
signal the discrepancy between likelihoods and priors,
which guides adaptive belief updating. The goal of this
process is to minimize the free energy. The theory as-
sumes a hierarchical brain structure and bidirectional
transmission of neural messages (bottom-up and top-
down). From the standpoint of computational psychi-
atry, positive psychotic symptoms, such as hallucina-
tions and delusions, may be seen as profound disrup-
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tions in forming, maintaining, and updating our beliefs
about the world.

In this paper, we focus on visual hallucinatory-like
states of indeterminate etiology.! In a general sense,
hallucinations signify percepts arising without the cor-
responding external stimulus. The other most com-
mon type is auditory (verbal) hallucinations (AVH), i.e.,
hearing voices (Corlett et al., 2019).

In the current literature, there are two opposing
hypotheses about the nature of priors associated with
hallucinations (Corlett et al., 2019; Sterzer et al., 2018).
The strong prior hypothesis states that hallucinations re-
sult from enhanced top-down predictive signaling (i.e.,
increased prior precision) relative to sensory-level ac-
tivity. Therefore, perception relies more on beliefs than
on the sensory input. Conversely, a weak prior account
(i.e., lower precision) posits relying more on the am-
biguous or noisy input from the sensory level, exerting
a disproportionate influence on perception. However,
these two hypotheses are not mutually exclusive and
may operate simultaneously under different conditions.

The additional complexity is that different priors
may be associated with different sensory modalities and
hierarchical levels of brain organization. Higher-level
associative cortical regions exhibit a higher density of
recurrent connections than lower sensory regions, with
implications for excitation-inhibition dynamics (Corlett
et al., 2019). Consequently, priors that are active at dif-
ferent levels have implications for precision dynamics.

2 Hierarchical predictive coding (HPC)
network

To test specific hypotheses about the emergence of
hallucinatory-like behavior in the visual system arising
from aberrant precision weighting, we introduce a hier-
archical predictive coding (HPC) architecture based on
the model by Tscshantz et al. (2023), with modifications

! Apart from psychiatric disorders, such as schizophrenia and post-
traumatic stress disorder, hallucinations may be associated with neu-
rological conditions, such as Alzheimer’s disease or epilepsy, eye con-
ditions, or may even appear or be induced in the healthy population
(Corlett et al. (2019).



and simplifications (Fig. ??). The current model dis-
regards the amortized feedforward route, but adds dy-
namic precision updating, which allows direct manip-
ulation of precision weighting at different hierarchical
levels during hallucination experiments.
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Fig. 1: Hybrid predictive coding architecture with pre-
cision matrices. Based on Tscshantz et al. (2023).

2.1 Model description

HPC models perception as an iterative process of
Bayesian inference across hierarchical levels.

Generative, top-down pathway. Each hierarchical
layer attempts to predict the activity of the layer below
through top-down generative connections. The discrep-
ancy between the prediction and the actual activity (or
sensory input, in the case of the lowest, sensory layer) is
encoded as a prediction error, which is propagated up-
ward to update latent beliefs.

Iterative inference. Inference proceeds iteratively
by minimizing variational free energy through updates
of latent states. The bidirectional propagation of errors
over a number of inference steps enables the network to
gradually settle into the final, internally consistent inter-
pretation of the sensory input. The intermediate step (in
our model) would be the update of the precisions once
the latent states settle, with weights learning from the
precision-weighted errors as the final step.

2.1.1 HPC update formulas

Formulas for updates in HPC framework are based on
the joint optimization objective of free variational en-
ergy minimization. Iterative inference, precision and
weight updates are therefore derived by taking the cor-
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responding gradient on variational free energy, with re-
spect to latent states (1), weights (W) and precision (in-
verse variance) m, respectively.

2.1.2 Iterative inference

Latent states are updated according to the following for-
mula:

where £, = p—fiand &; = z— fy () and the precisions
7, and 7; correspond to the inverse variances at the two
neighbouring layers. The non-linearities are represented
with fp. The inference rate is denoted by «.These for-
mulas were adapted from Tscshantz et al. (2023).

2.1.3 Weight updates

Weight updates correspond to local Hebbian learning.
The following update formula is obtained by taking the
gradient with respect to (IWW):

AW, = n(me) )y )

The first term (me;) corresponds to the post-
synaptic error, i.e., error scaled by reliability (¢;m;),
since 7 = 271, i.e., the precision matrix is the inverse
of a covariance matrix. The error term shows what
is surprising, and the precision shows how much we
trust that surprise (magnitude). The second term, ,ulTH,
represents the presynaptic activity of the layer above.
Learning rate for weights is denoted by 7.

2.2 Network architecture

We implemented a 4-layer hierarchical PC model with
interpretable inference dynamics to replicate the normal
activity in the visual cortex (with 4 layers loosely inter-
preted as corresponding to areas V1, V2, V4, and IT).?
The lowest, sensory input layer consists of 784 neurons
(corresponding to 28 x 28 pixels input MNIST digit im-
ages). The second and third layers contain 256 and 64
neurons, respectively, while the top (output) layer has
10 neurons, corresponding to the MNIST digit identity
(classes). The reduction from 256 to 64 units imple-
ments a dimensional bottleneck consistent with increas-
ing abstraction along the ventral visual stream.

2This mapping is conceptual and does not reflect strict anatomical
correspondence.



2.3 Initialization

Generative (top-down) weights are initialized by sam-
pling from a normal distribution (due to the theoretical
Gaussian assumptions). Precisions are initiated as vec-
tors of ones.

Clamping. The highest-level latent representation
is clamped to the target label (a one-hot vector) during
training, thereby implementing supervised learning.

2.4 Network performance metrics

Under similar (Gaussian) assumptions, Mean Square
Error (MSE, summed across all layers) serves as a
proxy for minimizing the variational free energy across
epochs. We termed this approximation the free energy
drop. Reconstruction quality is estimated from the low-
est, sensory layer. It is presented as the percentage of
drop in MSE relative to the first epoch (assuming that
the energy is minimized). The drop in free energy and
MSE during regular inference is 95.79%, and 98.31%,
respectively. Reconstructions allow visual comparison
with the original MNIST digits (Fig. 2).
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Fig. 2: Original MNIST digits vs. reconstructions (gen-
erative model).

2.4.1 Hyperparameters

The following hyperparameters were used: (1) infer-
ence rate (x), controlling the step size of latent state
updates, a fast component (set to 0.001), (2) learning
rate for weights (1), set to a small value, i.e., n = 0.001,
a slow learning component, (3) number of inference
steps (set to 30), (4) number of training epochs (set
to 100), (5) learning rate for precisions (/) (set to
0.005).

2.4.2 Precisions in PC

In predictive coding, precisions (7) reflect the brain’s
confidence in the prediction errors at each hierarchi-
cal level. A high precision means the system strongly
trusts the error signal from that layer, and thus as-
signs more weight to that error when updating its be-
liefs (latent states). Conversely, low precision would
decrease the weighting of the prediction error. Preci-
sion is formalized as the inverse of variance or nega-
tive entropy (Corlett et al., 2019). Changes in preci-
sion are implemented biologically via neuromodulators
like dopamine, noradrenaline, or acetylcholine (Feld-
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man and Friston, 2010). Precision is thought to be en-
coded by the postsynaptic gain of neurons reporting the
prediction error. The gain control adjusts the weighting
of precision errors. Synaptic gain is a fundamental bio-
physical property of neuronal function, and it describes
the sensitivity of a postsynaptic neuron’s membrane po-
tential to variations of strength of the presynaptic input
(Nour and Dolan, 2022).

Relationship between precision, priors and pos-
teriors. In HPC, predictions are encoded as predictive
signals from the higher levels of hierarchy to the lower,
sensory levels. In the event of sensory data contradict-
ing this top-down information, a prediction error signal
is sent in the opposite, bottom-up direction towards the
higher levels of the hierarchy. Formalized as Bayesian
inference, predictions (priors) and sensory data (likeli-
hood) are represented in the form of probability distri-
butions. Posterior belief is shifted toward the prior or
sensory evidence (likelihood) in proportion to their rel-
ative precision (as the inverse of variance).

Dynamic precision updating. To account for
context-dependent uncertainty, we extend the Hybrid
Predictive Coding (HyPC) framework proposed by Tsc-
shantz et al. (2023) by introducing dynamic precision
updating. Instead of being static, precisions are itera-
tively optimized via gradient descent on the variational
free energy objective function. The precision, being the
inverse of the variance m = 0—12, can be iteratively up-
dated at each level [ using the formula:

Am = —K % (612 — 1) , 3)
™

where the squared error signal €7 (the difference be-
tween expectation and the bottom-up signal at level 1)
is conveniently taken to represent the variance. Initial-
ized as identity vectors (7w; = 1), this formulation acts
as a running, sliding-window estimator of error vari-
ance. Consequently, precision naturally increases when
prediction errors are small (signaling high model con-
fidence) and decreases when errors are large (signaling
ambiguity or noise). The order of updates is also impor-
tant. First, the inference updates settle latent states, then
the precisions adapt to current uncertainty, and, finally,
the weights learn from precision-weighted errors.

3 Precision experiments

Replicating hallucinatory-like effects by manipulating
precisions.

3.1 Manipulating precisions across layers

Adding precision to the model enables exploration of
the role of priors in hallucinations. Forcing sensory
precision to low values corresponds to regarding the
sensory data as unreliable. Conversely, precision in



the upper layers driven to disproportionately high val-
ues yields strong priors, corresponding to rigid beliefs
characteristic of psychiatric disorders. We created an
imbalanced hierarchy as a way to implement aberrant
precision weighting, which is taken as the mechanism
underlying hallucinations. In modeling terms, emerg-
ing hallucinatory-like structures can be induced either
by clamping the top layer to a specific digit or by let-
ting the system explore its unconstrained internal land-
scape. The former would result in the generative model
maintaining a strong belief despite the sensory evidence
(blank input in this case, see Fig. 3), while the latter
would correspond to spontaneous hallucinatory-like ac-
tivity in the absence of sensory input (see Fig. 4). The
rationale behind this choice is that hallucinations (in-
cluding visual) are usually defined as the false sensory
perception in the absence of external sensory stimuli.

This model enables testing different hypotheses
within the same architecture (using the same inference
dynamics). Prior dynamics can be shifted by assigning
different precision values to different layers, sensory in-
put can be either blank, regular, or corrupted or noisy,
while clamping enables constraining or freeing the in-
ference dynamics. Therefore, we can operationalize the
concepts of strong or weak priors by adjusting the ele-
ments listed above.

3.2 Two hallucinatory-like regimes

3.2.1 Top-down hallucinatory-like  behavior

(strong priors)

In this regime, we are clamping the top layer to a spe-
cific digit. The network is generating data from internal
strong priors and is managing to produce meaningful
reconstructions, despite the blank input.

HhEanEnann

Fig. 3: Hallucinated digits from strong priors

3.2.2 Spontaneous hallucinatory-like behavior

Network samples its own generative model in five itera-
tions in unconstrained generative regime, in the absence
of sensory input. The resulting reconstructions indicate
that the system is struggling to reconstruct a meaningful
output.

Note. We also observed the negative drop in free
energy, i.e., the increase, during these experiments. This
is expected because the network is generating an image
(i.e., a digit) from a blank input, leading to a large pre-
diction error and consequently an increase in free en-
ergy.
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Fig. 4: Spontaneous hallucinatory-like behavior

4 Logistic regression for estimating the
classification confidence

In order not to be relying solely on the observed vi-
sual similarity with the original MNIST digits, we
used Logistic Regression for estimating the classifica-
tion confidence (i.e., probability distribution of digits
given the hallucinated image). Classification confidence
was higher in the case of top-down strong prior con-
dition (with the exception of digits 3, 8, and 9) (Fig.
5), while for spontaneous hallucinatory-like probabil-
ities were more distributed, which might suggest that
spontaneous generation is more ambiguous, and that the
system is trying to explore various internal landscapes
(Fig. 6)). The resulting ambiguity for digits 3, 8, and
9 might lead to speculation about the perceived similar-
ities of rounded and semi-rounded shapes in these fig-
ures, which also might have been encoded in their latent
representations.

5 Conclusion

Exploring hallucinatory-like behavior in a hierarchi-
cal predictive coding model approximating human vi-
sion offers a glimpse into internal dynamics of aberrant
precision-weighting, which is thought to underlie many
psychiatric conditions. Although these deficits may be
tested in experimental conditions (mismatch negativity,
sensory attenuation), computational modeling offers an
alternative method of testing these hypotheses.

Future directions. Another possible direction in
our research is testing the hypothesis of weak priors.
Under these assumptions, hallucinatory-like behavior
arises from insufficient top-down constraints on percep-
tion, such that noisy or ambiguous sensory input is not
adequately regularized by prior expectations. In the
model, we could achieve this by reducing the precisions
of higher hierarchical layers (which would correspond
to a weak prior) and providing a noisy or corrupted in-
put, allowing sensory ambiguities to drive inference.
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Abstract

This paper discusses the biological basis for compu-
tational models and introduces the Izhikevich model.
The Izhikevich model is a simplified spiking neuron
model that combines biological realism with computa-
tional efficiency. While inspired by the dynamical be-
haviour captured by the Hodgkin—Huxley framework,
it reduces the description to two coupled differential
equations and a reset mechanism. Parametric sensitiv-
ity of the Izhikevich model will be explored through in-
put current alterations. Specifically, experiments were
conducted using constant external current, single-pulse
stimulation with varying onset time, single-pulse stimu-
lation with varying amplitude, and double-pulse stimu-
lation with varying inter-pulse delay. The resulting volt-
age traces and phase-plane trajectories were analysed to
characterise excitability thresholds, tonic firing, state-
dependent spike generation, and refractory dynamics.
The results qualitatively correlate with the behaviour of
biological neurons, proving that the Izhikevich model is
able to replicate their characteristics appropriately.

1 Introduction

Computational neuroscience uses mathematical models
to study how neurons generate and transmit electrical
activity. Because the underlying biophysical mecha-
nisms involve many interacting processes, models are
typically simplified, with the level of abstraction cho-
sen based on the problem being studied (Cessac and
Samuelides, 2007). Detailed conductance-based mod-
els can reproduce ionic dynamics with high accuracy,
but their complexity limits their use in large-scale simu-
lations and systematic analysis. For this reason, reduced
models are commonly used when the focus is on qual-
itative behaviour such as spike generation and pattern
formation.

A widely used example is the Izhikevich neuron
model, introduced by Eugene M. Izhikevich (Izhike-
vich, 2003), which combines low computational cost
with the ability to reproduce multiple firing patterns ob-
served in biological neurons. The model is defined as a
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two-dimensional system:

d
d—: — 0.040% + 50+ 140 —u + I, (1)
d
d—z = a(bv — u), (2

with the after-spike reset:

v 4,

3
u<—u+d. )

if v > 30 mV, then {

In this formulation, v represents the membrane
potential and u is a recovery variable capturing slower
processes such as ionic currents and membrane adap-
tation. The external input I drives the system, while
the parameters a, b, ¢, and d determine the qualitative
firing regime. Parameter a controls the time scale of re-
covery, b determines the coupling between membrane
voltage and recovery dynamics, c specifies the mem-
brane potential after a spike, and d governs the post-
spike increase of the recovery variable. Unlike more de-
tailed conductance-based approaches, these parameters
are not tied to specific ion channels but instead control
the system’s dynamical response.

Compared to the Hodgkin—Huxley model (Izhike-
vich, 2007), which explicitly models ion channel kinet-
ics using four coupled non-linear equations, the Izhike-
vich model reduces the system to two dimensions while
retaining key behaviours such as threshold dynamics,
spike generation, and refractory effects. This reduction
makes it possible to explore how qualitative changes
in input affect neuronal activity without the computa-
tional overhead of biophysical detail. Reduced models
become particularly relevant when extending the analy-
sis beyond single neurons. In this context, the Izhike-
vich model provides a practical compromise: it is sim-
ple enough for large-scale simulations, but still expres-
sive enough to capture distinct firing patterns.

This paper examines how the behaviour of the
Izhikevich model changes under different forms of ex-
ternal input. The analysis focuses on how variations
in the input current / influence spike generation and
overall system dynamics. Specifically, constant current
stimulation, single-pulse stimulation, and double-pulse



stimulation are considered, with the goal of relating ob-
served behaviours to the underlying dynamical structure
of the model.

2 Method

The parameter set for the model is the following:

a=022, b=0.183, c=—-65.81, d=09.18,
“

chosen for gqualitative coverage of excitabil-
ity phenomena (subthreshold transients, single spikes,
spike trains, refractory effects, and strong deposition),
rather than to reproduce a canonical cell type from
Izhikevich (2003). This set extends earlier work done
by the authors of this paper on the phase plane analy-
sis of the FitzHugh-Nagumo model (Kolldrova, 2025):
the FitzHugh-Nagumo Hopf threshold (I ~ 0.34)
(Musacchio, 2025b) maps to an Izhikevich saddle-node
rheobase near I = 4 for canonical RS parameters;
here b = 0.183 shifts the analytic rheobase to I;1eo =
(5 —b)2/0.16 — 140 ~ 5.0.

The initial conditions for the system are set to:

vo = —55.108; ug = 0.183 - (—55.108) ~ —10.085.

For I below rheobase, the v = 0 and u = 0
nullclines intersect on the lower branch at a stable node.
At Ioxt = ILineo these fixed points collide and annihi-
late in a saddle-node bifurcation; above rheobase no
fixed point remains and repetitive firing occurs. In
the excitable regime just above threshold, trajectories
briefly “feel” the disappeared equilibrium (a ghost equi-
librium), producing slow passage and sharp threshold
sensitivity to pulse timing.

For qualitative analysis, the nullclines of the sys-
tem are derived directly from the parameterised equa-
tions. The © = 0 nullcline is given by:

uw = 0.040% + 50 + 140 + Ioys, 3)

which forms a quadratic curve in the (v, u) phase
plane. The % = 0 nullcline follows as:

u = 0.183v, (6)

which is linear with slope 0.183.

The intersection of these nullclines determines the
fixed points of the system. However, under the cho-
sen parameters, the system does not settle into a stable
equilibrium and instead exhibits spike-driven dynamics
governed by the reset condition.

There will be three parts to the experiment. In the
first part, the external current will be kept constant. In
the second part, the external current will be rising lin-
early, and in the third, it will be limited to a specific
time interval ¢y — ?;, and, therefore, will be a pulse.
There will be either exactly one or two pulses at any
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given time, and they will be of a set external current.
In terms of units, the current is expressed in the same
abstract units as in (Izhikevich, 2003). These values are
scaled inputs directly added to the voltage dynamics and
therefore do not correspond to a physical current unless
a specific calibration is introduced.

The experiment setup will be as follows:

(1) Constant current. I, € (0,500) for ¢t €
[0, 500].

(2) Single pulse, timing dependence. Rectan-
gular pulse Ioxy = 22 ont € [tg,tp + 1] for tg =
0,1,...,9,10,13,15 (13 windows), simulation length
250.

(3) Single pulse, amplitude dependence. Fixed
window t € [13,14]; Ixt € {4,8,12,14,16,20,24}.

(4) Double pulse, refractory period. Two pulses
of amplitude 7 on [10,15] and a second window sep-
arated by gap At € {0,5,10,25}: second pulse on
[15,20], [20, 25], [25, 30], or [40, 45].

3 Results

3.1 Results Overview of the Izhikevich Model

The Izhikevich model was systematically evaluated un-
der constant and pulsed external current inputs in or-
der to assess its ability to reproduce key biological neu-
ronal properties. Across all regimes, the model consis-
tently demonstrated classical excitability, including sub-
threshold oscillations, spike generation, spike trains,
and refractory behaviour.

3.1.1 Constant External Current

For constant external current, the system showed a clear
transition between resting-like behaviour and repetitive
firing. At low input levels, only small sub-threshold
fluctuations around the resting state were observed.
These sub-threshold fluctuations happened mostly be-
cause of the introduction of the ghost equilibrium, as the
Izhikevich model does not have any noise introduced in
the system. Therefore, with too low of a current, the
system is rather unresponsive.



Phase plane — stable current (v capped at 30)
lext =1.00 (spikes=0)
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Fig. 1: Stable external current of height I.,; = 1.0.
Only a small oscillation happened, as the external cur-
rent was too low to produce an action potential.

CCN Izhikevich — stable current (v capped at 30)
lext = 1.00 (spikes=0); a=0.22, b=0.183
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Fig. 2: No action potential occurred. The “’ghost equi-
librium” that was set up can be seen at time 0, as there
is an initial displacement from the actual equilibrium.

With increasing current, the system crossed a fir-
ing threshold and entered a stable limit cycle regime. In
this regime, sustained spike trains were produced, con-
firming tonic spiking behaviour. The transition from no
firing to repetitive firing demonstrated the presence of a
well-defined excitability threshold, consistent with bio-
logical neurons.
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Phase plane — stable current (v capped at 30)
lext =4.00 (spikes=1)
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Fig. 3: Stable external current of height I.,; = 4.0.
Exactly one action potential occurred, even though the
current was introduced permanently.

CCN Izhikevich — stable current (v capped at 30)
lext = 4.00 (spikes=1); a=0.22, b=0.183
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Fig. 4: The resulting singular action potential.

For very high constant input, the system enters an
excitation-dominated regime rather than the orderly fir-
ing observed at moderate currents (e.g. Io.xt = 8, where
inter-spike intervals allow visible recovery toward the
reset level). At Iy = 40 and especially I = 500, the
membrane potential is driven back toward threshold al-
most immediately after each reset: spike trains become
extremely dense (143 and 500 spikes over the simula-
tion window, respectively), and the trajectory spends lit-
tle time on the lower branch of the phase plane where
refractory dynamics normally develop. Because the re-
set is instantaneous and independent of how strongly the
neuron is depolarised, it overwrites both relative and ab-
solute refractory effects that would otherwise suppress
firing; the slow recovery variable u cannot enforce a bi-
ologically meaningful refractory interval when I.. is



large enough to re-excite the cell within a single inte-
gration step.

This contrasts with biological tissue under ex-
treme stimulation, where sustained depolarisation typ-
ically leads to depolarisation block, ionic rundown, or
irreversible damage rather than an unbounded accelera-
tion of action-potential firing (Gazzaniga et al., 2018).
The behaviour is thus useful for illustrating how the
Izhikevich reset mechanism supports rich excitability
at moderate input, but also exposes a clear limitation:
without additional constraints on v, u, or I, the model
cannot reproduce the failure modes of real neurons.

Phase plane — stable current (v capped at 30)
lext = 8.00 (spikes=34)
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— = v-nullcline (lext =8.0) O Final state

Fig. 5: A spike train occurs when I.,; = 8.0, which can
be seen by repetitive expeditions of the system through
the phase plane. 34 spikes occur over a period of 500
units of time.

CCN lzhikevich — stable current (v capped at 30)
lext =8.00 (spikes=34); a=0.22, b=0.183
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Fig. 6: Resulting spike train.
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Phase plane — stable current (v capped at 30)
lext =500.00 (spikes=500)
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Fig. 7: When I.,; = 500.0, the system is no longer able
to sustain the absolute refractory period due to hard re-
set values. The time period used in the graph was short-
ened for better readability, but the simulation ran over
500 units of time, producing 500 spikes.

CCN lIzhikevich — stable current (v capped at 30)
lext = 500.00 (spikes=500); a=0.22, b=0.188036
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Fig. 8: Resulting spike train that no longer accommo-
dates the absolute refractory period, as there is a spike
occurring every unit of time due to the hard reset of the
Izhikevich model.

3.1.2 Single Pulsed Current - Timing Dependence

Before the pulse, the trajectory sits at the I = 0 null-
cline. During the pulse, the effective v-nullcline shifts
upward by I = 22, which was the chosen height of
the spike. As there is no random or other noise intro-
duced to the Izhikevich neuron, the timing of the spike
does not matter. The system will always follow the same
trajectory and will always result in a spike of the same
qualitative character.



Phase plane — single pulse (v capped at 30)
lpuise = 22, t€[13, 14] (spikes=1)
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Fig. 9: Singular pulse at a time [13,14]. The pulse re-
sulted in an action potential, as seen in a large enough
dislocation of the system from the equilibrium point.

CCN Izhikevich — single pulse (v capped at 30)
Ipuise =22, t€[13, 14] (spikes=1); a=0.22, b=0.183, v(=-55.108
40

Membrane potential v(t)

— v(t) Threshold
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Fig. 10: The resulting action potential from a single
pulse of height I = 22, at time [13,14].

3.1.3 Single Pulsed Current - Amplitude Depen-
dence

With the pulse window fixed at ¢ € [13, 14], the am-
plitude was varied: Ipyse € (4,24), all other parame-
ters were unchanged. For I, < 14, no action po-
tential occurred (spikes= 0): v(t) depolarised during
the pulse and relaxed afterwards, with peak deflection
increasing with amplitude but remaining below the fir-
ing threshold (= —55 mV). For I,se > 16, exactly
one spike was elicited (spikes = 1); further increases
in amplitude did not change spike count or peak height
(all-or-none behaviour), though depolarisation during
the pulse became faster. The pulse rheobase therefore
lies between 14 and 16, above the steady-state rheobase
(Irheo = 5.0), because a brief pulse delivers less effec-
tive charge than a sustained current of the same ampli-
tude.
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Stable current applies the same .y at every step,
so sub-rheobase levels can accumulate depolarisation
over time, whereas a 1-unit pulse must evoke thresh-
old crossing before the stimulus ends and the nullcline
returns, requiring a substantially larger amplitude.

Phase plane — single current pulsed (v capped at 30)
lext =16, t€[13, 14] (spikes=1)
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Fig. 11: As the spike was introduced only for a short
unit of time, it did not result in a spike train, as it would
have if it were introduced permanently.

CCN Izhikevich — single current pulsed (v capped at 30)
lexx =16, t€[13, 14] (spikes=1)
action potential; a=0.22, b=0.183, v,=-55.108
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Fig. 12: Exactly one action potential occurred in spite
of the height of the spike.

3.1.4 Double Pulsed Current

For double pulse stimulation, refractory effects were
clearly observed. Closely spaced pulses resulted in a
reduced or absent second spike, while sufficiently sep-
arated pulses produced two distinct action potentials.
This demonstrates the presence of both relative and ab-
solute refractory dynamics, where excitability is tem-
porarily suppressed following a spike (Gazzaniga et al.,
2018).

These results mirror the refractory behaviour de-



scribed for biological neurons (Gazzaniga et al., 2018):
excitability is transiently reduced after a spike, and only
sufficiently separated stimuli elicit a second response.

Phase plane — double pulse (v capped at 30)
Ipuise =7, gap=5 (spikes=1)
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Fig. 13: Due to the absolute refractory period, no sec-
ond spike occurred.

CCN lzhikevich — double pulse (v capped at 30)
Ipuise =7, gap=5 (spikes=1); a=0.22, b=0.183
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Fig. 14: Resulting voltage curve of one spike and one
small oscillation.
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Phase plane — double pulse (v capped at 30)
[pulse =7, gap=25 (spikes:Z)
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Fig. 15: As both the absolute and relative refractory pe-
riods had passed, the neuron was capable of producing
two full spikes.

CCN Izhikevich — double pulse (v capped at 30)
Ipuise =7, gap=25 (spikes=2); a=0.22, b=0.183
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Fig. 16: Two fully pronounced spikes as a result of the
two pulses with a large enough distance.

4 Conclusion

The presented analysis explored the qualitative be-
haviour of the Izhikevich neuron model under con-
stant and pulsed stimulation using phase-plane meth-
ods. Across all experimental protocols, the model
produces consistent excitability phenomena that align
with known neuronal behaviour, including threshold-
dependent firing, state-dependent responsiveness, and
refractory effects.

The results confirm that these behaviours emerge
directly from the interaction between the fast membrane
variable v, the slower recovery variable u, and the dis-
crete reset mechanism. In particular, the separation of



timescales between v and w is sufficient to generate rich
dynamical structure without requiring detailed biophys-
ical modelling.

Limitations

Despite its ability to reproduce a wide range of qual-
itative firing patterns, the model has several important
limitations. First, the system operates in dimensionless
units, which limits direct physiological interpretation
and requires additional scaling for quantitative compar-
ison with biological data. Second, the reset mecha-
nism introduces a hard discontinuity into the dynam-
ics, replacing the continuous repolarisation process ob-
served in real neurons with an instantaneous state up-
date. While computationally efficient, this simplifica-
tion affects the realism of spike shape and recovery dy-
namics.

Future work

Future work will focus on a systematic exploration of
the parameter space (a,b, c,d) to characterise transi-
tions between excitability regimes in a more structured
way. This would allow a more precise classification of
dynamical behaviours beyond the specific parameter set
used in this study. Specifically, exploration of parameter
combinations that result in a behaviour consistent with
the biological neuron will be searched for.

Final Evaluation

Overall, the Izhikevich model provides a computation-
ally efficient framework for studying qualitative neu-
ronal excitability. While it does not aim to repro-
duce detailed biophysical processes, it captures the es-
sential dynamical structure underlying spike generation
and adaptation. The phase-plane formulation offers a
clear geometric interpretation of these behaviours. The
Izhikevich model under the specific parameters intro-
duced in this paper should be interpreted as a phe-
nomenological tool rather than a physiologically precise
description.
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Abstrakt

Prispévek navrhuje dynamickou variantu grafického Tu-
ringova Testu, kterd umoziuje sledovat adaptaci re-
spondentii mezi tfemi koly na zdkladé zpétné vazby.
V tvodnim experimentdlnim Setfeni byla sledovdna
schopnost vysokoskolskych studentil (n = 9) rozliSovat
mezi impresionistickymi malbami a obrazy genero-
vanymi modelem Midjourney (3 x 5 dvojic). Vysledky
ukazujf statisticky slab& signifikantni nardst uspé€snosti
mezi prvnim a tfetim kolem (z 57,7 % na 84,4 %). Pro
zhodnoceni psychometrickych kvalit testu byla vyuZita
analyza dle principt teorie odpovédi na polozku. Kva-
litativni analyza odhalila tfi dominantni strategie: posu-
zovani vizudlni sloZitosti (dspéSnost 84,5 %), fizeni se
uméleckym principem (dspéSnost 84,6 %) a zaméfeni
na detaily (dspéSnost 51,6 %).

1 Uvod

Generativni uméld inteligence dnes dokaze stile
vérohodnéji napodobovat lidskou tvorbu, a proto je
dilezité zkoumat, nakolik ji 1idé jesté zvladaji rozpo-
znat. Problematikou rozliSeni mezi ¢lovékem a strojem
se zabyval jiz britsky matematik Alan Turing (1950),
ktery navrhl experiment umoZiiujici tuto skute¢nost
testovat. Tento experiment, pozdéji nazvany Turinglv
test, v§ak vznikal v dob¢, kdy byl vyvoj umélé inteli-
gence teprve v pocatcich. V kontextu dneSnich techno-
logii, zejména multimodélnich modelt viz napf. (Ra-
mesh a spol., 2022; Schellaert a spol., 2023), neni
jiZz ptivodni Cisté textovd podoba testu postaCujici. Jiz
Harnad (1989) a po ném Schweizer (2012) navrhovali
roz$iteni testu, aby zahrnul plné spektrum (lidského,
resp. druhové specifického) inteligentniho chovdni, byt
i jim stile Slo hlavné o lepsi uchopeni porozumnéni
jazyku. Pro tento piispévek je pak vyznamnou inspi-
raci predev§im prevedeni Turingova testu do vizudlni
domény, které navrhl Michael McGuigan (2006). Tu-
ringtv test i jeho dosavadni modifikace vSak uvazuji
statické meéfeni dspéSnosti a opomijeji proces uceni,
ktery je také podstatnou casti (nejen) lidské kognice.
PredloZeny pfispévek proto rozSifuje Turingiv test o
dynamicky princip, a pfenasi jej z plvodni textové
domény do domény obrazové.
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Déle ptispévek prezentuje vysledky dvodniho ex-
perimentalniho ovéfeni navrzeného testu. Toto ovéfeni
sledovuje dva hlavni cile: validaci samotného meto-
dického navrhu a nasledny sbér i vyhodnoceni kvalita-
tivnich dat od respondentt. Pravé analyza kvalitativnich
vysledkti umoziiuje identifikovat a komparovat rozho-
dovaci strategie tcastnikti v jednotlivych fazich testu.
Tento pfistup otevira prostor pro detailni zkoumani pro-
cesu adaptace respondenti a sledovani dynamickych
zmén v jejich dsudku v pribéhu celého experimentu.

Prispévek nejprve v sekci 2 vysvétli teore-
tickd vychodiska. Proces navrhu dynamického Turin-
gova testu pro rozpozndvani generovanych impresi-
onistickych maleb pfedstavi sekce 3. Provedeny de-
monstracni experiment popiSe sekce 4. Jeho vysledky
ukaze sekce 5. Diskuzi té€chto vysledki se bude vénovat
sekce 6. Piispévek bude zakoncen v sekci 7.

2 Teoreticka vychodiska navrhu

Sekce shrnuje hlavni oblasti, na jejichz zdkladé byl
rozsifeny Turingliv test navrZzen. Technologicky zdklad
pro generovani vérohodnych obrazovych stimuli tvoi{
modely generativni umélé inteligence zaloZené na prin-
cipu difize, konkrétné¢ model Midjourney. Teoreticky
zaklad predstavuje samotny Turingiv test a jeho limi-
tace, pficemz vychodiskem tprav pro sledovani kogni-
tivni adaptace jsou principy dynamického testovani.
Diftizni modely stru¢né predstavi sekce 2.1. Tu-
ringovu testu a jeho limitim se bude vénovat sekce 2.2.
Principy dynamickych testl vysvétli sekce 2.3.

2.1 Diftazni modely

Diftizni modely predstavuji v soucasnosti jednu z nej-
progresivnéjsich architektur v oblasti generativni umélé
inteligence zaméfené na tvorbu obrazovych dat. Je-
jich princip vychazi z pravdépodobnostniho modelovani
a teorie stochastickych diferencidlnich rovnic. Mo-
del se v ramci trénovani u¢i dvéma zdkladnim pro-
cesum: dopiedné difizi, kterd postupné transformuje
redlnd data na Sum, a ndslednému reverznimu pro-
cesu, pii kterém dochazi k rekonstrukci pivodnich dat z
nahodného Sumu (Park a spol., 2023).



Proces postupné degradace obrazu (zaSumovani)
1ze v diskrétnim Case ¢ € {1,...,T} popsat rovnici:

=1 Bz +/Bre (1)

kde ¢, predstavuje nezdvislé standardni Gaussovo
rozdéleni a skaldrni parametr 5; € (0,1) urcuje
mnozstvi Sumu pridaného v kazdém kroku. Pro dalsi
modelovéni se zavadi proménnd oy = 1—[;, vyjadiujici
miru zachované informace. Kumulativni vliv procesu od
pocétecniho stavu xg do Casu t je pak definovén jako:

¢
= H a; 2
i1

Cilem trénovaného modelu je predikovat pfidany
Sum a umoznit tak inverzni transformaci. OdSumovaci
krok, ktery sméfuje od Cistého Sumu x7 zpét k realis-
tickému vystupu xg, je definovan vztahem:

Tt—1 =

1 1-— Qg
— |y — ——=€g(x4,1) | +04(t)z (3
= (- et ) )z O
kde €g(x¢,t) je neuronova sif odhadujici Sum v daném
kroku a o,z pfedstavuje stochastickou slozku zajistujici
rozmanitost generovanych vystupt. Pro detailnéjsi roz-
bor diftiznich modelt viz Higham a spol. (2023), ¢i Ho

a spol. (2020).

2.2 Turinguv test

Turingdv test, ktery je hlavni inspiraci a zdrojem pro
tento prispévek, navrhl v roce 1950 britsky matema-
tik a logik Alan M. Turing ve svém ¢lanku Computing
machinery and intelligence publikovaném v Casopise
Mind. Pfi experimentu jsou mySleni tfi dcastnici: A,
B, C a hraji tzv. imitacni hru. Jeden ze dvojice A,
B je clovék, zatimco druhy je stroj. Oba komuni-
kuji s vySetfovatelem C' vyhradné prostfednictvim tex-
tovych zprav (aby nebyl rozpoznatelny jejich vzhled ani
chovani) a snazi se ho presvédcCit, Zze pravé oni jsou
&lovekem. Ukolem vySetfovatele je na zakladé konver-
zace urcit, kdo z Gcastniki je cloveék a kdo stroj. To ma
vySetfovatel urcit tak, Ze se Ucastnikim A a B zaddva
dotazy a hodnoti jejich odpovédi dle toho, zda by takto
dokézal odpovédét lovek (Turing, 1950).

Hlavni limit takto navrZzeného testu spociva v
jeho behaviordlnim redukcionismu, kdy je inteligence
posuzovdna vyhradné na zdkladé vnéjsich projevi v
izolovaném prostfedi, bez ohledu na vnitini mentaln{
procesy. Jak ilustruje Searliiv experiment Cinsky po-
koj, tspéch v testu mize reflektovat pouze syntaktic-
kou dovednost manipulace se symboly, nikoliv skute¢né
sémantické porozuméni nebo védomi (Searle, 1980).
Pro hlubsi diskuzi filosofickych aspektd viz napf.
Tvrdy (2014). Dal$im kritickym faktorem je subjekti-
vita lidského pozorovatele a bindrni povaha vysledku,
kterd neumoziiuje hlubsi analyzu kognitivnich strategii,
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jimiz systém k odpovédim dospél (French, 2000). Pro
diskuzi limiti Turingova testu jakozto testu (strojové)
inteligence viz napt. Hernandez-Orallo (2000).

2.3 Dynamické testovani

Dynamické testovani predstavuje diagnosticky piistup
zaméfeny na proces uceni a kognitivni pfizpusobivost
respondenta v Case. Na rozdil od tradi¢nich statickych
metod, které méfi aktudlni drovenl schopnosti jako
neménny stav, dynamické pojeti vychézi z predpokladu,
Ze se lidsky vykon vyviji v interakci s prostfedim a
skrze poskytovanou intervenci. Klicovym prvkem je in-
teraktivni charakter experimentu: respondent dostava
cilené instrukce, ndpovédy ¢i zpétnou vazbu, coz
mu umoziuje aktivné zdokonalovat své strategie a
nové nabyté poznatky okamZzit€¢ aplikovat v opako-
vanych fézich testu (Grigorenko, 2009; Lidz, 2017). Pro
Sirsi predstaveni dynamického testovani viz Sternberg
(2002).

3 Navrh dynamického Turingova testu

Tato sekce prechdzi od teoretickych vychodisek k prak-
tickému ndvrhu dynamického Turingova testu v doméné
vizualniho uméni. Hlavnim cilem je vytvoreni experi-
mentalniho ramce pro identifikaci a analyzu procesu ko-
gnitivni adaptace respondenti pfi rozpoznavani genero-
vanych impresionistickych maleb. Text popisuje celko-
vou strukturu testu a vysvétluje proces konstrukce jed-
notlivych testovych polozek.

Navrh predlozeného dynamického Turingova test
predstavi sekce 3.1. Konstrukci poloZek se bude vénovat
sekce 3.2.

Ukézka spravnych odpovédi
Zacatek...

{ Kolo 1... ]—{ Reflexe 1 } { Kolo 3... ]—{ Zavéretna reflexe }

Ukézka spravnych odpovadi Ukazka sprévnych odpovéd

Ukongen...

Obr. 1: Diagram pribéhu testu

3.1 Struktura testu

Navrzena struktura piimo reflektuje principy dyna-
mického testovani popsané v sekci 2.3. Test je konci-
povan jako cyklicky proces umoziujici kognitivni adap-
taci respondentt skrze pribéZznou zpétnou vazbu. Cely
experiment sestdva ze tii kol, z nichZ kaZzdé obsahuje
pét poloZek. Jednu polozku tvori dvojice realné impre-



sionistické malby a obrazu generovaného Al (pro blizsi
predstaveni konsturkce polozek viz sekci 3.2). Respon-
dent je vyzvan, aby v kazdé dvojici identifikoval gene-
rovany obraz, popsal divody své volby a zdroveti uvedl
hodnotu jistoty od 1 do 5 (kde 1 je nejniZs{ jistota a 5
nejvyssi). Zaroven je respondentovi méfen ¢as vybéru.
Vsechny tyto hodnoty jsou nédsledné zaznamenavany.
Po dokonceni kazdé pétice polozek nasleduje faze re-
flexe, v niZ jsou respondentovi odhaleny spravné od-
povédi, ¢imZ ziskava prostor pro korelaci svych po-
znatkd a jejich aplikaci v nasledujicich blocich.

3.2 Konstrukce polozek testu

Metodika konstrukce testovych polozek spocivala v
systematickém parovani origindlnich dél s jejich gene-
rovanymi ekvivalenty. Z digitdlnich archivi WikiArt ! a
Wikimedia Commons  bylo nahodné vybrano 15 repre-
zentativnich impresionistickych dél, kazdé od odlisného
autora.

K tvorb& obrazii byl vyuZit ndstroj Midjourney 3.
Proces generovani vyuZival kombinaci obrazové refe-
rence a textového popisu. Pivodni dilo bylo nahriano
jako stylova reference, k niZ byl pfipojen anglicky
prompt uvozeny terminem impressionism a nasledovany
stru¢nym popisem hlavniho motivu malby.

Al

Obr. 2: Ukazkova polozka testu: Al — redlné dilo, A2 —
generovany obraz

Na Obr. 2 je zachycena ukazkova dvojice: redlny
obraz William Merritt Chase — ,,Shinnecock Hills“ (A1)
a jeho generovany protéjsek (A2) vytvoreny na zakladé
promptu impressionism, road in fields of dry grass.

4 Demonstracni experiment

VysSe predstaveny ndvrh testu byl ndsledné podroben
uvodnimu experimentdlnimu ovéfeni. Sbér dat probihal
v fijnu 2025 a testovani se zicastnilo 9 respondentu.

! Archiv je pfistupny na https://www.wikiart.org.

2Archiv je pfistupny na https://commons.wikimedia.
org.

3Néstroj je pristupny skrze rozhrani na https://www.
midjourney.com.
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Respondenty blize predstavi sekce 4.1. Sekce 4.2
upresni nastroje, jenz byly pfi testovani pouZité.

4.1 Respondenti

Respondenty tvofilo devét studentd z osmi Ceskych
vysokych $kol v riznych drovnich studia a stu-
dujicich rizné obory. Byli zastoupeni respondenti s
odliSnymi technickymi znalostmi a dovednostmi, s
riznymi zkuSenostmi a postoji k vyuZivani genera-
tivni umélé inteligence a také s rozdilnymi vztahy k
vytvarnému umeéni.

Aby byly podminky testu metodické a srovna-
telné, dodrzoval vyzkum doporucéeni Hendl (2005);
Urbének (2011) tykajici se etickych, administrativnich a
organizacnich zasad. Mezi tyto principy patfilo zajisténi
standardizovanych podminek testovéani, informovany
souhlas respondentt, srozumitelnost zadani, neutralni a
objektivni pokyny a respekt k individualité respondenti.

4.2 Pouzité nastroje pri testovani

Sbér dat probihal formou audiozdznamu, kvantita-
tivn{ tabulky a dopliiujicich textovych poznamek admi-
nistritora. K realizaci byla vyuZita dvé mobiln{ zafizeni:
notebook administratora pro pribéznou evidenci tdaji
a méfeni Casu a tablet pro respondenta, ktery slouzil
k interaktivni prezentaci obrazovych stimulti a pofizeni
zvukové nahravky. Jednotlivé testové polozky byly re-
spondentiim prezentovany ve formé obrazkli s moznosti
pfibliZeni pro lepsi analyzu detaild.

5 Vysledky

Sekce predstavi vysledky ziskané v ramci demon-
stra¢niho experimentu. Kvantitativni vysledky byly ana-
lyzovany za pomoci statistickych metod, kvalitativni
vysledky za pomoci kédovani jednotlivych odpovédi v
prostfedi programu QDA Miner.

Kvantitativni vysledky predstavi sekce 5.1. Kvan-
titativni vysledky predstavi sekce 5.2. Bliz$i pohled na
vyvoj a pouZiti strategii mezi koly ukdZe sekce 5.3. Na
zaveér sekce 5.4 predstavi provedenou analyzu teorie od-
povédi na poloZku.

5.1 Kvantitativni vysledky

V ramci kvantitativnich dat bylo nasbirano 405 tdajt ve
ttech sledovanych proménnych:

Spravnost: booleovskd hodnota, zda respondent vy-
bral spravné generovany obrizek;

Cas: délka vybéru v sekundéch;

Jistota: subjektivni mira jistoty na stupnici od jedné do
péti (1 = nejmensi jistota vybéru; 5 = nejvetsi).



Uspé&inost podle kol

Reakéni ¢as podle kol

Jistota odpovédi podle kol

Uspéénost
= e c o
S 9 % °
Cas (s)
-
o

4
«

3.2

Jistota

2.3

T T T T
1 2 3 1
Rolo

T
2
Kolo

3 1 2
Kalo

Obr. 3: Praimérné hodnoty tspésnosti, reakéniho Casu a subjektivni jistoty odpovédi v jednotlivych kolech testu véetné

95% intervalt spolehlivosti.

Proménna Kolol Kolo2 Kolo3
Primérnd spravnost (%) 57,70 66,66 84,44
Primérn4 jistota 2,68 3,06 3,04
Pramérny cas (s) 4795 41,17 35,68

Tab. 1: Primérné hodnoty proménnych v jednotlivych
kolech.

Jak Ize pozorovat ze zprimé&rovanych dat v Tab. 1,
prumérna spravnost vybéru se mezi koly postupné
zvySovala, zatimco pramérny Cas vybéru se snizoval. Je
zde tedy pritomna jistd tendence ke zlepSovani, ovSem
tu se podarilo statisticky prokdzat jen Castecné. Jediné
signifikantni zlepSeni bylo v tspéSnosti mezi prvnim a
tretim kolem, kde dosdhl parovy t-test vysledku p =
0,0222. Prumé&rna jistota mezi prvnim a druhym kolem
stoupla a poté se spiSe ustdlila.

Parovy t-test: ispésnost p hodnota
1 a2 kolo p=0.2721
2 a 3 kolo p =0.0688
1 a 3 kolo p =0.0222
Parovy t-test: cas p hodnota
1 a2 kolo p=0.3747
2 a 3 kolo p=0.2454
1 a 3 kolo p=0.1588
Parovy t-test: jistota p hodnota
1 a2 kolo p=0.0818
2 a 3 kolo p =0.8487
1 a 3 kolo p =0.0864

Tab. 2: P hodnoty porovnani jednotlivych kol.

Pro lepsi pfedstavu jsou vysledky vyznaceny v
grafech s 95% intervalem spolehlivosti na Obr. 3. Velky
rozsah intervalid spolehlivosti je ddn nizkym poctem
subjekti (n = 9) a v nékterych piipadech zifejmé
i vys$i variabilitou v jejich odpovédich. Pozorova-
telné prekryvy intervalli spolehlivosti naznacuji, Ze ve
vétsiné piipadl nejsou primérné hodnoty sledovanych
proménnych signifikantné odliSné, coz je v souladu s
vysledky provedeného parového ¢-testem.
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5.2 Kovalitativni vysledky

Jak jiZ bylo zminéno v dvodu této sekce, kvalitativni
vysledky byly analyzovdny za pomoci metody kva-
litativntho kédovéani. Analyza probihala induktivnim
zpusobem, kdy byly kédy generovany piimo na zékladé
dat, bez pfedem stanoveného teoretického ramce. V
prvni fazi byly seskupeny pozndmky ziskané pfi po-
zorovani jednotlivych respondentli a segmentim textu
s pouzitou strategii byly pfidéleny popisné kédy za-
chycujici hlavni motiv. Dale byly tyto kédy roztfidény
aby mezi nimi bylo moZné najit kauzdlni vztahy. Na
zaveér byly dil¢i kédy seskupeny do Sirsich tématickych
celkl, u nichz byly ddle sledovany zmény vyskytd v
jednotlivych kolech, které umoznily vyvozeni hlavnich
zavéru. Vysledné rozdéleni ukazuje Tab. 3.

Kod Pocet vyskyti  Uspésné uréeni  Uspésnost (%)
Plétno 5 3 84,5
Detaily 31 16 51,6
Slozitost 58 49 84,5
Odraz vody 11 6 54,5
Pocitové 21 11 524
Umélecky princip 26 22 84,6
ZkuSenosti s Al 6 4 66,7
Bez uvedeni divodu 17 12 70,6

Tab. 3: Kvalitaitvni vysledky — kédy strategii.

JiZ na prvni pohled je zfejma néjCasteji pouzivana
strategie, kterou je pozorovéni nepfirozené sloZitosti ge-
nerovanych obrazid. Tato strategie také patfi k jedném
strategiemi je pozorovani detaili a analyza obrazil na
zékladé uméleckého principu.

5.3 Vyvoj strategii mezi koly

vyvoj pouziti jednotlivych strategii a jejich aplikaci
naslednujici reflexi predeslého kola. Tam je nejvice pa-
trné, jak v zavislosti na zpétné vazbé dokazali respon-
denti upravovat pouZiti jednotlivych strategii. NiZe je
rozebran vyvoj tii nejcastéjsich strategii prfedstavenych
v minulé sekci.



Nejlepsi ukazkou spravné adaptace je vyvoj stra-
tegie pozorovani umélé slozitosti generovanych maleb.
Ta byla v prvnim kole pouzita ve 12 pripadech, ovSem
pouze u 6 z nich vedla k uspésnému rozliSeni. Dosdhla
tedy dspésnosti 50 %, coz je stejné jako ndhodné hadani.
Poté probéhla prvni reflexe a respondenti méli moZnost
zhodnotit své dosavadni vysledky. Ve druhém kole byla
tato strategie vyuZzita jiz v 17 pfipadech, ze kterych v 16
piipadech pomohla ke korektnimu urceni a dosdhla tedy
uspésnosti 94 %. Je tedy vidét relativné slaby ndrtist
v mnozstvi vyskytt, ale znatelny narGst ve spravnosti
urCeni. Ve tfetim kole byla poté tato strategie vyuZita
ve 29 pripadech, z ¢ehoz ve 27 vedla ke spravnému
urceni a dosdhla tak dspéSnosti 93 %. Lze tak pozoro-
vat, Ze zatimco UspéSnost zlstala stale extrémné vysoka,
znacné se také zvysilo nasazeni této strategie. Vyvoj
vyuZziti této strategie by tak mohl naznaCovat, Ze ji
ucastnici po prvni reflexi zacali vnimat jako G¢inné&jsi a
zacali na ni vice spoléhat. Znacné zlepSeni mezi prvnim
a druhym kolem také muZe znalit, Ze se respondenti
naucili pouZivat ji efektivnéji v ur¢itych piipadech.

Opacny piipad lze pozorovat u strategie pozo-
rovéni detailt. Tato strategie byla v prvnim kole na-
sazena v 17 pfipadech a k uspéSnému odhaleni ge-
nerované malby vedla v 11 z nich. Dosdhla tedy
64% uspésnosti. Ve druhém kole byla vyuZita v 11
ptipadech, ovS§em pouze ve 4 z nich tGspéSné a dosdhla
tak uspéSnosti pouze 36 %. Lze tedy pozorovat, Ze se
samotné nasazovani strategie snizilo, ale jeSté vice se
snizila jeji uspésnost. Ve tfetim kole byla vyuzita jiz
pouze ve tiech pripadech a pouze v jednom z nich
vedla ke spravnému urceni. Tento vyvoj naznacuje, Ze
v pribéhu testu zacali respondenti upfednostiiovat jiné

vvvvv

Zajimavé také je, ze v prvnim kole se jednalo zcela
o nejpouzivanéjSi strategii, cozZ poukazuje na obecny
predsudek respondentil vii¢i umélé inteligenci, Ze chyby
v generovani jsou nejlépe patrné v chybéch detaild.
Nizk4 Gspésnost strategie ov§em miZe znamenat, Ze ge-
nerativni modely jiZ neprodukuji zjevné chyby v de-
tailech, které by bylo mozné snadno odhalit, ¢i Ze se
nejednd o vhodny znak generovani specificky u im-
presionistickych obrazl, kde umélci Casto nevénovali
detailim pfiliSnou pozornost a snazili se hlavné o
pusobeni obrazu jako celku.

Treti nejCastéjSi strategie, tedy Tizeni se
uméleckym principem ma vyvoj relativné staly. V
prvnim kole byla tato strategie pouZzita v 8 pripadech,
z ¢ehoz v 6 efektivné. Méla tedy 75% uspéSnost. Ve
druhém kole byla vyuZita opét v 8 piipadech, ale v
7 vedla ke spravnému uréeni. Ve tfetim kole byla
vyuzita v 10 pfipadech a v 9 z nich efektivné. Lze tedy
pozorovat relativné staly pocet aplikace strategie a také
stdlou, relativné vysokou dspés$nost. Tento vysledek by
mohl znacit, Ze se jednd o spolehlivou strategii nejlépe
aplikovatelnou u urcitych poloZek, kde jsou patrné
stylové prvky.
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Tato analyza jednotlivych strategii ukazuje, Ze
zaméfeni na zmény mezi koly testu pfinasi novy a hlubsi
pohled do adaptaci jednotlivych respondenti a mélo by
smysl je sledovat vice. OvSem je ddleZité upozornit, Ze
v rdmci testovani nebyl pro respondenty limitovéan pocet
strategif pfi vybéru jedné polozky. Tedy u jednoho roz-
hodnuti mohlo byt pouZzito vice strategii zaroveri.

5.4 Teorie odpovédi na polozku

Pro zhodnoceni polozek testu byla vyuzita analyza za
pomoci teorie odpovédi na polozku, jak popisuji Allen
a Yen (2001). Ta odhalila znacné limity v n&kterych
polozkach i struktufe testu. Vysledky ukazuji, Ze test
byl pro respondenty spiSe jednodussi (primérna p-
hodnota 0,69) a celkova primérnd diskriminaéni kore-
lace (0,092) signalizuje niZsi strukturni stabilitu testu.
OvSem interpretace obtiZnosti je CasteCné ovlivnéna
fixnim fazenim poloZek. Vysoka uspésnost v pozdéjsich
fazich muze byt disledkem procesu uceni, coZ je v sou-
ladu s dynamickou povahou testu.

Podaftilo se vSak urcit polozky jak se silnou, tak
i se slabou vypovédni hodnotou. U nékterych polozek
byla korelace zdpornd, coZz znaci nekonzistenci s cel-
kovym vykonem. Slabsi respondenti na né tedy od-
povidali Iépe néz ti silnéjsi.

Analyza IRT tak poskytuje podklad pro budouci
optimalizaci vybéru a poradi stimuld.

6 Diskuse vysledku

Tato sekce interpretuje ziskana data, hodnoti metodické
limity testu a navrhuje sméry pro navazujici vyzkum.
Vysledky jsou nejdiive zasazeny do SirStho kontextu v
sekci 6.1. Kriticka reflexe limiti nasleduje v sekci 6.2.
Moznosti dalsiho rozvoje rozebira sekce 6.3.

6.1 Interpretace hlavnich zjisténi

Z kvantitativnich vysledkd se statisticky podloZené
zlepSeni projevilo pouze u dspéSnosti v porovnani
prvniho a tfettho kola. U zbyvajicich hodnot, jako je
prumérny Cas vybéru a subjektivni jistota, nelze kvuli
nizkému poctu participantd Cinit definitivni zavéry.
Presto 1ze mezi jednotlivymi koly pozorovat tendenci
ke snizovani Casové latence a postupné stabilizaci jis-
toty respondentti. Kvalitativni analyza naopak jasné
ukdzala, Ze se v prubéhu testu stala dominantni strategie
zaméteni na umélou sloZitost obrazu, pficemZ respon-
denti v jeji prospéch opoustéli méné cinné postupy.
Spojenim téchto zjisténi lze vyvodit, Ze respondenti v
prubéhu testu aktivné vyhodnocuji své strategie, coz jim
nerovanou tvorbou. Navrh testu tak i pfes své limity
nabizi funkéni metodicky rdmec pro sledovani kogni-
tivni adaptace.



6.2 Reflexe a limity

Navrzeny test md v nynéj$i podobé fadu limitd.
NejzasadnéjSim faktorem je maly pocet respondentl
(n = 9), coz je zpisobeno ¢asovou naro¢nosti hloub-
kovych rozhovori. Pfi vétsim vzorku by bylo mozné
dosdhnout robustnéjsich vysledkd vhodnéjsich pro sta-
tistické ovéfeni. Dalsi limity vyplyvaji z analyzy IRT,
kterd odhalila nevyrovnanou obtiZnost a diskriminacni
schopnost nekterych testovych dvojic, coZ sniZuje uce-
lenost testu.

Zasadnim omezenim je také vyhradni zaméfeni
na impresionistické malby. Toto rozhodnuti sice zjed-
nodusilo analyzu, ale limituje generalizaci vysledkti na
jiné umélecké styly ¢i doménu fotografie. Identifiko-
vand strategie pozorovani sloZitosti mize byt specificka
praveé pro impresionismus, kde modely generativni Al
zatim nedokdzi pln€ napodobit charakteristicky ruko-
pis. V neposledni fadé predstavuje limit i neustaly tech-
nicky vyvoj Al Je pravdépodobné, Ze s nastupem doko-
nalejSich modelt budou soucasné identifikaéni strategie
vyZadovat revizi.

6.3 Moznosti dalSiho vyzkumu

Budouci vyzkum by se mél zaméfit na eliminaci
zminénych limitd. Pfirozenou cestou je aplikace testu
na dal§i umélecké sméry, cozZ umozZni analyzovat
proménlivost strategii v zdvislosti na vizudlnim cha-
rakteru dél. Zajimavy vhled by mohlo pfinést také
zkoumdéni vlivu informovanosti respondenta, tedy zda
a jak se zméni dspésnost vybéru, pokud je ucastnikim
predem vysvétlen princip fungovani generativnich mo-
delt.

Zasadni prostor pro rozvoj predstavuje hlubsi
analyza individudlnich strategii. Dosavadni data na-
znacuji, Ze detailni sledovani toho, jak se konkrétni stra-
tegie u jednotlivych respondenti v ase utvrzuji ¢i ménd,
nabizi nejvyssi vypovédni hodnotu o procesu lidského
uceni. V metodologické roviné se dile nabizi rando-
mizace pofadi poloZek pro eliminaci inavového efektu
nebo vytvoreni riznych polozZek, které budou nejprve
samostatn€ zhodnoceny pro co nejvyssi rozliSovaci
schopnost.

V neposledni fadé by bylo pfinosné srovnani
vykonu laiki s experty z oblasti déjin uméni a vyvojart
Al, ktefi by mohli k rozliSovani pfistupovat na zdkladé
odlisnych zdtivodnéni vybéru.

7 Zavér

Tento prispévek predstavil modifikaci Turingova testu
pfevedenim do obrazové domény a jeho rozsifenim
o dynamicky princip. Tato dprava umoznila sledovat
zmény v rozhodovacim procesu respondenti a analy-
zovat, jakym zptisobem pfizpasobuji své strategie na
zakladé ziskané zpétné vazby.
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Kvantitativni data potvrdila statisticky vyznamné
zlepSeni uspésnosti mezi pociatkem a koncem testu.
Kvalitativni analyza identifikovala kliCové strategie, z
nichZ nejefektivnéjsi se ukdzalo posuzovani kompozi¢ni
sloZitosti.

I pfes popsané limity v podobé malého
vyzkumného souboru a tzkého stylového zaméfeni
prace potvrzuje, Ze dynamicky pfistup k testovani
poskytuje hlubsi vhled do interakce clovéka s obsahem
generovanym umelou inteligenci. PredloZeny koncept
testu miZe slouzit jako zdklad pro dalsi zkoumaéni
hranic mezi lidskou a strojovou tvorbou v neustile se
vyvijejicim digitdlnim prostiedi.
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Abstract

Spatial understanding is a crucial cognitive component
in all agents acting in 3D physical space, including peo-
ple and robots. We investigate the Tolman-Eichenbaum
Machine —a unifying mechanistic framework for the
hippocampal role in spatial and non-spatial tasks— for
use in biologically inspired Simultaneous Localization
and Mapping (SLAM) in robots. Establishing the pre-
liminary context of neuroscience, we provide an ap-
proachable overview to the model and its capabilities.
We compare it to other approaches used in previous bio-
inspired SLAM systems and address their limitations.
We summarize advantages and limitations of TEM and
briefly outline our future work regarding its use in cog-
nitive robotics.

1 Introduction

Navigation of robotic agents in real-world environments
is a complex task that has been actively researched for
decades. In particular, we focus on simultaneous local-
ization and mapping (SLAM). The main challenge with
SLAM has always been the spatio-temporal complex-
ity of the environment. Navigation in static environ-
ments has been computationally solved in the 1990’s
(Oriolo et al., 1998), however as the environments get
more dynamic and complex, traditional methods fall
short of achieving efficient solutions. Current visual
SLAM methods fail to achieve real-time performance
(Sun et al., 2017) and leveraging semantic information
to develop semantic SLAM remains an active area of
research (Nahavandi et al., 2025).

In our work, we take a different approach. It is
known that hippocampus in mammal brains is essential
for survey navigation and evidence points towards its
involvement in other types of navigation where location
memory is essential (Eichenbaum, 2017). The Tolman-
Eichenbaum Machine (TEM) is a machine learning-
based computational model of hippocampus and en-
torhinal cortex, formally linking them together (Whit-
tington et al., 2020). The authors demonstrated that
TEM cells resemble different cell types also found in
organic hippocampus (grid cells, place cells) and learns
to path integrate in unknown environments.
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In this article we introduce TEM in the context of
neuroscience and cognitive science, going over impor-
tant preliminaries to understanding the model. We fur-
ther introduce extensions to the original TEM, aiming
to make it suitable for use in SLAM tasks, which will
also be the subject of our future work.

2 Preliminaries

The hippocampus is a seahorse-shaped structure located
in temporal lobe of the brain. It receives input from the
entorhinal cortex (Witter, 2011) and plays an essential
role in creating cognitive maps of the environment in
animals and humans (biological agents). The neuronal
representations of cognitive maps are facilitated by var-
ious neuronal cell types, including, but not limited to
grid cells and place cells.

Grid cells are the most abundant cell type in me-
dial part of EC. They represent a role of a tiling, layered
positioning system in the real world. A single grid cell
represents a regular, hexagonal grid of fields. When a
biological agent enters one of the fields in the real world,
the corresponding grid cell starts firing (Rowland et al.,
2016).

Place cells are located primarily in the hippocam-
pus. Their firing signals encode a particular location
in real-world environment. Due to remapping, a single
place cell can encode different locations depending on
the environment (Moser et al., 2015).

Fig. 1: Grid cell and place cell (Moser et al., 2015).
(Top) Location of neural spikes (red) superimposed
onto trajectory (black) of a biological agent. (Bottom)
Color-coded rate map with red showing high activity
and blue showing low activity.



3 Previous work in Bio-inspired SLAM

Remarkably, the neural representations and processes
in the hippocampal-EC system align with the task of
SLAM. A biological agent placed in a new environ-
ment organizes the perceived stimuli into a cognitive
map which is then referenced when localization is per-
formed.

3.1 Overview

We acknowledge two previous works in the field of bi-
ologically inspired SLAM models. These works are
RatSLAM by Milford et al. (2004) and ViTa-SLAM
(Visuo-Tactile SLAM) by Struckmeier et al. (2019).
They were chosen as illustrative examples for both
older and more recent methods of modeling bio-inspired
SLAM.

RatSLAM implements the hippocampal processes
using a competitive attractor network of “pose cells”
that combine the functions of biological place and
head direction cells. By mimicking rodent navigation
through the dynamics of “activity packets” and using
Hebbian learning for visual association, the system cre-
ates a flexible, non-Cartesian representation capable of
maintaining multiple spatial hypotheses to resolve envi-
ronmental ambiguity.

ViTa-SLAM implements the hippocampal-EC
model by using a 3D pose cell network designed as a
Continuous Attractor Network (CAN) to emulate the
spatial representation of grid cells. To resolve envi-
ronmental ambiguity, the system mimics the biological
reliance on whiskers (vibrissae) to supplement coarse
vision, fusing unique visual templates with non-unique
tactile feedback. This integration utilizes active whisk-
ing strategies to enhance sensory data quality and pro-
duces a semi-metric “ViTa map”, replicating the biolog-
ical process of organizing disparate stimuli into a cohe-
sive cognitive map for robust localization.

3.2 Limitations

While both of the above works demonstrate novel, bio-
inspired SLAM mechanisms for real robots, several
technical and practical limitations persist across these
models.

Evaluation often focuses on topological consis-
tency rather than Cartesian accuracy, which may not
meet standard metric requirements. A primary bottle-
neck is the high computational cost of maintaining large
competitive attractor networks as environments grow.
Practically, the reliance on non-standard sensors, such
as the use of biomimetic whiskers, limits the immediate
portability of these systems to general robotic platforms.

Additionally, correcting accumulated path integra-
tion drift upon returning to a previously visited area re-
mains difficult. This phenomenon is predominantly ob-
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served in large, circular arenas where topological rela-
tionships are harder to resolve.

The biological implementation also remains a
highly simplified abstraction. RatSLAM integrates po-
sition and orientation into a single network, whereas bi-
ological agents utilize distinct populations of place cells
and head-direction cells. Finally, these systems lack
advanced biological mechanisms like predictive coding
and active spatial attention, which are fundamental to
how animals filter sensory data and adapt to new envi-
ronments.

4 Tolman-Eichenbaum Machine

The Tolman-Eichenbaum Machine (TEM), introduced
by Whittington et al. (2020) builds upon research ad-
vancements in the field of neuroscience. Notably, the
idea that relational memory and spatial reasoning may
share a common mechanism (Eichenbaum and Cohen,
2014) and that this mechanism can be modeled by find-
ing an efficient representation of a connected graph
(Stachenfeld et al., 2017).

Implementing these ideas, authors demonstrate
that TEM generalizes structural knowledge in space and
non-space (SNS), while also correlating with the neural
phenomenons measured empirically in hippocampus of
rat and mice. Remarkably, hippocampal remapping of
place cells, previously thought to be random, was pre-
dicted by TEM to preserve hidden structural representa-
tions. These results suggest TEM to be a general frame-
work for hippocampal-entorhinal representation, infer-
ence, and generalization across spatial and non-spatial
tasks.

4.1 Overview

In the original paper by Whittington et al. (2020),
the authors consider an unsupervised learning problem
where an agent is moved across the nodes of a sensory
graph, receiving each edge transition and sensory in-
put from the current node as an input pair. A sensory
graph’s edges represent structured relations in SNS,
such as the bonds of a family tree (Fig. 2A) or discrete,
ordinal movements in euclidean space (Fig. 2B). Each
node in a sensory graph represents a unique sensory in-
formation.

The TEM is designed to resemble the
hippocampal-EC formation. It receives sensory
input encoded by lateral entorhinal cells, which is
combined with abstract location representation pro-
vided by medial entorhinal cells using a conjunctive
process in TEM’s hippocampus. Hebbian learning
on auto-associative networks is used to model TEM’s
hippocampal place cells. The mechanism behind
abstract location in TEM is represented by a recurrent
neural network (RNN)-like model.



On a high level, TEM operates by first learning
the structure of a family of sensory graphs represent-
ing a particular SNS during training. This trains TEM’s
structural representation, or grid cells. Then, an agent
is placed on a sensory graph and TEM, running sep-
arately, receives the agent’s edge transitions and sen-
sory information from each visited node. On each step,
TEM stores its representation of input sensory infor-
mation (“what”) in conjunction with its location repre-
sentation (“where”) inside its auto-associative network.
This allows the future retrieval of “what” upon pro-
viding “where” (and vice versa) via attractor mechan-
ics. TEM predicts the next “what” by inferring the next
“where” from the desired transition, then retrieving the
missing “what” of the conjunction with “where” using
attractor mechanics. This is, of course, assuming that
the node has already been visited.
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Fig. 2: Learning to learn: when TEM has only seen a
few environments (blue/green) it takes many visits to
each node to remember it (Whittington et al., 2020).
This is because it (1) does not yet understand the struc-
ture of the graph and (2) has not learned how to use
memories. After visiting more environments and learn-
ing the common structure (cyan/yellow), TEM correctly
predicts a node on the second visit regardless of the
edge taken—TEM now understands both the rules of the
graph (path integration) and how to store and retrieve
memories. (A) social hierarchies, and (B) 2D graphs.
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4.2 Advantages

Path integration accumulates errors, which the TEM ar-
chitecture addresses by allowing the refinement of ab-
stract location representations through the retrieval of
conjunctive memories. Sensory data acts as a landmark;
the TEM indexes its hippocampal memory with current
observations to retrieve candidate locations, which bet-
ter estimate the real location using attractor dynamics.
This mechanism provides a more biologically grounded
solution for resolving environmental ambiguity than the
competitive attractor dynamics used in RatSLAM and
its descendants.

Furthermore, as Whittington et al. (2020) demon-
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strated in their original paper, the TEM architec-
ture empirically resembles the biological hippocampal-
entorhinal formation. While RatSLAM simplifies ro-
dent navigation by integrating position and orientation
into a single “pose cell” network, TEM maintains dis-
tinct populations for structural abstraction (medial en-
torhinal cortex) and sensory binding (hippocampus).
This separation enables the emergence of diverse cell
types, including grid, border, and object vector cells that
reflect the transition statistics of the environment.

o6 4
&6 ¢
@SB

Fig. 3: TEM’s various cell types compared to real data
measured from rodents (Whittington et al., 2020). (A)
Object vector cells, which generalize to any object, fir-
ing when agent is located at a constant vector offset
from an object. (B) Landmark cells, similar to ob-
ject vector cells, though only for specific objects. (C)
Boundary cells, firing when agent is near a specific
boundary.

Real

A primary advantage for robotics is TEM’s abil-
ity to generalize to novel environments. By factor-
izing knowledge into structural regularities (‘“where”)
and sensory content (“what’’), which are separate during
training, the system can transfer learned spatial rules to
new sensory graphs. Once the underlying structure is
learned, a robotic agent can perform first-presentation
inferences, predicting transition consequences for nodes
it visited through edges it has never physically traversed.

4.3 Limitations

Despite these advantages, several challenges must be
addressed to make TEM a viable SLAM solution for
general robotics. First, the original TEM architecture
is designed to operate on discrete graphs, where move-
ment is defined by edge transitions between adjacent
nodes. Real-world robotic navigation occurs in continu-
ous 3D Euclidean space and time, requiring the model to
be extended beyond simple ordinal transitions to handle
non-discrete coordinates and the full spatio-temporal
complexity of robotic tasks.

Second, while TEM works with arbitrary sensory
information (often represented as 1-hot vectors in sim-
ulations), robots require the processing of structured
high-dimensional data, such as vision. While SLAM
is most often solved using visual input, the original
model’s reliance on random sensory values at each node
of the sensory graph does not account for the multi-



modal and complex nature of real-world stimuli. To
be effective, TEM must be integrated with robust vi-
sual encoders, deriving usable and distinct features from
raw pixel data into the representations required for hip-
pocampal binding.

Finally, the computational demands of the archi-
tecture may pose a barrier to real-time performance, a
limitation already observed in existing visual SLAM
methods. The use of iterative attractor networks for
memory retrieval and the reliance on training processes
like backpropagation through time can be computation-
ally expensive. As environments grow in complexity,
maintaining the large auto-associative matrices neces-
sary for high-capacity memory may lead to bottlenecks
on mobile robotic platforms.

5 Future work

In the original article, Whittington et al. (2020) intro-
duced the TEM and proved its capabilities in robust
mapping and localization across space and non-space.
Showing promising results across the various test cases
designed to unambiguously test its relational memory,
TEM’s hippocampal and EC cells have demonstrated
empirically similar behavior to real ones found in ro-
dents. Remarkably, TEM’s architecture hints at expla-
nations of previously unexplained phenomena, such as
remapping of hippocampal place cells.

While the original article focused on proving the
above, little, if any, follow-up work has been done to
utilize this model in robotics. In our future work, we
will do just that. Addressing the above limitations, we
will implement the model’s architecture in a humanoid
robot NICO. We will devise test cases and environments
to test the model’s capabilities in simulated 3D environ-
ments translatable to real-world scenarios. Upon suc-
cessful implementation, we anticipate the first challenge
to be the robot’s dynamic peripersonal space where ob-
jects can be physically manipulated (by the robot or an-
other agent). Lastly, we will measure our model’s per-
formance using standardized metrics and will compare
our results with other, bio-inspired and state-of-the-art
SLAM systems.
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Abstrakt

Genetické algoritmy (GA) predstavuji optimalizacni
metodu inspirovanou evoluci. Jsou vyuZzivany pfi feSeni
sloZitych nebo rozsahlych uloh, u nichZ nelze efektivné
aplikovat klasické postupy. Vykonnost GA je vyznamné
ovlivnéna nejen formulaci fitness funkce, ale také na-
stavenim jeho parametrti. Nevhodna volba téchto para-
metrd muze ovlivnit rychlost konvergence i kvalitu na-
lezeného feseni.

Cilem tohoto ¢lanku je experimentdlné porov-
nat fixni a adaptivni ¥{zeni parametrd GA a analyzo-
vat jejich vliv na pribéh evoluce a vyslednou kvalitu
feSeni. Srovnavaci analyza je provedena na tfech typech
dloh: (1) maximalizaci jednorozmérné funkce, (2) ma-
ximalizaci dvourozmérné funkce a (3) feSeni problému
obchodniho cestujictho. Na zdkladé experimentalnich
vysledkt jsou porovnany rozdily mezi obéma piistupy
a jejich praktické implikace.

1 Uvod

Genetické algoritmy (GA) spadaji do tfidy evolu¢nich
algoritm (EA), inspirovanych principy pfirozeného
vybéru zndmymi z biologie. S myslenkou evolu¢nich
vypoctl pfisel v roce 1960 Ingo Rechenberg ve své
praci Evolution Strategies. Za prukopnika genetickych
algoritmt je povaZovan John Holland, ktery se svymi
studenty v ranych 70. letech poloZzil zaklady této oblasti
(Trinh, 2025).

Genetické algoritmy jsou Siroce vyuzivany pfi
feSen{ optimalizacnich problémi, zejména v piipadech,
kdy je nalezeni pfesného feSeni vypocletné ndrocné
nebo prakticky neproveditelné. Typickymi oblastmi je-
jich pouZziti jsou kombinatorické ulohy, nelinedrni opti-
malizace nebo problémy s mnoha lokalnimi extrémy, ve
kterych mohou tradi¢ni gradientni metody selhdvat.

Jednou z kli€ovych vlastnosti genetickych al-
goritmi je schopnost prohledavat rozsahly stavovy
prostor bez nutnosti explicitni znalosti jeho struk-
tury. Na druhou stranu je jejich vykonnost silné
ovlivnéna volbou parametrt, jako jsou velikost po-
pulace, pravdépodobnost kiizeni a pravdépodobnost
mutace. Nevhodné zvolené parametry mohou vést k
predcasné konvergenci, stagnaci algoritmu nebo naopak
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k nedostate¢nému vyuZiti nalezenych feseni (Le a spol.,
2023).

Tradi¢ni pristup k ndvrhu genetickych algoritmi
vyuziva pevné nastavené hodnoty téchto parametri,
které jsou uréeny pfed zahdjenim vypoctu. Alternati-
vou je adaptivni fizeni parametrd, kdy se jejich hodnoty
méni v pribéhu evoluce v zavislosti na aktudlnim stavu
hledani. Tento pfistup umoziuje lépe vyvazovat faze
explorace, tedy prohleddvani dosud neprozkoumanych
oblasti stavového prostoru, a exploitace, tedy inten-
zivniho prohleddvani okoli jiZ nalezenych kvalitnich
feSeni. Adaptivni pfistup tak ma potencial zvysit robust-
nost algoritmu.

Cilem tohoto ¢lanku je analyzovat vliv nastaven{
parametri genetického algoritmu na jeho vykonnost a
porovnat pristup s fixnimi parametry a adaptivni vari-
antou algoritmu. Experimenty jsou provedeny na tfech
typech dloh s riznou mirou sloZitosti: jednorozmérné
a dvourozmérné optimalizani dloze a problému ob-
chodniho cestujiciho (TSP). Vysledky jsou hodnoceny
z hlediska kvality nalezeného feSeni, rychlosti konver-
gence a stability mezi jednotlivymi b&hy.

2 Genetické algoritmy

Biologickou motivaci genetickych algorimtd je napo-
dobovani principti biologické evoluce a pfirozeného
vybéru pri feSeni optimalizacnich a prohledavajicich
tloh. Dochazi k simulaci vyvoje populace jedinct, ktera
se postupné piizpisobuje svému prostiedi stejné, jako
tomu je v pfirod€. Jinymi slovy, populace se zlepSuje v
feSeni daného problému.

V biologii jsou genetické informace uchovavany v
chromozomech, které jsou ptedavany potomkim. Z in-
formatického hlediska lze chromozom chépat jako kod
reprezentujici konkrétni feseni (tedy jedince). Pri tvorbé
nové generace dochdzi ke kombinovani genetickych in-
formaci rodi¢d. Zpusob, jakym vznikd novy jedinec
(jeho chromozom), je ur€en genetickymi operatory se-
lekce, kiiZeni a mutace. Ty urcuji vybér rodica, zpisob
kombinace jejich genetické informace a jeji naslednou
modifikaci pfipadnou mutaci.

Klicovym pojmem genetickych algoritmu je
fitness funkce, kterd urCuje kvalitu daného feSeni



vzhledem k feSené tloze. Kazdému jedinci je pfifazena
Ciselnd hodnota vyjadfujici jeho zdatnost, ktera
ovliviiuje pravdépodobnost jeho vybéru pro reprodukei.

Algoritmus pracuje s populaci jedincd, kterd se
v prubéhu generaci vyviji. V kazdé generaci jsou pre-
ferovani jedinci s vyS$s$i hodnotou fitness, ktefi maji
veétsi pravdépodobnost predat své vlastnosti dal$im ge-
neracim (Koza, 1994).

2.1 Schéma algoritmu

Zjednodusené¢ muzeme princip genetického algoritmu
popsat nasledujicim pseudokdédem:

inicializuj populaci P
vyhodnot’ fitness kazdého jedince v P

while
vytvotr novou populaci P’
zachovej nejlepsi jedince
while (|P’ | < velikost populace):

vyber rodice pl, p2 (selekce)

vytvotr potomka (kt¥izeni)

aplikuj mutaci

pridej potomka do P’

nahrad” P « P’
vyhodnot’ fitness

vrat! nejlep3i nalezené releni

Jako podminku ukonceni mizem zvolit dosaZeni ma-
ximdlniho poctu generaci nebo nalezeni dostatecné kva-
litniho feseni (Lingaraj, 2016; Trinh, 2025).

2.2 Reprezentace Feseni

Zpusob reprezentace jedince zavisi na typu feSeného
problému, napiiklad:

* bindrni reprezentace, kde je feseni kédovano jako
fetézec bitld, coz je klasicky pfistup vyuZzivany v
ranych genetickych algoritmech,

* pro spojité optimalizaéni dlohy jsou jedinci repre-
zentovani jako vektory redlnych Cisel,

* pro kombinatorické ulohy, jako je problém ob-
chodniho cestujiciho, se pouzivd permutacni re-
prezentace, kde chromozom predstavuje potadi
navstivenych prvki.

Volba vhodné reprezentace md zasadni vliv na
efektivitu genetického algoritmu, protoZe ovliviiuje
navrh genetickych operatort i schopnost algoritmu pro-
hledavat stavovy prostor (Le a spol., 2023).

(neni splnéna podminka ukonceni) :

(elitismus)
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2.3 Genetické operatory

Prohledavani stavového prostoru genetickymi algo-
ritmy probiha pomoci genetickych operatori - selekce,
kiiZeni a mutace.

2.3.1 Operator selekce

Operitor selekce urcuje, ktefi jedinci budou vybrani
jako rodi¢e pro vytvofeni nové generace. Cilem je
zvyhodnit kvalitnéj$i jedince, tedy ty s co nejlepsi fit-
ness, aniz by doslo ke ztraté diverzity populace.

V této praci byla pouzita turnajovd selekce, pti
které je nahodné vybrdna skupina jedinct a z ni je
zvolen nejlepsi, pficemZ se proces opakuje pro vybér
kazdého rodice. Vyhodou této metody je jeji jednodu-
chost a moZznost fidit selekéni tlak pomoci velikosti tur-
naje (Miller a Goldberg, 1995).

Dalsi casto pouZivanou metodou je rule-
tovda selekce (Roulette Wheel Selection), kde je
pravdépodobnost vybéru jedince imérna jeho fitness,
respektive poméru jeho fitness vici celkovému souctu
fitness vSech jedinci. Alternativou je také rank-based
selekce, ktera pridéluje pravdépodobnosti na zdkladé
poradi jedincu, ¢imz omezuje vliv extrémnich hodnot
fitness (Lingaraj, 2016; BAJPAI a Kumar, 2010).

2.3.2 Operator kfiZeni

Kf¥iZeni (crossover) slouZi ke kombinaci genetické in-
formace dvou rodi¢d za tGéelem vytvoreni potomka.
Tento operdtor umoziiuje prozkoumadvat nové oblasti
stavového prostoru.

Pro spojité ulohy byl pouzit aritmeticky crossover,
pfi kterém je potomek vytvoren jako linedrni kombinace
rodict:

potomek = apy + (1 — a)ps €]

Pro problém obchodniho cestujictho byl pouZit
operator Order Crossover (OX), ktery zachovava rela-
tivni potadi prvku a produkuje validni permutace.

Mezi dal§i bézné pouZivané operatory patii
napfiklad jednobodové nebo dvoubodové kiizeni, ty-
pické pro bindrni reprezentaci, nebo uniformni crosso-
ver, ktery kombinuje geny rodi¢t na zdkladé ndhodné
masky. U permutanich tuloh se <asto vyuZivaji
operatory jako PMX (Partially Mapped Crossover),
které zachovavaji validitu permutace (Lingaraj, 2016).

2.3.3 Operator mutace

Mutace slouzi k zavedeni ndhodnych zmén do jedinct
a zajistuje diverzitu populace. Pomédha algoritmu unik-
nout z lokdlnich optim.

Pro spojité ulohy byla mutace realizovédna
pfidinim  gaussovského Sumu k jednotlivym
proménnym. U problému obchodniho cestujiciho



byla pouzita swap mutace, pii které dojde k prohozen{
dvou ndhodné vybranych prvku v permutaci.

Mezi dal$i Casto pouZzivané mutacni operdtory
patfi naptiklad uniformni mutace, kterd nahrazuje hod-
notu genu ndhodné zvolenou hodnotou z defini¢niho
oboru, nebo neuniformni mutace, jejiz velikost zmény
se v prubéhu evoluce postupné snizuje. U permutacnich
dloh se kromé swap mutace vyuZziva také inverzni mu-
tace, ktera obraci pofadi prvkd v ¢asti chromozomu
(Lingaraj, 2016).

2.4 Parametry GA

Vykonnost genetického algoritmu zdvisi na nékolika
zékladnich parametrech:

* velikost populace,

* pravdépodobnost kiizeni P,
 pravdépodobnost mutace P,
* pocet generaci.

Tyto parametry ovliviiuji rovnovdhu mezi explo-
raci (prohleddvani novych oblasti) a exploitaci (vy-
lepSovani existujicich feseni) (Trinh, 2025).

3 Nastaveni experimentu

Za cil naSich experimentd jsme si stanovili analyzu
vlivu nastaveni parametrti genetického algoritmu na
kvalitu nalezeného feSeni, rychlost konvergence a sta-
bilitu vysledkd, pfi¢emzZ jsme se zabyvali hlavné po-
rovnanim vlivu pravdépodobnosti mutace P,,. Mimo
zkoumani vliva parametrd jsme porovnavali také
piistup s fixnimi parametry a adaptivnim fizenim
pravdépodobnosti mutace.

3.1 Testovaci ulohy

Pro experimentdlni analyzu jsme zvolili tfi typy optima-
lizaénich dloh, reprezentujici rizné charakteristiky sta-
vového prostoru a riznou obtiZnost.

3.1.1 Jednorozmérna optimalizacni iloha

Jako jednorozmérnou optimalizacni tlohu jsme zvolili
funkci:

y = sin(z) - x (2)
s defini¢nim oborem (0;20). Tato tloha slouZi jako
zékladni testovaci scéndf s relativné jednoduchou struk-
turou fitness funkce.
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3.1.2 Dvourozmérna optimalizacni uloha

Dvourozmérna uloha byla definovana funkci:

y = sin(z) - cos(y) + 0,1z + 0, 1y 3)
na defini¢nim oboru (x,y) € (0;20) x (0; 20).

Tato funkce kombinuje periodickou slozku s
linedrnim trendem, ¢imzZ vytvafi komplexni fitness kra-
jinu s vice lokalnimi extrémy. Uloha je vhodnd pro
analyzu schopnosti algoritmu prekondvat lokdlni op-
tima.

3.1.3 Problém obchodniho cestujiciho (TSP)

Treti testovaci tlohou byl problém obchodniho ces-
tujictho. TSP je klasicky optimalizaéni problém, jehoZ
cilem je najit nejkratsi moznou cestu, kterd prochazi
vSemi zadanymi mésty (body), pficemz kazdé mésto
navstivi pravé jednou a vrati se do vychoziho bodu.
Jednd se o tzv. NP-tezky problém, coZ znamend, Ze s
poctem mést roste pocet moznych kombinaci exponen-
ciondlné. Pro pouhych n = 10 mést je pocet moZnych
kombinaci pies 18000. ReSeni této tlohy hrubou si-
lou pro vetsi pocet mést tedy nepfipadd v dvéahu, diky
¢emuZ je vhodnd pro testovani genetickych algoritmi
(Cook a spol., 1997).

Bylo uvazovdno n = 30 mést, coZ je pfiblizné
4,42 x 10%°, jejichz soufadnice byly generoviny
ndhodné v roviné. Pro zajisténi reprodukovatelnosti
byly soufadnice mést generovany pouze jednou a
nésledné pouzity ve vSech bézich experimentu (Matai
a spol., 2010).

Fitness funkce byla definovdna jako prevracena
hodnota celkové délky uzaviené cesty d:

f= “

1
d
3.2 Nastaveni genetickych algoritmu

Pro vSechny experimenty byla pouZita nésledujici kon-
figurace genetického algoritmu:

* velikost populace: 80 a 180 jedinct,

* pocet generaci: 30 pro 1D funkci, 150 pro 2D
funkci, 400 pro TSP,

 pravdépodobnost kiizeni: P, =0,8a P, = 0,5,

» pravdépodobnost mutace:
P, =0,06aFP, = 0,1

P, = 0,01,

* selekce: turnajovd selekce (velikost turnaje 3),

* elitismus: nejlepsi jedinec byl vZdy zachovan do
dalsi generace.



Pro spojité ulohy byla mutace realizovdna
pfidanim gaussovského Sumu, zatimco u TSP byla
pouzita swap mutace. Pro kiiZzeni byl u spojitych dloh
pouzit aritmeticky operator, zatimco u TSP byl apli-
kovan operétor Order Crossover (OX).

Data pro kazdou konfiguraci algoritmu byla vy-
hodnocovana na zdkladé 30 béhd.

3.3 Adaptivni fizeni parametra

V adaptivni varianté genetického algoritmu byla dy-
namicky upravovana pravdépodobnost mutace P,, v
zavislosti na pribéhu optimalizace. Cilem bylo reago-
vat na stagnaci algoritmu a soucasné podpofit jemnéjsi
doladéni feSeni v piipade dspeSného vyvoje.

Pokud v aktudlni generaci doSlo ke zlepSeni
nejlepsi dosazené hodnoty fitness oproti dosud nale-
zenému maximu, byla pravdépodobnost mutace sniZena
vynasobenim koeficientem 0,9. Tim dochézelo k po-
stupnému omezeni ndhodnosti a podpofe exploatace
okoli kvalitniho feSeni.

Naopak pokud béhem 10 po sobé jdoucich ge-
neraci nedoslo ke zlepSeni hodnoty fitness (stav stag-
nace), byla pravdépodobnost mutace zvySena. U jed-
norozmérné a dvourozmérné optimalizacni tlohy byl
pouZit koeficient 1,5, ktery umoZiuje rychlé zvySeni di-
verzity populace a intenzivnéj$i exploraci novych ob-
lasti stavového prostoru.

U problému obchodniho cestujictho byl zvo-
len niz$i koeficient 1,1. Divodem je diskrétni cha-
rakter problému a delsi evoluce, kde pfili§ agresivni
navySovani mutace muze vést k narusent jiz nalezenych
kvalitnich ¢asti feseni a ke ztrat¢ konvergence. Jemnéjsi
adaptace proto umoziuje postupnéjsi obnovu diverzity
bez vyrazného naruSeni dosavadniho vyvoje populace.

Pravdépodobnost mutace byla béhem celého béhu
omezena predem definovanymi dolnimi a hornimi me-
zemi, aby nedochézelo k jeji pfiliSné redukci nebo nao-
pak k nadmérné ndhodnému chovani algoritmu.

4 Vysledky experimentu

V této kapitole zhodnotime data ziskana z experimentu.
Pro kazdou ulohu zde uvadime tabulku se zakladn{ sta-
tistikou a Ctyfi grafy, které hodnoti:

* rychlost konvergence pro rizna P,,,

* rychlost konvergence pro stejné P, a jiné P, a ve-
likost populace (pop_size),

* variabilitu generace, ve které bylo nalezeno nej-
lepsi feSeni (best_gen) pro rizna P,

* variabilitu best_gen pro stejné P,, a jiné P. a
pop_size.

Pro zkraceni zépisu jednotlivych algoritmi jsme
zavedli nasledujici znaceni: Problém-varianta-pop_size
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x Pc x Pm. Oznaleni GA, ktery fesi 1D tlohu,
ma fixné nastavené parametry, pop_size = 80,
P, = 0,8a P, = 0,01 tak bude vypadat takto:
1D fix80x0, 8x0, 01.

4.1 Jednorozmérna optimalizacni iloha

Tato podkapitola se zaméfuje na vyhodnoceni gene-
tického algoritmu pfi feSeni jednorozmérné optima-
liza¢ni dlohy. Porovndvany jsou jak varianty s fixnimi
parametry, tak adaptivni pristup. Vysledky jsou shrnuty
v Tabulce 1 a doplnény grafy pribéhu konvergence a
variability.

Tab. 1: Porovnéani vysledkti riznych nastaveni para-
metrtt GA pro 1D ulohu.

Alg. Mean fit Std fit Med gen Std gen
fix80x0,8x0,01 20,4447831 5,1E-06 14 4,88
fix80x0,8x0,05 20,4447826 7,9E-06 15 2,02
fix80x0,8x0,1 20,4447841 7,2E-15 15 2,42
adapt80x0,8x0,01 20,4447841 7,2E-15 14 4,12
adapt80x0,8x0,1 20,4447841 7,2E-15 15 2,37
fix180x0,8x0,01 20,4447841 7,2E-15 14 1,19
fix80x0,5x0,01 20,4447840 2,8E-07 15 3,02

Vysledky ukazuji, Ze vSechny testované konfigu-
race genetického algoritmu dosahuji prakticky iden-
tické hodnoty fitness (= 20,44478), coz odpovidd
globdlnimu maximu dané funkce. Rozdily mezi jednot-
livymi nastavenimi se proto projevuji predev§im v rych-
losti konvergence a stabilitg, i kdyZ jen nevyrazné v po-
rovnani se slozit€jSimi dlohami.

Z Tabulky 1 a Obrazku 1 mlZeme vycCist, Z
vliv mutace je v této dloze minimdlni, coZz je dano
jednoduchosti optimaliza¢ntho problému. Ani adap-
tivni fizeni parametri zde nepfinasi vyznamné zlepSeni
oproti fixnimu nastaveni.

20,46

20,44

20,42

012 3 45

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

— {itNeSS Profix PM 0,01 e fitness pro fix Pm 0,05

fitness pro fix Pm 0,1

== fitness pro adapt Pm 0,01 = = = fitness pro adapt Pm 0,1

Obr. 1: Porovnani rychlosti konvergence a kvality
feSeni pro GA 1Dfix80x0,8xPm a 1Dadapt80x0,8xPm.
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Obr. 2: Porovnani variance best_gen pro GA
1Dfix80x0,8xPm a 1Dadapt80x0,8xPm.
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Obr. 3: Porovnani rychlosti konvergence a kvality
feSeni pro GA P,, = 0,01.
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Obr. 4: Porovniani variance best_gen pro GA
P, = 0,01.

Z  hlediska  konvergence dosahuji  nej-
lepsi vysledky konfigurace s vysS§i populaci

(1Dfix180x0,8x0,01), kterd vykazuje nejnizs$i va-
riabilitu  (Std. Dbest_.gen = 1,19) pii zachovani
nizkého medidnu generace konvergence. Naopak
niz§i pravdépodobnost kiiZzeni (1Dfix80x0,5x0,01)
vede k pomalejsi a méné stabilni konvergenci, jak je

vidét na Obrazcich 3 a 4.

102

4.2 Dvourozmérna optimalizacni iloha

V této podkapitole jsou prezentovdny vysledky pro
dvourozmérnou optimaliza¢ni tdlohu, kterd predstavuje
slozitéj$i fitness krajinu s veétsim poctem lokdlnich
extrémi. Pfehled dosazenych vysledki je uveden v Ta-
bulce 2 a doplnén grafy.

Tab. 2: Porovnéani vysledkii rdznych nastaveni para-
metrtt GA pro 2D ulohu.

Alg. Mean fit Std fit Med gen Std gen
fix80x0,8x0,01 6,2733 0,3260 37 42,41
fix80x0,8x0,05 6,3052 0,2894 36,5 42,32
fix80x0,8x0,1 6,2121 0,2331 33 42,08
adapt80x0,8x0,01 6,2765 0,2375 131,5 49,89
adapt80x0,8x0,1 6,3323 0,2876 112,5 45,62
fix180x0,8x0,01 6,4568 0,2523 30 27,78
fix80x0,5x0,01 6,2491 0,2332 36,5 38,02

Na rozdil od 1D ulohy se zde jiz vyraznéji pro-
jevuji rozdily mezi jednotlivymi konfiguracemi. Jak
je vidét z Tabulky 2 a na Obrazku 7, nejlepsi hod-
noty fitness dosahuje konfigurace s vét§i populaci
(2Dfix180x0,8x0,01), coZ potvrzuje vyznam diverzity
populace u slozit&jSich problému.

0 10 20 30 40 50 60 70 80 9 100 110 120 130 140

fitness pro fix Pm 0,1

fitness pro fix Pm 0,01

fitness pro fix Pm 0,05

=== fitness pro adapt Pm 0,01 === fitness pro adapt Pm 0,1

Obr. 5: Porovnani rychlosti konvergence a kvality
feSeni pro GA 2Dfix80x0,8xPm a 1Dadapt80x0,8xPm.
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Obr. 6: Porovnani variance best_gen pro GA
2Dfix80x0,8xPm a 2Dadapt80x0,8xPm.

Vys§i pravdépodobnost mutace (P, = 0, 1) vede
ke zhorSeni kvality feSeni, coZ naznacuje pfiliSnou
miru ndhodnosti. Naopak stfedni hodnota mutace



(P, = 0,05) poskytuje vyvazeny kompromis mezi ex-
ploraci a exploitaci. Tato konfigurace dosahla také dobré
stability, jak miZeme ndzorné vidét na Obrazku 6
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emmfitness pro 2Dfix180x0,8x0,01 ~ emmmmfitness pro 2Dfix80x0,8x0,01  =====fitness pro 2Dfix80x0,5x0,01

Obr. 7: Porovnani rychlosti konvergence a kvality
feSeni pro GA P,,, = 0,01.

W 2Dx180x0,8x0,01 [l 2Dfix80x0,8x0,01 M 2Dfix80x0,5x0,01

Obr. 8: Porovnani
P, = 0,01.

variance best_gen pro GA

Adaptivni geneticky algoritmus dosahuje srovna-
telnych nebo mirné lepSich hodnot fitness (napt. 2Da-
dapt80x0,8x0,1), avSak za cenu vyrazné pomalejsi kon-
vergence (medidn az 131,5 generace). Tento vysledek

ukazuje, ze adaptivni ¥izeni podporuje dukladné&jsi pro-
hledavani prostoru, ale miZze zpomalit nalezeni feSeni.

4.3 Problém obchodniho cestujiciho

Tato podkapitola se zabyva aplikaci genetického al-
goritmu na problém obchodniho cestujiciho, ktery
predstavuje diskrétni kombinatorickou dlohu. Vysledky
jsou shrnuty v Tabulce 3 a opét doplnény grafy. Pro
lepsi interpretaci tentokrat misto hodnoty fitness funkce
pouzivame jako ukazatel kvality nalezeného feseni cel-
kovou délku cesty distance.
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Tab. 3: Porovnani vysledkii rdznych nastaveni para-
metrti GA pro TSP.

Alg. Mean dis Std dis Med gen Std gen
fix80x0,8x0,01 576,69 45,47 365 59,33
fix80x0,8x0,05 535,90 38,49 3275 57,35
fix80x0,8x0,1 521,00 28,23 263.,5 99,01
adapt80x0,8x0,01 546,16 47,10 360 31,02
adapt80x0,8x0,1 504,60 27,92 3335 85,12
fix180x0,8x0,01 510,06 36,55 322 93,08
fix80x0,5x0,01 613,19 40,44 349 44,88
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distance profixPm0,01 == == distance pro adapt Pm 0,01 =mmmm= distance pro fix Pm 0,05

distance pro fixPm0,1 == == distance pro adapt Pm 0,1

Obr. 9: Porovnani rychlosti konvergence a kvality
feSeni pro GA rizné P,,.
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Obr. 10: Porovnani variance best_gen pro GA TSP-
fix80x0,8xPm a TSPadapt80x0,8xPm.

U problému obchodniho cestujiciho jsou rozdily
mezi konfiguracemi nejvyraznéjsi. Nejlepsich vysledki
dosahuje adaptivni geneticky algoritmus (TSPa-
dapt80x0,8x0,1), ktery minimalizuje délku trasy na
pramérnou hodnotu 504,60, jak je vidét v Tabulce 3
a Obrazku 9. Zajimavé je, ze TSPadapt80x0,8x0,1
oproti TSPfix80x0,8x0,1 vykazuje mensi zlepSeni, nez
TSPadapt80x0,8x0,01 proti TSPfix80x0,8x0,01. U 2D
ulohy jsme pfitom mohli pozorovat opacny jev.

Vyssi mutace (P,, = 0,1) se zde ukazuje jako
vyhodnd, protoze pomédhd prekondvat lokdlni optima.
Naopak nizka mutace vede k hor§im vysledkdm (napf.
pravé TSPfix80x0,8x0,01).

Zvyseni velikosti populace (TSPfix180x0,8x0,01)
rovnéZ vede ke zlepSeni kvality TteSeni, avSak
za cenu vyS§i variability konvergence. SniZeni
pravdépodobnosti kfizeni (TSPfix80x0,5x0,01) ma ne-



gativni dopad na kvalitu feSeni i rychlost konvergence,
jak je mozné vycist z Tabulky 3 a Obrazkd 11 a 12.
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Obr. 11: Porovnani rychlosti konvergence a kvality
feSeni pro GA P,,, = 0,01.
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Obr. 12: Porovnani
P, = 0,01.

variance best_gen pro GA

Adaptivni pfistup se v této tiloze ukazuje jako nej-

efektivnéjsi, protoZe umoziiuje dynamicky reagovat na
stagnaci a 1épe vyvazovat exploraci a exploitaci.

5 Zavér

Vysledky experimentt potvrzuji, Ze vliv nastaveni pa-
rametrii genetického algoritmu je silné zdvisly na
sloZitosti feSené tdlohy. Zatimco u jednoduchych op-
timalizaénich problémi je moZné dosdhnout kva-
litnich vysledki i s pevné nastavenymi parametry,
vyrazné zvysuje.

Pozorovany kompromis mezi rychlosti konver-
gence a kvalitou vysledného feSeni odpovidd zndmému
konsenzu mezi exploraci a exploitaci, ktery je v lite-
ratufe povazovan za jeden z kliCovych principt adap-
tivniho fizeni parametr (Eiben a Smith, 2003; Eiben a
spol., 2007).

V pfipadé jednorozmérné ulohy dosahovaly
vSechny testované konfigurace prakticky totoZné hod-
noty fitness odpovidajici globadlnimu maximu. Rozdily
mezi jednotlivymi nastavenimi se projevily predevsim
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v rychlosti konvergence a jeji stabilité, i kdyz ne pfilis
vyrazn€. Vliv pravdépodobnosti mutace byl minimaln{
a adaptivni fizeni parametrd nepfineslo vyznamné
zlepSeni. To odpovida charakteru tlohy s jednoduchou
fitness krajinou bez vyraznych lokdlnich extréma.

U dvourozmérné ulohy se jiz projevily rozdily
mezi jednotlivymi konfiguracemi. Bylo pozorovéno,
7e stfedni hodnota mutace predstavuje vhodny kom-
promis mezi exploraci a exploitaci, zatimco prili§ vy-
sokd mutace vede k degradaci kvality feSeni. Adap-
tivn{ pfistup zde umoznil dosahovat srovnatelnych nebo
mirné lepsich vysledki, avSak za cenu pomalejsi kon-
vergence. Tento jev lze interpretovat jako disledek in-
tenzivnéjSiho prohleddvéni stavového prostoru.

Nejvyraznéjsi rozdily byly pozorovidny u
problému obchodniho cestujictho. V tomto piipadé
se adaptivni geneticky algoritmus ukdzal jako neje-
fektivnéjsi pfistup, ktery dosahoval nejlepsich hodnot
cilové funkce. VyS$si pravdépodobnost mutace se
ukézala jako klicova pro prekondvani lokdlnich optim,
zatimco nizk4 mutace vedla k pfedcasné konvergenci.
Adaptivni fizeni umoZnilo dynamicky reagovat na
stagnaci algoritmu a tim zlepsit kvalitu vysledkd.

Napfi¢ vSemi ulohami se také potvrdil vliv
velikosti populace. Véts§i populace obecné vedla k
lepSim vysledkim a stabilnéjsi konvergenci, avSak
za cenu vyS$$i vypocetni ndrocnosti. Naopak sniZeni
pravdépodobnosti kiiZeni mélo spiSe negativni dopad,

Zajimavym zjisténim byl rozdilny vliv adap-
tivntho fizeni parametri v zdvislosti na pocateni
hodnoté mutace. U problému obchodniho cestujiciho
byl pfinos adaptivniho pfistupu vyraznéjsi pfi nizké
pocatecni hodnoté mutace, zatimco pfi vySs$i mutaci byl
rozdil oproti fixnimu nastaveni mens$i. Tento jev lze
vysvétlit tim, Ze nizkd mutace vede k predcasné konver-
genci, kterou adaptivni mechanismus dokdZze prekonat
zvySenim diverzity populace.

Naopak u spojité dvourozmérné tdlohy byl po-
zorovan opacny trend, kdy adaptivni pristup pfindsel
vétsi zlepSeni pfi vyS8i pocatecni hodnoté mutace. V
tomto piipadé adaptivni mechanismus umoZiiuje po-
stupné snizovani mutace v okoli maxima funkce a tim
prejit od “prohledavani’k “ladéni”. Vysledky tak uka-
zuji, Ze efektivita adaptivniho fizeni parametri je tzce
spojena s charakterem feSené ulohy.

Celkové lze konstatovat, Ze adaptivni fizeni para-
metrt je nejpiinosnéjsi u komplexnich optimalizacnich
problémi, kde pomdhd udrzovat rovnovdhu mezi ex-
ploraci a exploitaci. U jednodu$Sich dloh vSak jeho
pfinos neni vyznamny a fixni nastaveni parametrd
je dostatecné a vypocetné uspornéjsi. Tento zavér je
uvadeji, Ze adaptivni mechanismy pfinaSeji nejvetsi
vyhody zejména u rozsdhlych a multimodélnich opti-
malizacnich dloh (Eiben a Smith, 2003; Eiben a spol.,
2007)



Budouci prace by se mohla zaméfit na kom-
plexnéj$i analyzu parametrd, analyzu citlivosti sa-
motného adaptacniho mechanismu (napfiklad vlivu ve-
likosti kroku pfi zméné pravdépodobnosti mutace),
piipadné na vliv zvolenych genetickych operatord.
Zajimavym smérem je také testovani na SirS$i Skéle
problém a pouziti statistickych testt pro detailnéjsi vy-
hodnoceni vysledki.
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Abstract

We describe the operation of transformers and compare
it with our ideas about the nature of human information
processing. Using examples of the use of individual
models, we point out striking similarities and
fundamental differences between a transformer and a
human:

1.) By setting the correct temperature, chatbots can
generate logical errors characteristic of humans (we
proposed these years ago as a test of whether an
artificial intelligence system resembles a human).

2.) Using the example of holistic OCR, we show that it
is possible to loop and confuse a transformer in a way
that a human would not make a mistake.

3.) In the case of naming a controversial image, we
demonstrate behavior that is not typical of humans and
overcome it using an agnostic algorithm for calculating
bipartition, suggesting that humans probably also have
a similar ability.

1 Introduction

Alan Turing had shown in Turing (1950) that an
essential property of artificial intelligence systems is
that they make mistakes. His argument was based on
Godel's incompleteness theorems, from which it is
possible to derive that for any mistake-free intelligent
system, there is an input on which it endlessly loops,
Kelemen (1990). In this paper, we relate these old ideas
to the latest transformer-based artificial intelligence
systems: ChatGPT - OpenAl (2023), DeepSeekOCR -
Wei (2025), and CLIP — Radford (2021). We find
interesting relations.

2 How transformer-based LLMs works

A large language model is a neural network with a
transformer architecture that, given a text as a sequence
of tokens (pieces), calculates for each token the
probability that it follows. If the transformer is of the
decoder-only type (for example, GPT, the basis of the
most famous chatbot), we use it as a generator of a
scenario that starts with a user question and continues
with the assistant's answer. From the entered text, it
calculates the probabilities, based on which it selects
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the following token. That token is appended to the
current scenario and then fed back into the transformer,
run again to generate the next token. It repeats this until
it generates a special token representing the end of the
sequence (EOS) (see Fig. 1).

<User:> What is the

capital of the USA ? -E wE °£ ! ' - . 'E—H— The

<Assistant:>
<User:> What is the

capital of the USA? vﬁﬁﬂ— — -s - capital

<Assistant:> The

<User:> What is the
capital of the USA ?
<Assistant:> The capital

AT EEE 24

<User:> What is the capital of the USA ?
<Assistant:> The capital of the USA is
Washington ,D . C.

TEEEE BD -
Fig. 1. Decoder-only transformer in the action
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Fig. 2. The next-token prediction (GPT2)

The next-token calculation process (Fig. 2) begins with
embedding, which assigns each token a vector in a
multidimensional space. The dimension of this space
corresponds to the number of features by which two
things can differ in their meaning. Since there are only
a few tens of thousands of possible tokens, embedding
is implemented using a table that maps token indices to
their corresponding vectors. The table values are the
network parameters; their final form is the result of
training. The vectors are organized in the space so that
the angle between them is small when they occur
frequently in the same context in the training data (and
therefore affect each other's meaning). The almost
equal lengths of the vectors are ensured by layer
normalization, a building block of the transformer,



which is applied after each data processing step. As a
result of its application, the vectors after each
normalization roughly point to the surface of a
hypersphere with a dimensionality one less than that of
the vectors.

Once the input text has been transformed into a list
of vectors, the so-called hidden states, we add a
positional code to each vector that encodes its position
in the sentence. We further transform them into other
hidden states by a sequence of so-called layers. The
number of hidden states in each layer is the same and
corresponds to the size of the input. Each layer consists
of two modules: a residual multi-headed self-attention
and a perceptron.

The first module, self-attention, refines and
contextualizes the meaning of hidden states. It works
by mixing each hidden state with a little of the other
hidden states, mainly those that yield the largest scalar
products, i.e., the smallest angles. Attention includes a
scaling coefficient that determines how much of the
more similar and how much of the more different
hidden states are mixed. Its optimal value is the square
root of the hidden-states dimension, but a slight change
does not cause a system crash; it only leads to slightly
different behavior. To get slightly different outputs
from the transformer when different calls are made
with the same input, we multiply it by the number
(147), where T is the so-called temperature, a randomly
generated non-negative number. The higher the
temperature, the more “creative” the generated
statement is, until it becomes meaningless. Therefore,
its reasonable maximum is considered to be the value
of two.

The second module processes each hidden state
separately with a perceptron. In doing so, it transforms
the features of the hidden states into others, allowing
nonlinear states to emerge between the new and
original features.

After processing the hidden states across all layers,
we wipe out the last state to index the next token.
Unlike inference, during training we enforce wipeout
across all hidden states, requiring that the next one
emerges from the last, the last from the next-to-the-last,
and so on.

3 Asgood as humans

Many years ago, in Lucny (2002), we proposed a
specific test to determine whether an artificial system is
intelligent in a manner characteristic of humans. The
tests consisted of whether it was capable of failing in
the same way as a human. One such test consisted of
answering two questions:

1. How many dollars are in a dozen?
2. And how many quarters?
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Only a few people answer this question with 12 and 12.
Most people answer 12 and 48. But there are also more
exotic answers, such as 12 and 3. It may be true to
object that the question is not quite correctly
understood as “How many quarters are in a dozen
dollars?” But people do not stop being wrong even if
we insist:

1. How many dollars are in a dozen?
2. And how many quarters are in a dozen?

Is the transformer wrong like this? It's shocking, but it's
wrong exactly like this when we increase the
temperature to get various answers (Fig 3, Fig. 4). We
even understand why quite clearly. The token "dollar"
is simply contextually stronger for "quarter" than the
rarely occurring "dozen", which, moreover, denotes
quantity and not currency. We can measure in the latent
space that "dollar" and "dozen" make an angle of 68°.
And "dollar" and "dozen" make 67°, while "quarter"
and "dozen" make 72°. Moreover, if we try to define
the terms in the system prompt, it almost always fails,
as humans do (Fig. 5).

The transformer has its limits as a means of logical
reasoning. And so do we. The transformer is not as
strongly intelligent as we are. We are as weakly
intelligent as the transformer.

client = OpenAl(api_key=api_key)

SYSTEM_PROMPT = (
#"A dollar consists of four quarters. "
#"A dozen refers to a group or set of twelve items. "
"Answer with a single word. "
)
QUESTION_1 ="How many dollars are in a dozen?"
ANSWER_1 = "Twelve."
#QUESTION_2 ="And how many quarters?"
QUESTION_2 ="And how many quarters are in a dozen?"

temperature=0.0#0.0..2.0

messages = [
{"role": "system", "content": SYSTEM_PROMPT},
{"role": "user", "content": QUESTION_1},
{"role™: "assistant", "content": ANSWER_1},
{"role": "user", "content": QUESTION_2},

]

response = client.chat.completions.create(
model="gpt-4",
messages=messages,
temperature=temperature,
max_tokens=50,

)

assistant_text = response.choices[0].message.content.strip()
print(assistant_text) # Forty-eight.

Fig. 3. A code snippet for calling GPT40
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Fig. 4. Results in the human-like intelligence test
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Fig. 5. Results when we explicitly define terms

4 Much worse than humas

On the other hand, we can also get behavior from the
transformer that humans would never produce. In 2025,
DeepSeekOCR broke all records in OCR benchmarks.
It correctly reads most texts. However, it is completely
unusable in industrial practice. Why?

DeepSeckOCR is an encoder-decoder transformer
(Fig. 6). More precisely, it has two encoders: a visual
encoder and a text encoder. Both produce hidden states
that are combined and, through the so-called cross-
attention, influence the generation of a text response. It
is generated gradually, with each pass through the
decoder, we receive only one more token of recognized
text. We repeat this until we get EOS. And
unfortunately, it is not that difficult to find an image we
will never get EOS. It is enough to present the model
with sufficiently hatched text (Fig. 7). Probably the
hatching induces the presence of many ones, and
having read many ones, the model expects to read two,
three, and so on; the prediction coming from the read
overwhelms the observation coming from the seen.

But even when DeepSeekOCR responds with a
twist, it can still produce cute errors, stemming from
the fact that the hidden states of the image and the text
prompt are coupled, meaning their representations are
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similar across modalities. So when you prompt it: “read
this text three times,” it can do it. But when you prompt
it: “read this text,” and the image contains the text
“read this text three times,” it sometimes follows the
instruction from the image.

So this model does exactly what we fear most from
artificial intelligence: that after a long period of
flawless functioning, it suddenly fails fatally. But not
only that. It does exactly what we consider inhuman in
an artificial system.

Text

-3
£
-
k-4
F]
=
i

prompt Encoder
Fusion
§ Visual
Image: £ Encoder
I

Text decoder - text

Fig. 6. Schema of transformer-based OCR
! PLEASE TAKE
4 NOTHING BUT 13 @l PLEASE TAKE
~ 28§ NOTHING BUT
HCTURES K ¢ PICTURES

‘ AVE NOTH'NG

LEAVE NOTHING
BUT FOOT PRINTS

Fig. 7. Perfect reading versus endless looping via
DeepSeekOCR with the default prompt:

"<image>\n<|grounding|>Convert the document to markdown. "

5 Agnostic capabilities

CLIP is a dual-encoder-only transformer consisting of
separate text and visual encoders. It is trained on many
images with text captions, so that text and image
representations share the same latent space. As a result,
it is possible to turn it into an image classifier of
categories described by textual descriptions. When we
get textual labels of the COCO dataset categories
(containing “bird” and “dog”) and encode them with
the CLIP text encoder, we can classify images by the
maximal cosine similarity of these representations with



the representation obtained by encoding an image by
the CLIP visual encoder.

CLIP works quite well until we present it with an
image, as in Fig. 8 (left). Then its response is very far
from human-like. It claims we see a dog while we
clearly see a bird, labeled as a dog. Humans clearly
recognize that the image consists of two controversial
parts, whereas CLIP lacks analogical ability. However,
it is possible to add it. CLIP is a visual transformer, so
it internally processes images into feature maps. It
splits the image into regions described by feature
vectors. They share the same latent space, so we can try
to partition them into two parts, such that vectors are
rather similar in each part and rather different between
the parts. We perform this bipartitioning in a class-
agnostic manner using a suitable measure. In Lucny
(2026), we designed a fast algorithm for bipartitioning
based on the measure Normalized Cut proposed in Shi-
Malik (2000). So we take the feature map calculated by
the CLIP image encoder, and by the algorithm
(FastNCut), we split it into two parts that we can name
by CLIP separately. The result is impressive; we get a
bird in one part and a dog in the other part (Fig. 8,
right).

DOG

dog 90% bird 8%

DOG

bird 97% person 0%
dog 96% hotdog 2%

Fig. 8. An example of controversy named by CLIP and
named partitioned by an agnostic algorithm FastNCut

6 Conclusion

We presented cases in which transformers exhibit both
human-like and inhuman-like behavior. On the one
hand, we find that the transformers are more human-
like than any other machine. They provide similar
quality and also similar mistakes. As we are not able to
pick knowledge from our brains, the same is true for
transformers. On the other hand, from the structural
point of view, our brains and transformers are simply
two different things. Transformers can also fail in a
very inhuman-like way.

To identify what humans have that the transformers
do not (so far), we have suggested the ability to class-
agnostically partition the feature vector sets,
demonstrating its potential on a specific example.
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Abstrakt

Prispévek se zabyva schopnosti umélych neuronovych siti
vygenerovat unikatni obrazek. Na prvni pohled neni jasné,
jak a komu lze v kontextu tohoto procesu atribuovat
agenci. Prvnim argumentem pfispévku je tvrzeni, Ze
agence lezi jak na strané lidského operatora, tak na strané
technologie, ktera vystupuje jako specificky tvotivy
nastroj schopny emulovat styl lidského umélce. Jen lidsky
¢lanek vztahu je vsak schopen intendovat a proto musi byt
agence v kone¢ném disledku pfictena jemu. Povaha této
agence je dale ztotoznéna se zastiraci snahou a do
uméleckého kontextu prevedena apropriaci pojmu
falzifikace a falzifikatu. Argumentace se opira o agencni
teorii antropologa Alfreda Gella. Autor piispévku
nelegitimizuje jakékoliv praktiky spojené s provozovanim
ani trénovanim neuronovych siti, které vyuzivaji obrazovy
material bez souhlasu jeho tvlirct.

1 Obrazky z umélé inteligence

Systémy umélé inteligence zaméfené na produkci a
generovani statického vizudlniho obsahu' jsou trénovéany
na fotografiich a obrazech lidskych profesionald a umélct,
dokazi emulovat jejich styl® a vyvést v ném vizualni dilo
na zakladé slovniho zadani. Tento proces béznym jazykem
nazyvame ,nechat si vygenerovat obrazek umélou
inteligenci. A¢ je funkcionalita téchto siti rozli¢na a
sluzby, které se skrz né nabizi, riznorodé, v naSem
ptispévku se budeme soustfedit na jejich vrcholnou
dovednost, tedy schopnost pfivést v existenci do t¢ doby
neexistujici  statické vizualni dilo (,,vygenerovat
obrazek®).

Tato funkcionalita ma samoziejmé¢ dopad na trh s
namezdnym uménim a podstatnym zplUsobem méni
rozlozeni ekonomicko-kulturnich sil na obou stranach

' V tomto piispévku se soustiedime pouze na problematiku
technologii generujicich “obrazky”, tedy statické dvourozmérné
vizualni objekty. Pod timto oznacenim myslime napf.
technologie Imagen, DALL-E, Midjourney, Craiyon apod.

? Ditrazu na stylovou emulaci si v8ima Yao (Yao, 2025, str. 2).
Stylu zde rozumime jako ustrnulé interpretaci vizualni reality pti
jejim pievodu na uméleckou reprezentaci.
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vazby ,,poptavajici-umélec. Nase zkoumani se vsak bude
zaobirat teoretickou otazkou atribuce umélecké agence a
jeji povahy v kontextu ,,generovani obrazkt za pomoci
neuronovych siti.

K tomu budeme vyuzivat terminologii agenéniho
systému antropologa Alfreda Gella, jehoz uziti kratce
zdivodnime. Tato antropologickd teorie byla svym
autorem vyuzivana zejména pro objektovou analyzu
lidového uméni domorodych kmend. A¢ vizualné-
generativni Al (dale jen VGAI)® neni domorody artefakt,
pteci jen se v kontextu tradi¢nich uméleckych forem jedna
0 néco cizorodého, co nezapada do klasického schématu
ani situace vizualniho uméni. Takeé se tato teorie vyznacuje
pomeérnou liberalitou, se kterou naklada s pojmy umeéni,
dilo, artefakt atd., jenz mohou byt v kontextu jinych
uméleckych teorii exkluzivni a vykazovat rysy mnoha
podob centrismu.* Poslednim dfivodem je to, Ze na rozdil
napf. od agenc¢ni teorie Bruna Latoura je Gellova teorie
pragmati¢t&jsi® a snazsi na pochopeni.

Zbytek tvodu vyuzijeme pro postizeni dvou
kliovych technologickych aspekti VGAI, které jsou pro
nasi analyzu podstatné a na néz omezime vysvétleni téchto
technologickych artefakti.

A) Grafické generatory na bazi diffusion jsou
produktem obraceni funkcionality neuronovych siti
slouzicich k rozpoznavani tvari a objektd: pracuji na
zdklad¢ opakovaného vcitani nejpravdépodobnéjsiho
vzoru do ndhodné plochy bilého Sumu. (Bergman, Stryker,
2026) Produkt VGALI je tedy v nepfimé vazbé k vizualnim
datim,® na kterych byla plvodni rozpoznavajici sit’
trénovana a z nichz ziskava vzory, jez jsou reprodukovany.
Tato nepfima vazba ma povahu napodobeni. Pro nas
problém je podstatné, ze ackoliv VGAI generuje unikatni
(ve smyslu neopakované) artefakty, pracuje vzdy s ur€itym
mnozstvim ptedloh a ,,inspiraci®, které byly vyuzity pfi
jejim trénovani a které tvofili lid§ti femeslnici. Oproti

* Volime novotvar “vizualng-generativni” namisto zab&hnutého
“generativni”, protoZe generace vizualnich dat je pouze jednou z
moznych generativnich funkci Al viz (Corchado et al., 2023)

4 Napt. eurocentrismu, antropocentrismu nebo manocentrismu.

> To je minéno doslova, jedna se o teorii hlasici se k pragmatismu.
® Tedy k databazi, kterd se tak stiva tzv. konceptudlni
metaforou skuteéného uméleckého svéta (de Mul, 2009, str.
101)



kreativite tedy VGAI sazi na variaci existujictho. Tato
vlastnost sit’ ¢ini uzivatelsky piredvidatelnéjsi a 1épe
monetizovatelnou.

B) Neuronové sit¢ funguji na stochastickém
(pravdépodobnostnim) zékladu. (Bergman, Stryker, 2026)
To znamend, Ze namisto toho, abychom vuci zadani A
dostali vzdy vysledek A’ (jako v deterministickém
systému), d&je se to, Ze pfi opétovném zadani vstupu A
dostaneme vysledek A’, B’, C’ etc., pficemz bude platit,
ze pokud je sit' odladénd, mély by vSechny vysledky
spliilovat zadani ke spokojenosti provozovatele i
zékaznika. Opét zdtraznujeme funkci produktové variace,
ktera navic slouzi jako ochrana pied porusenim autorského
prava.

2 Gellova agen¢ni teorie a jeji aplikace na
vizualné-generativni Al

Z agencni teorie Alfreda Gella zavedeme nékolik pojmu.
Jednak je to samotny pojem agence — aktivni ptisobeni na
druhého s n&jakym zamérem. (Gell, 1998, str. 16) Z ngj
plynou pojmy agent a pacient, tedy na jedné strané ten,
kdo svou agenci aktualné ptisobi na druhého, na druhé ten,
kdo toto ptisobeni aktualné piijima.” To, prostiednictvim
¢eho agent v uméleckém kontextu na pacienta pusobi, je
zvano index neboli konkrétni (vizualni) artefakt. Zakladni
vztah v ramci nexu socialni umélecké agence tedy vypada
tak, ze index je nositelem agence, kterou do né&j vtiskl
agent k osloveni pacienta.® Pacient nahliZi, Ze je na ngj
umélecky ptsobeno, a doptava se sam sebe na povahu
agence, tedy na to, co asi kdo zamyslel tim, ze mu toto dal
pred oci. Gell toto tdzani nazyva abdukci agence. (Gell,
1998, str. 14) Jedna se o nepravou indukci zaloZenou na
domnénce nebo vagnim pocitu z vizuadlniho artefaktu.
Pokazdé, kdyz se ptame, kdo mohl konkrétni objekt
vytvorit nebo pro koho nebo co byl zamyslen, provadime
tuto abdukci nezavisle na tom, jestli existuje odpovéd’ na
tyto otazky nebo jsou-li tyto otdzky k tomuto objektu
relevantni.

Gellova teorie navic umoziiuje pojmout za agenty (a
pacienty) i nezivé objekty, napf. antropomorfizované
hracky, vozidla, budovy (Gell, 1998, str. 18) nebo tvotivé
technologické artefakty typu VGAI Agentem ¢i
pacientem se stava prosté to, co vstupuje do agenéniho
vztahu, tedy co piijima agenci nebo Cemu je agence
pfisuzovana abdukci.

7 Agence a pacience nejsou fixni kategorie, mimo aktudlni
agencni vztah véci a lidé zlistavaji pouze potencidlnimi agenty
nebo pacienty.

¥ Index je tedy v druhém planu také pacientem, protoZe rovnéz
pfijima agencni pisobeni agenta.
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Pokud pfedstaveny systém prizptisobime nasi
vyzkumné situaci, dojdeme k zavéru, ze v rdmci Gellovy
agencni teorie neni problém pfisoudit jakékoliv VGAI
uméleckou agenci a jakémukoliv jejimu vytvoru raz
indexu, jehoz vznik je navic vlivem stochastiky vlastni
VGAI samotné alespon ¢astecné neptedvidatelny. O siti
samotné ovsem budeme hovotit jako o tzv. sekundarnim
agentovi.

Sekundarni agence je umoznéna vagni povahou
abdukce: nezalezi na tom, jestli pacient atribuuje agencni
zamér radné, tzn. jestli objekt abdukce skute¢né je
intendujicim primarnim agentem. Sekundarni agent je
takovy agent, ktery esteticky ptisobi na pacienta bez toho,
aby cokoliv sam intendoval, tedy mél vlastni zaméry
podminéné védomim, vili apod. Gell (Gell, 1998, str. 21)
pouziva piiklad minometéika a miny: ackoliv je to mina,
ktera aktualné plsobi na pacienta, jedna se o sekundarni
agenci, jelikoz mina nemiZze intendovat. Intendujici
primarni agent je minometéik, ktery minu poklada se
zamérem zabit. Presto fikame, Ze vojaka ,,zabila mina®,
nikoliv Ze ,jej zabil minometcik®, pracujice zcela
srozumitelné se sekundarni agenc¢ni atribuci, aniz by kdo
snad podeziival miny samotné z nekalych umysla.

Vychazime zde z ptedpokladu, Ze neuronové sité
nemaji védomi a nemohou tedy intendovat. Jejich
pusobeni na pacienta skrze vygenerované obrazky
(indexy)’ ma raz plnéni rozkazu nebo zadéni. Za intenci,
s jakou VGALI tvorii, tedy miZzeme a musime dosadit
intence jejiho autora, programatora, provozovatele a
uzivatele, tedy obecné primarniho agenta: ,,[sekundarni
agenti] jsou objektivni ztélesnéni moci nebo moznosti
zamyslet jejich uzivani. (Gell, 1998, str. 21, autorsky
preklad) Sekundarni agenti jsou takové predméty, jejichz
uzivani je spojeno se zdmérem na stran¢ uzivatele. Pacient
se sice abduktivné vztahuje k VGAI (se stejnou
personifikaéni figurou jako v predeslém piikladu k ming,
pta se ,,co VGAI zamyslela, kdyz pfede mne postavila
tento obrazek®), vi-li, ze hledi na vygenerovany obrazek,
ale v dal$im kroku své tazani nutné musi usmérnit na
tazani po primarni agenci (,,jaky zamér mél pivodce sité
nebo ten, kdo ji vyuzil k ziskani tohoto obrazku‘). Plati
tedy, ze kdokoliv, kdo planuje VGAI vytvorit nebo vyuzit
jakymbkoliv zptisobem, vtiskéva svou agenci do ni jako do
nastroje a skrz ni do jejiho produktu, cilového indexu.
Zdalo by se tedy, ze z intencionalniho hlediska je VGAI
priichozi, nepiidava nic ke vztahu agence a pacience, které
volné proudi skrz jeji indexy. V nasledujici kapitole se
pokusime ukazat, ze uzivani Al je ve vSech svych
instancich spojeno s intenci osdalit a ze zmiflovana
intencionalni prichodnost je pouze zdéanliva.

* VGAI ma tu specifickou vlastnost, ze se jedna o index a
sekundarniho agenta zaroven, o ,tvofivou véc“, jejiz
vytvory jsou k siti samotné ve vztahu pacience.



3 Zavér — falzifika¢ni povaha agence

VGALI je sice kuriézni svym jedine¢nym charakterem
»tvotive véci®, protoze jeji produkty jsou unikatni vizualni
dila. Jelikoz vSak nemtize konkrétni podobu svych vystupti
intendovat, jedna se o sekundarniho agenta, ktery k sobé
pfibira  vice primarnich agentd (provozovatele,
programatora, uzivatele) a indexy, které generuje, tak
syntetizuji intence vSech relevantnich primarnich agentt.
Jejich vytrasovani neni snadné a v tuto chvili ani
podstatné.

Zeptame se znovu, co obecné zamysli primarni
agent, ktery za svlij nastroj voli jako sekundarniho agenta
VGAI Domnivame se, Ze jedna intence je vlastni uziti této
techniky jako takové, jako je uzivani kladiva vlastni
intence zatloukani, a nezalezi na tom, jestli hiebiki nebo
suki. Sekundarni agent je objektovym ztélesnénim
moznosti byt uzit se zamérem'® a my se tdZzeme po obecné
povaze tohoto zaméru. Timto univerzalnim zdmérem je
podle nas zastirajici snaha presvédcit pacienta, ze ma co
do cinéni s lidskym vytvorem a ze svou vizualni zkusenost
mize modelovat podle svych dalSich zkuSenosti s
konvenénimi produkty lidské umélecko-femeslné prace.

VGAI, jak je v dob& psani pfispévku trzné
implementovana, je v prvni fad¢ sluzba, kterd na zadani
generuje produkt s uzitnou hodnotou. Tomu odpovida
zpusob prace s tréninkovou databazi a asimilace styli:
obchodnim cilem je, aby VGAI generovala co mozna

VVVVV reprezentace slovnich  zadani.
tvori lidsky umélec. Produkty VGALI se tedy stylem nutné
budou blizit pracim lidskych umélci, na kterych je prave
proto VGAI trénovano. Stylova navaznost na lidské
vizualni uméni je zcela zdmérna a z obchodniho hlediska
nepostradatelnd. VGAI generuje reprezentace nebo
exemplafe stylli, v nichz tvoii zivi umélci, a odvolava se
pfitom na ustavené interpretacni a abduktivni techniky
lidské vizudlni kultury. Redeno jinymi slovy, produkt
VGALI se tvaii jako lidsky vytvor a zada, aby s nim tak bylo
pfi pohledu na né&j nakladdno, ackoliv jim neni. Samotna
nutnost piipojovani vysvétlujicich popiskd ,,pouzity
obrazek byl vygenerovan umélou inteligenci® poukazuje
na relativni UspéSnost zastirajici snahy, kterd z vyse
zminénych divodi musi byt abduktivné atribuovana
autorim i uzivatelim VGALI. Je to proto, zZe VGAI jako
sekundarni  agent pouze facilituje agenci primarniho
agenta, jehoZ intence je v konéeném dusledku otisténa v
artefaktu. Priivodni snahou primarniho agenta je, aby si
pacient bud’ neuvédomil, ze obrazek je vygenerovan, nebo
aby na to nebral zfetel a kognitivné s nim nakladal jako s
lidskym vytvorem, tedy aby jej dekddoval podle kodu
lidského vizualniho uméni. Re¢eno pojmy teorie agence,

1 Viz ptedchozi citace
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primarni agent pacienta skrz index zamérné pobizi k
nespravné abdukci, kterda by s indexem pracovala v
irelevantnich ~ kategoriich  ,,umélcova zaméru“ a
»reprezentace skutenosti®.

Poslednim krokem pfispévku vystoupime z agencni
teorie do teorie uméni, odkud si pfisvojime jeden klicovy
termin. Uménovéda totiz znd snahu pfimét indexem
pacienta k nespravné abdukci agence a k nespravnému
dekddovani zalozenou na zastirani, tika ji falzifikace.
Nejde nam o falzifikaci v podobé zhotoveni kopie a
vydavani této kopie za originalni dilo. Jak jsme zdtraznili
v uvodu, VGALI nekopiruje, nybrz variuje databazovany
obsah. Nasemu piipadu lépe odpovida kontext toho falza,
které jeho autor pouze vyvede ve stylu napodobovaného
autora a nasledné jej opatii faleSnym podpisem nebo
znackou pro dodani vérohodnosti. Domnivame se, Ze
schéma prace s VGAI v mnoha svych rysech odpovida
takto popsané falzifikaéni cinnosti, ovSem uchopené
trochu §ifeji a abstraktnéji. To, co se napodobuje, je styl, s
jakym lidsti umélci pfistupuji k reprezentaci reality.
Vysledny produkt se s Zzadnym existujicim dilem
neshoduje, pouze nektera piipomina natolik, aby se vedle
nich mohl zafadit. Svou podobou apeluje na to, aby byl
vniman jako tato dila, nikoliv jako synteticka reprezentace
stylu téchto dél. Pfitom se nejedna o reprezentaci zadné
prozité reality, pouze o napodobu vysledku tvirciho
procesu bez toho, aniz by musel tento proces byt
proveden.

Nasim vystupem neni to, ze kazda falzifikace je
Spatna, proto je VGAI Spatna. Jak dokazuje praxe
vystavovani falzifikatd jako falzifikati vedle jejich
originald,"" falzum neni neumélecké. Co falzifikat Gini
potencialné sdélnym je vSak pravé jeho odhaleni a
demaskovani. Nalezit¢ zhodnoceni piinosu VGAI a
generovanych indexii na poli estetiky'? nemtiZze a nebude
opomijet atribuci falzifika¢ni agence primarnim agentim,
ktefi s VGAI nakladaji. V kazdé relacni struktufie
obsahujici takto generované indexy bude pacient nucen
nejprve piijmout, ze mél byt oklaman.

! Prikladem je vystava Falza? Falza! Kuratorky Olgy Kotkové
konana ve Sternberském palaci od 19. 11. 2021 do 1. 5. 2022, viz

[6].
"> napf. schopnosti VGAI nepiimo vytvéfet skrz interakci s
uméleckym svétem hybridni styly nebo dokonce odhadovat

budouci trendy z ptedesiého vyvoje
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Abstract

Lectures, panel discussions, and conferences are formats
for collective listening, but they have developed conven-
tions that make perception difficult. In this drawing-based
talk, I will dissect the decorum of academic presentation
formats and outline how the attention of the members of
the audience diverges and converges with that of the
lecturer. I will compare cognitive advantages and disad-
vantages of various presentation tools from the present and
the past. I will also suggest that once a piece of research
has been reduced to a text format, it might be difficult to
add other modes to it later without them being auxiliary,
and that, if we don’t pick our presentation tools, the tools
we use might be nudging us into doing research that fits
them.

1 This is not an oral paper

In “Singing Euclid: the oral character of Greek geometry”
[1], Viktor Blasjo argues that Euclid’s Elements wasn’t
written as a text but as a recording of spoken presentations
—“Writing was merely the oral explanation put down on
paper (or papyrus, rather)”, and adds that the medium of
text wasn’t used yet to its full potential.

Today it’s the other way around. Text became so
dominant in academia that even conference presentations
are called “papers” or “oral papers”. The properties of text
spill into talks. I’ve prepared my contribution to the
conference as a talk, not as a paper, and I want to present
it in these proceedings as such. Therefore, it is written as
if it was spoken, and the images are embedded directly into
sentences, since drawings and speech are like two legs that
move the lecture forward.

2 Presentation conventions

The program of conferences looks something like this

Sl‘\o}’{ f)mrefs‘

Lecfum |

lectuve 2
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with a clear distinction between where one presentation
ends and where another presentation starts. But when
presentations are interesting, you keep thinking about them
even when another speaker is already speaking. So, in our
minds it looks more like this:

Sl‘\c'% rwre'g

Lecfuve
—

lectuve 2

And something like this happens also during single
lectures:

Hrightiof S

I A lecturer is giving a lecture, so her mind is
hopefully paying attention to what she is saying. A listener,
at least at the beginning, is also paying attention, so they
are both thinking about the same thing at the same time.
But then 2 maybe the lecturer says something so
interesting that it will 3 spark the imagination of the
listener and their thoughts will diverge from those of the
speaker. Until the speaker notices it and says 4 “Are you
still with me?”, which interrupts 5 the line of thoughts of
the listener and brings them back to those of the speaker.

And then the lecture continues 6, and maybe after a
while the lecture gets too boring 7 or too complex, so the
listener gets lost again. And occasionally, especially when
it looks like nobody is paying attention anymore, the
speaker gets disconcerted and loses her attention as well &,
which is awkward and, unfortunately for the speaker,
usually attracts the attention of the listeners. And, for
situations like this, the artist Daniel Yovino recommends
[4] to have ready a card with an emergency conclusion,
which will help 9 to bring the lecture to the end.



Conferences are formats for collective listening, but
they took on conventions that make listening difficult: You
sit quietly for a long time without moving, looking in one
direction. The program is usually very dense, so there is
little time to think about what has been said. Lecturers,
especially in humanities, often read aloud complicated
texts that are good for reading, but not for listening.
Sometimes there is no good place to put notes or a text, so
the lecturer ends up holding them in hand. In some
settings, you must hold a microphone in the other hand, so
you end up having no hand left for gesturing.

9

When you’re presenting, it feels like you have to have a
PowerPoint presentation. Slides sometimes include texts
that are different from what the speaker is saying, so, as a
listener, you don’t know if you should keep listening to the
speaker or read the text on a slide.

Also, lecturers tend to click through slides very quickly, as
if the eyes of the listeners were photo cameras able to
perceive everything within one blink.

In academia, there is a preference for text. When an image
gets shown, it is rarely trusted by itself, and a verbal
explanation is added. Journal articles are valued more than
presentations at conferences. Lectures are live readings of
future articles. Instead of being together in the present
moment, the lecturer reads a text prepared in the past,
while the listeners are deciding whether they will read the
text when it’s published.
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Unlike text, the lecture is a multimodal format, so
besides the verbal mode, there are also intonation,
gestures, images, sounds, facial expressions. But when a
piece of research has been at first reduced to the verbal
mode, it might be difficult to add other modes later without
them being auxiliary. To convert text into a lecture, we
could subsequently add:

THAT 1§ Too COMPLICATED
FOR LISTENING

+ images for illustrative purposes like stock photos
found through keywords or Al images generated through
text prompts

+ a PowerPoint template with decorative margins

+ one-hand gestures (if you have a hand left)

+ maybe an off-paper joke

+ and don’t forget to look from time to time at the
audience!

The oral paper has become multimodal, but it’s
an awkward multimodality.

Many conferences are strict about timing and this aspect
of giving a lecture reminds me of curling.
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They give you, let’s say, 20 minutes. Now, you don’t want
to finish too early, because then you look like you have not
much to say. But, if you pass the time limit, then they may
cut you off and you won’t finish your argument.

For many lecturers the given amount of time is not
enough, so they search for ways to squeeze as much
material as possible. One of the techniques is to write the
whole lecture down, and, as the end of the lecture is
approaching, read the text as fast as possible. The lecturer
is satisfied that he said everything he wanted to say, but
the listeners weren’t able to perceive it.

Now let’s look into panel discussions. Here we have two
or more people speaking one after another.

7
faar Lok 2
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Ideally, the panelists would have time to prepare
their reactions to what other panelists have said.
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But silence during panel discussions is considered
awkward—in art history terms, we could say that there is
horror vacui of silence. So, panelists talk right after each
other, which means that they have to prepare their reac-
tions while the other panelists are still speaking.
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This can lead to embarrassing situations when a panelist
later asks about something that has been already
answered.

Not paying attention is usually considered a bad thing. But
there are various reasons for not paying attention. It’s like
when you read a book. Sometimes you zone out because
you’re too tired or because something important has
happened during your day, so you keep thinking about it.
But sometimes you stop reading because you start to
ponder about what you’ve just read. Reading doesn’t
consist only of reading itself but also of thinking about
what you’ve read.
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When you are not paying attention during a lecture
because you have started to think about something that
you’ve heard or seen during the lecture, it is a good thing.

3 Time for mind wandering, fixed or
flexible, in or out of touch

Now let’s compare various presentation formats and tools
to see if and how they provide for mind wandering,
whether they allow improvisation, and if they reinforce or
surpress the pointing gesture.

Outside academia, there are genres where time for
mind wandering is already embedded in the format. Radio
interviews (but not podcasts) are intermitted by songs after
about every 10-15 minutes of speaking. Within songs,
there is a refrain—a part that repeats itself, so you don’t
have to pay attention to it as much. Movies end with
closing credits which gives you time to sit in the dark with
music for several minutes and let the movie sink in. And
then the Catholic church has a genre called the way of
cross, where there are several stations scattered around a
hill, usually little chapels, and in each station, there is one
“slide” (if we would call it in conference jargon), usually
in the form of a painting or a relief. Participants walk from
one “slide” to the next “slide”, so the time for mind wan-
dering is connected with physical wandering.

But even within academia, before the spread of
PowerPoint, there were presentation tools that provided
time for mind wandering. When you used a chalkboard
(also called blackboard), you had to clean it, which took
quite a lot of time. And, if you did it quickly, there was
another advantage to it: the board held a memory of what
had been there before. The most recent notes were sharp,
the older ones were fuzzy, the transition between them was
slow, much slower than the transition between the slides in
PowerPoint.

Chalkboards were replaced by whiteboards, as if they
were the same thing, as if the whiteboard was an equivalent
of the chalkboard. But there are significant differences
when it comes to their use properties, the aesthetics, and
the dynamics of the presentation. The chalk allows you to
draw lines of various thickness: you can write with the end
or with the side, and you can adjust the thickness by
breaking the chalk. The chalk also responds to how strong
you push (like the piano), so you can make a gradient. With
a marker, you can only draw with its tip.

The surface of the chalkboard is a bit rough, so when
you write, it invites you to pause, you can lean on it with
the chalk, so your arm can rest while you decide how to
continue. This also creates a bit of suspense when your
audience tries to predict what’s going to come next. This
is unlike writing on the whiteboard, the surface of which is
slippery, so it provides no time to rest.



Writing with the chalk was slow, so you wrote only
what was necessary. The chalk forced you to be concise.
The computer keyboard makes typing too easy, which
makes the PowerPoint slides wordy. On the contrary,
drawing with chalk was easy. Drawing with the keyboard
is impossible, and drawing with a mouse or a touchpad is
slow and clumsy.

Before the spread of PowerPoint, lecturers used the over-
head projector. Unlike in PowerPoint, where slides are
bound together and, if during the lecture you decide to skip
something, you have to quickly show everything that you
wanted to skip,

with the overhead projector you can improvise. You can
add or skip slides without the audience knowing, you can
draw live, and you can superpose multiple layers of trans-
parencies, like Roger Penrose does [2] when he explains
the Schrodinger’s Cat thought experiment.

Also, with the overhead projector you can touch your slide,
you can point your finger on it.
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With the digital projector, you’re not touching the slide.
The slide is like a blanket that covers you.

But even like that you can point only in small settings

L

because the bigger the speaker,

the bigger the lecture room,

]

and your slides are getting out of touch.

4 Following tools

Presentation formats and tools change over time. Today
we use PowerPoint and the whiteboard, 30 years ago we
would use the overhead projector or the chalkboard, 200
years ago the magic lantern, and 2500 years ago we would



draw in sand, like Pythagoreans probably did.! Today
researchers don’t draw in sand, because it would feel too
eccentric, and they (with the exception of Roger Penrose)
don’t use the overhead projector, because it would feel too
retro. We tend to stick to what’s currently the standard. But
if Pythagoreans used PowerPoint, or even if they drew on
a vertical surface like a chalkboard, they wouldn’t be able
to add little stones, and so they possibly wouldn’t research
figurate numbers.

Small stones catalyze ideas about figurate numbers better
than other tools. If we don’t pick our presentation tools,
the tools we use might be nudging us into doing research
that fits them.

So, thank you, in case you managed to pay attention, but
also if you were mind-wandering.

mm/ y
o ww&axﬂ/‘:« M—n.w

! There is a nice drawing by Michal Skrovina in Milan Hejny’s
book Geometria naucila ¢loveka mysliet’ (SPN, 1979) showing
Pythagoreans drawing in sand. Raviel Netz in The Shaping of
Deduction in Greek Mathematics (Cambridge University Press,
1999) argues that preparing sand for drawing would be too
demanding, but the existence of ancient Greek vases from circa
450 BC where teachers and students draw with long sticks on the
ground suggests otherwise (e.g. Louvre, collection number Cp
977, catalogue number G 448, tagged “scéne d’école”.
https://collections.louvre.fr/en/ark:/53355/c1010270297)
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Abstrakt

Zavedeni stroji nového druhu, pocitacl, od pocatku
vybizelo k uméleckému vyuziti. Kreativni programatofi
a experimentujici umélci zacali spontanné hledat
zpisoby, jak uvolnit pfedpokladané mentalni schopnosti
chladnych kovovych skiini. Od této doby nas déli vic

nez 60 let. Pocatecni rezervovanost k ,,pocitacové-
mu“ umeéni, pieziravost nebo dokonce vazné pochyby
vefejného minéni o ném se aktualné zménily spiSe
v obavy ze ztraty kontroly nad oblasti, kterd byla
defini¢né lidska, nebo dokonce ve frustrace z vlastni
inferiority. Je na misté pfiznat strojim jejich vyvojovou
nadfazenost, nebo se zatim jedna jen o nasi vyplasenou
fantazii?

1 Zrod uméni s vyuZitim pocitaci

Objev stroji nového druhu, pocitact, respektive
samotné uvahy o jejich zkonstruovani, probudily zahy
predstavy o schopnosti strojii myslet (Turing, 1950) a
projevovat funkce zivych organismt, jako je
rozmnozovani (Neumann, 1966) ¢i vnimani a reagovani
(Wiener, 1948).

Praxe s pocitaci od po¢atku zaujala i jako predpokladany
pomocnik umélecké kreativity. Dnes mulzeme
s pomérné dobrou znalosti dostate¢né zmapovaného
historického déni identifikovat na konci 50. a v prvni
poloving 60. let tii zdsadni pocitatové-umélecké praxe
(Dietrich, 1986): zajem o estetické pusobeni
periodickych kiivek (Obr. 1), napodobovani stavajiciho,
aktualné ocenovaného uméni (Obr. 2) a modelovani
tvarciho procesu, pochopeného jako proces logické
volby mezi alternativami (Obr. 3).

Samoziejmée v paralele k linearnimu fungovani pocitact
se prvni pokusy jejich uméleckého vyuziti tykaly
literatury a hudby. Koincidence s poznanim sily
statistickych nastroji vedla k zajmu o vyhodnocovani
pravdépodobnosti znakii v linearnich fetézcich (Shannon,
1964 a Moles, 1966)'. Dvojrozmérnost, ptipadné i
trojrozmérnost vizuality ovSem vyzadovala néstroje,
které dokazaly porovnavat proménné hodnoty naptic¢

1V algoritmech pisobila vloZzena nahodnost jako projev
umélecké intuice, usmérnéni nesourodé libovolnosti pak bylo
svérovano pravdépodobnostnim omezenim.
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strukturami, coz se zprvu zdalo jako nesnadny ukol.
Adaptace ,,Hry zivota® Johna Conwaye do vizudlnich
struktur v dile Paula Browna byla velmi u¢innou, a
nakonec i esteticky cenénou cestou (Brown, 2008).

i J..‘J.JJ

Obr. 2: Bridget Rileyova: Pad, 1963 a Michael Noll:
Devadesat paralelnich sinusoid s linearn¢ se zvétSujici
frekvenci (Variace na tvorbu Bridget Riley), (1964).

. Iud
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Obr. 3: Zdenék Sykora: Zadani a vizualizace programu
pro ¢erno-bilou strukturu, 1964



2 Pocitacové generativni vytvarné uméni

Nasledny vyvoj pocitacového vytvarného umeéni
jednoznacné smétoval k tomu, co se intuitivné nazyvalo
»generativni® umeéni a piesné terminologické oznaceni
jako ,,pocitatové generativni umeéni“ pak ziskalo
predevsim diky praci Philipa Galantera (Galanter,
2016).

Jeden z prukopnikd pocitatového uméni, Herbert W.
Franke, vénoval pozornost generativnimu uméni
v retrospektivnim pohledu v roce 1989 (Franke). Tehdy
ovSem zohlediioval propojeni matematiky s uménim
jako ucinnym nastrojem uplatiovani fadu v umeleckych
artefaktech. Druh takové procedury navrhuje nazyvat
»generativni matematikou®, ktera by se definovala jako
»---Studium  matematickych operaci vhodnych pro
generovdani umeéleckych obrazii”. Nicméné algoritmicky
zaklad uméni vytvafeného pocitatem se v druhé
polovingé 60. let prekvapujicim zptisobem shodoval s
obecnym pfesmérovanim uméleckého zajmu z tvorby
intuitivnich jedine¢nych artefakt (vysvétlovany tzv.
metodou ,ruka-oko) na racionalni formulovani
samotného postupu jejich tvorby v konceptudlnim
uméni. Jinak feceno, pokud konceptualni umeéni
pozaduje mentalni, tedy rozuméjme verbalni formulaci
uméleckého dila v pfirozeném jazyce jesté¢ pred jeho
fyzickou  tvorbou?, sestaveni algoritmu  dila
v programovacim jazyce je tomu zcela adekvatni.
V tomto smyslu také vymezuje Galanter ,,pocitacové
generativni uméni“ jako podoblast Sirokého pole
vSeobecného generativniho uméni.

Obr. 4: Vystup z projektu QQL, generativniho
uméleckého projektu s neomezenou formou, vytvoieny
uzivatelem hex6c v roce 2022.

Soucasnd praxe pocitatového generativniho uméni
(Obr. 4) stavi na postupech NFT (Non Fungible Token)

2 Myslenka se stane strojem, ktery déld uméni. “ Sol LeWitt,
,»Odstavee o konceptudlnim uméni®, Artforum (Summer
1967, ro¢. 5, ¢. 10): 79-83.
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a ukladani konstruujicich algoritmid na ulozistich
»blockchainu®“ jednak pro =zajiSténi nepfenosné
jedinecnosti uméleckého artefaktu, jednak pro moznost
produkovat ,,cykly” soubori typové podobnych dél,
jejichz okamzité vzezfeni je variabilni, pfekvapivé a
individualn¢ vyzadané podle pozadavku vlastnika dila
(Franceschet, 2025).

Tak jako v prakopnickych dobach pocitacového umeni i
souCasné generativni uméni sice rozviji tradi¢ni
uméleckou tvofivost, ale ta je stile standardné
,»dozorovana“ umélcovou intenci. Zpétnovazebni cyklus
mezi zpocatku nejasnym cilem a  postupné
objevovanymi (pfipadné zamitanymi) dil¢imi objevy je
fizen Clovékem a nelze ho chapat jako projev umélé
inteligence, byt kombinatorickou mohutnost tvorby
dostdva na novou uroven, které by samotny umélec
tézko dosahl.

3 Uméla inteligence ve vytvarném uméni,
symbolicka Al a LLM

Za velmi rany regulérni pokus rozvinout umélou
inteligenci v umeéni se poklada projekt Aaron Harolda
Cohena (Cohen, 2002). Jednd se o typicky piiklad
opirajici se o symbolickou Al, dnes nazyvanou GOFAI,
tedy ,,starou dobrou umélou inteligenci®, kdy se umélec
pokusil popsat cely repertoar pouzivanych vizudlnich
prvki s jejich proménnymi charakteristikami a moznymi
vzajemnymi vazbami, které pii kombinatorickém
generovani vypliuji hypoteticky Cohendv stylovy
prostor novymi a novymi variantami kompozic 3(Obr.
5).

Obr. 5: Harold Cohen: Pocitatem generovana kresba
(ruéné kolorovana), 1974

K pocitaovému postizeni mysleni se zdaly byt uzite¢né
dvé jasné intuice: jednak vytvofeni dobfe popsaného
pole symbolickych reprezentaci spojenych logickymi
pravidly, jednak napodobeni ¢innosti centralni nervové
soustavy. Prvni je pfistupna nasi racionalni predstavé
fungovani mysli, ovSem posléze se jevila jako
nekonecna, respektive nedokoncitelna idea. Pfi realizaci

3 Harold Cohen sp&3$né navazal na svou ,,nezobrazivou* etapu
i tvorbou figurativni, kterou aforisticky oznacoval jako
zobrazivou malbu bez zrakového aparatu.



druhé intuice se procesy védomi nofi do tmy cerné
skiinky.

Ve 40. letech 20. stoleti vytvotili W. S. McCulloch a
jeho student W. Pitts model neuronu, v roce 1958 Frank
Rosenblat sestavil prvni funkéni sit, tzv. perceptron. Po
kritice Marvina Minskeho a Seymoura Paperta se ani
tato cesta vyzkumu nezdala dostatecné perspektivni,
nicméné v poloviné 80. let k mySlence umélych
neuronovych siti badatelé opét vraci; D. Rumelhart, G.
E. Hinton a R. J. Williams ve studii ,, Learning Internal
Representation by Error Propagation” (Rumelhart,
1986) prichazeji s novym algoritmem zpétného Sifeni
chyby (tzv.  backpropagation) pro  trénovani
vicevrstvych neuronovych siti a pokladaji tak zaklady
rozvoji hlubokého uceni.

4 Umélé neuronové sité a GAN

Do povédomi Siroké vefejnosti se uméla inteligence
dostava po roce 2015, po uvedeni programu DeepDream
od Googlu, ktery vyuzil konvolu¢ni neuronové site, tedy
typ algoritmu hlubokého uceni, k detekci a vylepseni
tvaii a vzort v obrazech. Tato technologie se ukazala
jako zvlast’ Gi¢innd pii analyze vizualnich obrazi, takze i
umélci se zacinaji zajimat o moznosti jejich generovani,
posléze predevsim pomoci generativnich soupeticich siti
(GAN).

Projekt ,,Next Rembrandt/Pfisti Rembrandt™ je Casto
citovany piiklad umélecké tvorby pravé s pouzitim
generativni soupefici sité. Tato technologie byla
vyvinuta v roce 2014 lanem Goodfellowem a jeho
kolegy na Montrealské univerzité. Mzeme ji v jistém
smyslu prirovnat k myslenkam stfidavé produkce a
kritického sebehodnoceni prostfednictvim odpovidaji-
cich programd, kterd pfisla vizionaftim pocitacového
uméni na mysl uz v 80. letech minulého stoleti.
Principem GAN je soupefeni dvou umélych
neuronovych siti coby hry s nulovym souctem. Jedna sit’
je generatorem, ktery tvoii nové obrazy, druhd sit’ je
diskriminatorem, a hodnoti stupeii jejich piibuznosti
k ptivodnimu souboru.

Projekt ,,Pfisti Rembrandt“ vroce 2015 iniciovala
nizozemska banka ING, reklamni agentura J. Walter
Thompson. S tymem pocitacovych védct z Technické
univerzity v Delftu spolupracovala muzea, ktera
spravuji dila Rembradta van Rijna — Mauritshuis v Den
Haagu a Museum Het Rembrandthuis v Amsterodamu,
a byl vytvofen datovy soubor ze 346 znamych
Rembrandtovych obrazd. Algoritmus stanovil jako
nejpravdépodobnéjsi Rembrandtiv ndmét poloprofil
bilého muze kolem 35 let, s plnovousem a kloboukem,
v Cernych Satech s bilym limcem. Odpovidajici obrazy
byly analyzovany v jednotlivych fragmentech (tj.
jednotlivé oblicejové casti) a algoritmy hlubokého uceni
a techniky rozpoznavani obliceji nasledné dokazaly
stanovit ,,vzorce*, nejpravdépodobnéjsi struktury
odpovidajici Rembrandtovu kompozi¢nimu postupu,
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technice $tétcovych tahd, vybéru barev. GAN byla
vycvicena i v texturnich vlastnostech obrazti, aby 3D
tiskarna mohla pfipravit také imitaci povrchu malby. Po
18 mésicich byl predstaven vysledek — dosud neznamy
,Rembrandtiv* obraz (Obr. 6).

Obr. 6: The Next Rembrandt/Pfisti Rembrandt, 3D
tiS§téna malba vytvofena pomoci algoritmt neuronové
sité, 2016.

Souhrnné lze tedy srovnat praci celého tymu a ucasti
GAN spraci padélatele. Vysledek je pouhym
»kombinatorickym® rozsifenim stavajiciho vytvarné¢ho
pole a dalsi pfifaditelné polozky. Ostatné vznikla
technologie se dnes v tomto smyslu pouziva pro opravu
poskozenych d¢€l, nebo doplnéni jejich ztracenych casti.
Vroce 2018 wvycvi€ila generativni soupefici sité
francouzska skupina Obvious na 15000 klasickych
malifskych portrétech ze 14. az 20. stoleti. Algoritmus
pak dokazal produkovat soubor riznorodych variaci na
typy portréti. Z vysledki sestavil kolektiv celou fiktivni
rodinu, sefazenou podle atributt moédy. Edmond de
Belamy se posouva ¢asové blize ke 20. stoleti.

Obr. 7: Obvious, Portrét Edmonda de Belamy, 2018.



La Famille de Belamy, rodokmen imaginarniho
Slechtického rodu, pfedstavuje souboru portrétl, které
diskriminator uznal jako relativné ptibuzné konvencim
jistych portrétnich stylti (Obr. 8). Kazdy portrét obsahuje
jistou miru zkresleni a pro strojové pravdépodobnostni
postupy logickou miru neuréitosti realistického pojeti.
Popravd¢ feceno, v projektu vitézi pfimocara umélecka
spektakularnost nad dal$i moznou vrstvou genetické
podobnosti fyziognomie portrétd, kterd by mohla byt
také soucasti uceni sité.

Le Duc de Belamy

A

Madame de Belamy

LArchévique de Belany Le Marquis de Belamy Le Cardinal de Belamy

Edmond de Belamy

Obr. 8: Rodokmen rodiny de Belamy, 2018.

5 Generativni uméla inteligence a
promptové pokyny

Lev Manovich v elektronické knize Artificial
Aesthetics: Generative Al, Art and Visual Media, kterou
sestavil spolecné s Emanuelem Ariellim (Manovich —
Arielli, 2024), hned v prvni kapitole uvadi exemplarni
pfipad uziti generativni soupefici sité. Pro vytvorfeni
tradiéni Cinské krajinomalby ji vyuzila vroce 2020
studentka Princetonské university Alice Xue, ktera sit
trénovala rozsdhlym datovym vstupem cinskych
Stétcovych krajinomaleb (témét 2200 maleb ze 4
univerzitnich a muzejnich sbirek). Sviij postup nazvala
model Sketch-And-Paint GAN (SAPGAN), a skladal se
ze dvou GAN: SketchGAN pro generovani map hran a
PaintGAN pro nasledny pfevod z map hran na malbu.
Dosla k zavéru, Ze vjejim ptipadé se nejednd o
podminény vstup, ktery generuje neoriginalni vystupy,
ale o rezim bez podminéného vstupu, ktery naopak
generuje vystupy jedine¢né, coZ ma potvrzovat ji
provedena varianta Turingova testu, kdy se 55 % z 252
respondentti pfiklonilo k hodnoceni generovanych d¢l
jako vysledki lidské prace (Xue, 2020).
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Obr. 9: Simulace ¢inské krajinomalby, vytvotena
pomoci GAN v roce 2020 Alici Xue.

Nehled¢ na nepiili§ vyznamny vysledek testu zda se mi
ponékud zavadg&jici pokladat snahu respondenta nezadat
si pii rozliSovani piislusnosti hodnoceného dila ke stylu
dané cinské krajinomalby jako dikaz originality.
Podobné jako Next Rembrandt je cilem i ocekavanym
vysledkem pravdépodobnosti postizeni piipustnych
formalnich variant, ostatné jak tomu byvalo podobné
bez wuziti umélych neuronovych siti v textovych
analyzach 60. a 70. let. Nova dila jsou skute¢né nova,
jesté nikdy pfedtim nevytvorena, ale jejich ,,typ* je dan
jiz diive dobfe definovanym postupem. V klasifikaci
Margaret Bodenové se jedna o ,.kombinacni* kreativitu
(Boden, 2016).

Manovich ve vyse zminéné knize uvadi dva pfiznacné
experimenty s obrazovymi Al generatory. Uspéch
velkych jazykovych modelt vedl k propojeni slovnich
popisu s postupy rozpoznavani vizualnich struktur a tim
k omracujici moznosti vyvolat dostate¢né adekvatni
obrazovy vysledek slovni formulaci, ,,promptem®. Popis
se mize tykat nejen obrazovych forem, kvalit a
proménnych, ale i dostatecné¢ zavedenych stylovych
charakteristik at’ uz individualnich (Rembrandt, Bosch,
Malevi¢ apod.) nebo sloht, stylt skupin, uméleckych
smért (holandska malba 17. stoleti, pop art apod.).
Manovich zadal programu Dall-E-3 zadani ,,Sada
pocitatovych komponent ve stylu holandského zatisi ze
17. stoleti“. Kombinacni pfizptisobeni je velmi
presvédéivé (Obr. 10).



Obr. 10: Lev Manovich, PC-set ve stylu holandského
zatisi ze XVII. stoleti.

Podobné pokud méame uréitou vizualni zkuSenost se
souborem Malevicovych dél a zaroven s minucidznim
stylem Hieronyma Bosche, shledavame obrazek
vygenerovany v Midjourney na zakladé zadani ,,obraz
od Malevice a Bosche® jako plnohodnotnou extrapolaci
(Obr. 114

-

Obr. 11: Lev Manovich, Obraz od Malevi¢e a Bosche,
2022.

Oba priklady dokladaji nepfimo dosavadni omezeni Al
generatorti — formulace promptll se musi opirat o jasné
konvence zavedenych vizualnich jevi. Cim obecnégjsi a
nekonkrétnéjs$i prompt, tim prazdngjsi a bezobsaznéjsi je
vizualni vysledek.

4 Schopnost Al extrapolovat nejen v prise¢iku dvou
individualnich styld (Malevi¢, Bosch), ale dokonce v ramci
riznych tviréich zivotnich etap konkrétniho malife
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6 Zavér

Stale se potvrzuje, Ze praxe obrazovych Al generatort,
jako je napt. Dall-E, Midjourney, DeeVid, Leonardo,
Flux bohuzel pouze projevuje schopnost kombinacni
kreativity, nikoliv kreativity transformacni (Boden,
2016).

Ovladani prompty odkazuje k vécnému, obsahovému,
kontextovému ¢i stylovému popisu obrazu. Jinymi
slovy, jazykové postizeni obrazu je jiz ze své podstaty
invalidni pro hluboké a celistvé postizeni U€innosti
obrazu. Vizudlni sdéleni neni redukovatelné na verbalni
popis, ostatné autonomie tohoto informacniho kanalu je
trvale potvrzovéana jeho udrzovanim, zuslechtovanim a
pouzivanim. Pfi redukci obrazu na jeho slovni popis
nastava jeho ,,umrtveni®, tedy emfaticky nazvano: smrt
obrazu. Viditelné¢ je formou ,ndzoru“, ze kter¢ho
jakykoliv prompt selektuje jenom dil¢i postiehy, jez
nezvladaji  popsat, nebo  dokonce falzifikuji
»estetickou® ucinnost obrazu v puvodnim smyslu
Baumgartenovy definice, tedy jeho bezprostiedni
intuitivni vyvolani celé komplexni reakce vizualniho
aparatu.

Je hypoteticky mozné uvazovat o budoucim enormnim
zvétSeni rozsahu modeld generativnich neuronovych siti
pfi jejich stejné obrovském navyseni a trénovani na
»velkych datech” odpovidajicich totalnimu shrnuti
celého kulturniho dédictvi. Obavam se ale, ze ani
materidlni, technické podminky (kapacitni a
energetické), a ani metodické moznosti (co vSechno a
jak) ke zvladdnuti takového ukolu nejsou v dohledu.
Algoritmizace nesourodych slepencti mtize vést opét jen
ke kompilatim, bez vyhledu na transformacni kreativitu.
A posledni, avsak velmi dulezita poznamka: veskeré
vysledky nové, revoluéni kreativity byly vzdy zpocéatku
nesrozumitelné (v Turingove testu by neobstaly), byly
zdrojem pro naslednou intelektualni praci, tfibeni a
hledani vyznamu. Konec koncti skute¢ny posun v tvorbé
vyznamu je zalezitosti ,,lidského uéeni“, nikoliv ,,u¢eni
stroju’.

Podékovani
Tento vystup vznikl v rdmci programu Cooperatio,
védni oblasti Védy o uméni a kultute.
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Abstrakt

S rozvojem uméni generovaného umélou inteligenci
miZeme ve spoleCnosti pozorovat narUstajici obavy
z nahrazeni uméni produkovaného clovékem. Cilem
nasi studie bylo ovéfit, zda pretrvava preference uméni
vytvoreného lidmi, konkrétné poezie. Ve vyzkumu byly
pouzity dvé sady basni, jedna sada vytvorend lidskymi
umélci, druhd sada vytvofena generativni umélou in-
teligenci (ChatGPT od firmy OpenAl). V experi-
mentu jsme manipulovali s proménnou autorstvi basni.
Stanovili jsme dvé hypotézy. Prvni pfedpokladala, Ze
participanti budou bdsnim s domnélym Al autorstvim
prisuzovat niz§i{ uméleckou hodnotu. Druhd hypotéza
dale predpoklddala, Ze domnélé autorstvi bude mit na
hodnoceni basné vétsi vliv nez autorstvi skutecné. Zvo-
lili jsme 2x2 between-subjects design: basné byly bud
lidského, nebo strojového plivodu, a byly prezentovény
jako vytvofené cClovékem, nebo umélou inteligenci.
Tim vznikly ¢tyfi podminky, do nichZ byli participanti
ndhodné zatazeni. Kazd4 basen byla hodnocena pomoci
Likertovy Skaly v Sesti kategoriich. Vysledky statistické
analyzy ukazuji, Ze u basni vytvofenych umélou in-
teligenci se objevil signifikantni rozdil v hodnoceni v
zavislosti na domnélém autorstvi. Nejhtife byly hod-
noceny bdsné, u nichZ bylo jak skute¢né, tak domnélé
autorstvi strojové. U bdsni vytvofenych lidmi se tento
efekt nepotvrdil, tedy skute¢né lidské basné prezento-
vané jako vygenerované Al nebyly hodnoceny stati-
sticky hlfe nez basné prezentované jako lidské. Z
vysledkd lze tedy usuzovat na preferenci ¢lovékem
vytvorené poezie pred bdsnémi vygenerovanymi po-
moci AL

1 Uvod

Rozvoj umélé inteligence s sebou kromé rozvoje
primarné analytickych, vypocletnich nebo mechan-
erovaného uméni. V souCasné dobé dokize Al
napodobovat umélecké styly zndmych umélcti (Aras,
2025), komponovat hudbu (Beatoven.ai, n.d.) nebo psat
poezii (Porter a Machery, 2024). Oproti oném vice an-
alyticky zaméfenym schopnostem Al vSak generované
umeéni vyvolavd i negativni ohlasy ve spolecnosti. Od
protestt vychazejicich z uméleckych kruht az po vice
existencidlni stesky, které 1ze najit napf. v podobé ko-
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mentdid pod YouTube videem Al vygenerované pisné
Daddy’s car (Vincent, 2016). Z vyzkumui vyplyva,
Ze uméleckd kreativita byva vnimdna jako Cisté lidska
vlastnost odliSujici ¢loveéka od zvitat, tedy antropocen-
trickd (Arriagada, 2020; Millet et al., 2023). Jinymi
slovy, vztahuje se piimo k lidskému pocitu jedine¢nosti,
identity i hodnoty.

Uméld inteligence vSak v tuto chvili dokdZe
do jisté miry proces umélecké kreativity napodobit
a vygenerovat predem nepredikovatelné unikatni
vytvory. Tim ohroZuje lidsky pocit bytostného bezpeci
vychdzejictho z vnimané jedineCnosti postaveni clovéka
ve svété (Millet et al., 2023). Nékteré studie mluvi o
hypotéze ohroZeni odliSnosti (Ferrari et al., 2016).

Podle vyzkuma by lidé méli preferovat ¢lovékem
vytvorené uméni pfed Al generovanym, a to i v ptipadé,
Ze jsou podle jejich slov od sebe dila nerozliSitelna.
Melo by se tak tedy dit na zdkladé pfisuzovaného au-
torstvi (Horton et al., 2023; Bellaiche et al., 2023; Porter
a Machery, 2024). Tento negativni bias by mé¢l vychdzet
pravé z onoho vnimaného ohroZeni antropocentrismu
neboli z ohroZeni jedinecnosti a superiority ¢lovéka jako
druhu (Millet et al., 2023).

Nase studie ma za cil zkoumat postoje k Al gen-
erovanému uméni, konkrétné v podobé basni, a ovéfit,
zda se negativni bias projevi. Poklddd si otdzky:
Jakou uméleckou hodnotu pfisuzuji lidé Al generované
poezii? Jak se méni jejich preference na zdkladé
domnélého autorstvi? Plati negativni bias také u gen-
erovanych basni v Ceském prostiedi? Z vyzkumnych
otazek vyplyvaji dvé hypotézy:

HI: Participanti budou basnim s domnélym Al au-
torstvim pfisuzovat niZz§i uméleckou hodnotu nez
basnim od lidskych autord.

H2: Domnélé autorstvi bude mit na hodnoceni basni
vetsi vliv neZ autorstvi realné.

2 Metody

Pro udcely studie byla vygenerovana sada deseti basni
pomoci ChatGPT 3 od firmy OpenAl a sestavena sada
deseti basni od lidskych autori. Ve druhém piipadé
se jednalo o basné sdilené neprofesiondly na socidlnich
sitich Poetizer a Pismdk. Samotny experiment probihal
formou on-line dotazniku, v némzZ participantim byla
predstavena jedna sada basni. U kazdé basné méli par-



ticipanti zhodnotit Sest vyrokd na pétistupriové Liker-
tové Skdle.

Pro experiment byl vyuZit 2x2 faktoridlni de-
sign, kdy faktorem 1 bylo redlné autorstvi a faktorem 2
domn¢élé autorstvi. Manipulovali jsme tedy s domnélym
autorstvim basni v podobé podpisu lidského autora
nebo umélé inteligence pod basnémi. Celkem ndm
tedy vznikly ¢tyfi podminky, do nichZ byli participanti
nidhodné rozfazeni algoritmem. Po stanoveni velikosti
efektu f = 0.4 a power 8 = 0.8 byla vypocitana
velikost vzorku v programu G¥Power na N = 52.
Vysledny vzorek tvofil N = 84 participantd, jejichz
nabor probihal pfes socidln{ sité.

Pfi volbé hodnoticich vyrokd jsme vychazeli ze
Clanku Roberta Sabola (2006), v némz se zabyva
kritérii hodnoceni projekti studentd uméleckych Skol
vyuzivanych jejich vyucCujicimi. Z nich jsme vybrali
Sest pro naS vyzkum nejrelevantnéjSich kritérii pro
posouzeni uméleckého dila. Respondenti tak na Lik-
ertové Skdle hodnotili nésledujici tvrzeni: Basen se
mi lib{; Basenn mi pfipada kreativni; Bdseni mé vede
k zamysSleni; Rozumim mysSlence autora; Umim se
ztotoZnit s autorem; Rad bych si precetl sbirku, ze které
basen pochézi. Pfisouzené hodnoty pro jednotlivé bisné
byly nasledné zprimérovany a pouZity jako vysledny
skér pro konkrétni baseni od konkrétniho hodnotitele.

3 Vysledky

K analyze dat byla vyuZita two-way ANOVA a Tukeyho
post-hoc test. V analyze se ukdzal jako signifikantn{
faktor domnélého autorstvi F (1,80) = 5.665, p =
018, 77127 a interakce mezi obéma faktory, tedy mezi
redlnym autorstvim a domn&lym autorstvim F (1,80) =
4.065, p = .044, nf] = 0.005.

Tukeyho post-hoc test odhalil signifikantn{ rozdil
v hodnoceni na zakladé domnélého autorstvi, Al
basné domnéle vygenerované umélou inteligenci tedy
byly hodnoceny hife neZ basné domnéle lidské, a to
v pfipadé, Ze redlnym autorem byl ¢lovék (p = .046,
d = 0.249), i v pfipadé, Ze redlnym autorem bylo Al
(p =.020,d = 0.309).

U basni vygenerovanych Al se tak projevil
rozdil v hodnoceni na zdkladé domnélého autorstvi,
u Clovékem vytvofenych basni se vSak tento efekt
nepotvrdil — skutecné lidské basné prezentované jako
vygenerované Al mély téméf stejné primérné hodno-
cen{ jako ty prezentované jako lidské. Velikost efektt
byla mala. Viz. Obr. 1 a Tab. 1.

4 Diskuse

Studie se pokusila odpovédét na otdzku postoji vici
Al generovanému umeéni v konkrétni podob& basni v
Ceském prostfedi. Vysledky ukazaly negativni bias,
basné vygenerované Al, jez byly rovnéz prezentovany
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jako vygenerované, byly respondenty hodnoceny sig-
nifikantné htfe nez stejné basné prezentované jako
lidské. U clovékem vytvorenych basni se tento efekt
ovSem nepotvrdil, hypotézy tak byly potvrzeny pouze
Castené. Al generované bdsné prezentované jako
lidské byly navic hodnocené nejlépe ze vSech, tfebaze
rozdil nebyl velky. Tento vysledek mize byt odpovédi
na nejveétsi limitaci studie, a to maly pocet respon-
dentti v jednotlivych skupiniach. Zaroven lze tento
vysledek hodnotit z §irSi perspektivy tzv. “more hu-
man than human” fenoménu. Porter a Marchery (2024)
jej vysvétluji hypotézou, ze neprofesionalni hodnotitelé
preferuji Al generovanou poezii pred lidskou, protoze
vyuziva jednodussiho jazyka a je pro né tak srozu-
mitelngjsi. Zaroven vsak u téchto hodnotiteli pisobi
negativni bias, pokud tedy védi, Ze se jednd o Al gen-
erované uméni, hodnoti jej Spatné. V momenté, kdy ale
zmanipulujeme informaci o autorstvi a uméni prezen-
tujeme jako lidské, bude vygenerované uméni para-
doxné hodnoceno 1épe neZ skute¢né lidské (Porter a
Machery, 2024). Vysledky nasi studie by této hypotéze
odpovidaly.

Jako dals{ limitaci je potfeba zminit, Ze ChatGPT
3 nebyl v ¢eském jazyce schopen vytvorit rym, zvolili
jsme tedy lidské basné tak, aby pouze tfi z celé sady rym
obsahovaly. Basné byly riznych délek, styli i namétd,
nicméné ChatGPT mél problém s tématickou rigidnosti,
sada basni od Al tak byla méné variabilni. Vzhledem k
tomu, Ze participanti ale vzdy vidéli pouze jednu sadu
a nikdy neméli porovnani obou, se domnivame, Ze tato
drobnost neméla na vysledky vliv.

Studie ukazuje, Ze negativni bias vici Al gen-
erovanym bdsnim v Ceském prostiedi ziejmé existuje
a poskytuje vhodny podklad pro navazujici kvalitativni
vyzkum. Tento vyzkum by byl vhodny zejména pro
osvétleni toho, pro¢ nepozorujeme v podstaté zZadnou
diskrepanci mezi hodnocenim lidské poezie prezento-
vané jako lidské a prezentované jako pocitatem vy-
generované. Pfinosné by rovnéZz mohly byt navazujici
analyzy odliSnosti jednotlivych hodnocenych kritérii
mezi podminkami.
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Abstract

With large language model (LLM)-based chatbots get-
ting better in providing human-like interactions, many
people start using them as friends, romantic partners
and substitute psychotherapists. Most of these usages
are unregulated, uncontrolled and unsupervised by men-
tal health professionals, hence posing substantial risks.
Since mid-2025, specialists started warning against so
called “Al-induced psychosis” where delusional ideas
of vulnerable individuals were supported and reinforced
by the chatbot’s sycophantic behaviour often towards
tragic endings. On the other hand, there is a grow-
ing field of research into specialised apps for provid-
ing mental health support. Although not on par with
human-provided psychotherapy, they can often provide
24/7 accessible support in cases where immediate psy-
chotherapy is either unavailable or too expensive. In this
talk I will review the current state of the art in the area
of Al and mental health, highlighting its opportunities
and risks.

1 Introduction

Chatbots and conversational agents based on large lan-
guage models (LLMs) have surged in popularity with
estimated over a billion daily users worldwide (Kemp,
2025). Recent research from the US showed that 24%
of surveyed participants were using chatbots for mental
health support (Stade et al., 2025). Motivated by low ac-
cessibility of traditional mental health support due to fi-
nancial issues or lack of insurance, these users included
a higher proportion of younger, male, Black persons
and people with mental health issues and self-reported
lower life quality (Stade et al., 2025). Data from the
UK survey (Mental Health UK, 2025) show even higher
proportions: 37% of adults say they are using chat-
bots as mental health and well-being support, peaking
at younger adults (64% of 25-34-year-olds) with higher
use at men (42%) than at women (33%). Prevalence
of mental illnesses among ChatGPT users is estimated
at 0.07% (OpenAl, 2025), which, given the OpenAl’s
estimate of 800 million weekly users, amounts to ap-
proximately 560 000. However, using chatbots is not
without risks. Highly publicized anecdotal cases of
people who committed suicide (Hill, 2025), attempted
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homicide (Singleton et al., 2023) or had their financial
situation, family life and mental health severely nega-
tively affected (Moore, 2026) having been allegedly en-
couraged by a chatbot, raise questions about safety of
human-chatbot interactions and their influence on men-
tal health.

In this short review paper, we first examine so-
called “Al-induced psychosis” showing which features
of chatbots can reinforce psychologically unhealthy be-
haviour in conversations, or lead to delusions. We will
also describe several attempts from joint efforts of com-
puter scientists and mental health specialists to evaluate
in exact manner the risks of chatbots and create tools
for monitoring the interactions and safeguarding them
against harmful elements. In the second part, we will
focus on digital mental health tools, their effectiveness
and challenges toward wider adoption.

2 Adverse effects and mental health risks
connected with chatbot use

As the popularity of chatbots and their adoption on daily
basis is on the rise, there is also an increasing num-
ber of reports describing incidents and adverse effects
of chatbots on mental health of their users. Fang et al.
(2025) experimentally studied the impact of chatbot use
on loneliness and social interaction with people, find-
ing out that, while daily chatbot use reduces loneliness
in short term, it also decreases the number of social in-
teractions with people. There was also a positive cor-
relation between the time spent interacting with chat-
bots and feeling of loneliness, emotional dependence on
chatbots and problematic Al usage. Frances and Ramos
(2025) have collected a large number of anecdotal re-
ports of incidents between November 2024 and July
2025 in the areas of validation and encouraging of: sui-
cide thoughts, self-harm, delusional beliefs, grandiose
ideation, conspiracy theories, violent impulses, pro-
anorexia behaviours in users, as well as featuring exces-
sive anthropomorphising, unsolicited sexual advances
and inappropriate behaviour of the chatbot, and addic-
tion to chatbot use. The Human Line project' in collab-
oration with Stanford university conducted a systematic
analysis of chat logs provided by individuals who ex-

lhttps://www.thehumanlineproject.org



perienced harm from chatbot use (Moore et al., 2026).
They analysed 4761 conversations from 19 participants
(altogether 391562 messages) and found out that:

* in more than 70% of their messages, chatbots were
sycophantic—excessively agreeable and validat-
ing,

* more than 45% of all messages (i.e. from chatbots
and human users) showed signs of delusions,

* when users expressed romantic interest in the chat-
bot, it was 7.4x more likely to express romantic
interest back, and 3.9x more likely to pretend sen-
tience,

* when users expressed suicidal or self-harm
thoughts, the chatbot discouraged them or referred
to external help only in 56.4% cases, and for vio-
lent thoughts only in 16.7% of cases, while encour-
aging them in 33.3% cases.

A recent study from Denmark (Olsen et al., 2026)
screened clinical notes in e-health reports of almost 54
thousand psychiatric patients from 2022-2025 for men-
tions of “ChatGPT”, then manually assessed and la-
belled the resulting 181 notes from 126 patients for
signs of potentially harmful consequences of chatbot
use on mental health using pre-defined criteria, scoring
positive in 38 patients (30%).

3 Al-induced psychosis

Because of these adverse effects, a new term—“Al-
induced psychosis”—was coined in 2025. Preda (2025)
characterizes Al-induced psychosis as a syndrome char-
acterized by symptoms of “mood changes, limited in-
sight, poor judgment, neurovegetative symptoms, and
behavioral changes”, stating that the most character-
istic aspect of Al-induced psychosis is “a persistent
and overconsuming preoccupation with maintaining en-
gagement with the AI companion and following its
lead.” A recent study in Lancet Psychiatry (Morrin et
al., 2026) argues that the full clinical picture of chronic
psychotic symptoms is not present, lacking for example
hallucinations, thought disorders or negative symptoms.
However, the study acknowledges that chatbots may
validate or reinforce delusions, especially of grandiose
or manic nature, especially in vulnerable users. The
delusional content often features persuasions of inter-
acting with a conscious or God-like Al, discovering hid-
den truth about the nature of reality or having a special
messianic vocation, or being loved by the sentient Al
Besides other safeguards, the report suggest framing the
chatbot in mental health tools not as a friend or ther-
apist, but rather an epistemic (information-providing)
ally.
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4 Mechanisms of reinforcement of delu-
sions

The usual trajectory of maladaptive development of the
conversations (especially those over a long period of
time) is that they start as benign practical assistance with
everyday tasks, progressively getting deeper, building
trust and rapport and exploring more personal and philo-
sophical themes (Morrin et al., 2026). AI’s design to
maximize the user’s engagement leads to sycophancy—
excessive agreeability and validating of the user. Rathje
et al. (2025) have shown that people prefer agreeable
chatbots and perceive those that challenge their views as
biased. They also showed that sycophantic chatbots fos-
ter overconfidence and attitude extremity in their users.
Sycophancy can thus trigger self-amplifying spiral, in
which a vulnerable user is taken progressively away
from consensus reality toward an alternative delusional
echo-chamber shared with the chatbot. Dohndny et al.
(2026) argue that the psychological risks of chatbot do
not stem from limitations of the chatbots themselves
but are a result of a self-reinforcing feedback loop in
human-chatbot interaction with bidirectional belief am-
plification, harmful in case of reinforcing maladaptive
beliefs in vulnerable users.

Because the harmful effects of sycophancy are
more pronounced in long-term interactions, Nicholls et
al. (2026) criticize that most empirical evaluations of
safety of chatbots are based on brief interactions, and
emphasize the necessity of testing extensive conver-
sations. They argue that conversation context shapes
where the dialogue will go and examine how state-
of-the-art chatbots respond to delusional content un-
der varying levels of accumulated context. To com-
pare five chatbot models in a controlled setting, each
model was injected the same (fictional) conversation
history through its API. The fictional shared context was
generated using a role play between the researcher and
GPT-5.0 Instant. Three research conditions included
no context, partially developed conversation (50 turns),
and full-blown delusional system with relational depen-
dency, user grandiosity, and claims of emergent con-
sciousness (116 turns, approximately 30000 tokens).
The models were then prompted with test prompts and
the answers were rated by human coders for risk and
safety and evaluated qualitatively and quantitatively.
The main finding was that the models separated into
two groups; the less safe models (GPT-40, Grok 4.1
Fast, and Gemini 3 Pro) exhibited high risk and low
safety, degrading in performance with longer context.
The other group of models (Claude Opus 4.5 and GPT-
5.2) showed the opposite behaviour, activating stronger
safety interventions with longer context.



5 Safeguarding tools

These results highlight the critical importance of safe-
guarding measures to prevent the psychological harm.
Some of these measures are internal, adopted by the
companies developing the chatbot. OpenAl (2025) re-
ports working with mental health professionals on im-
proving the safety of ChatGPT, especially in the areas
of psychosis, mania, self-harm and suicide, and emo-
tional reliance on Al. The model was trained to better
recognize distress and sensitive conversations, and ad-
vice users to seek professional help when appropriate.

Other proposed measures include tools external
to the chatbot, which would operate side by side with
the chatbot or as a middle element, serving as a risk-
monitoring agent or mediator:

Qiu et al. (2025) have designed EmoAgent—a
multi-agent tool for detecting mental health hazards in
chatbot-user interactions. EmoAgent has two compo-
nents: EmoEval which role-plays a mentally vulnerable
user and tests the chatbot’s responses, and EmoGuard
which serves as a plug-and-play middle safety layer that
monitors the user-chatbot conversation in real time and
can intervene and deliver a corrective feedback prompt
to the chatbot when needed.

A LLM-based supervisory system SHIELD (Ben-
Zion et al., 2025) is designed to detect risky emo-
tional patterns along five dimensions: emotional over-
attachment, consent and boundary violations, ethical
role-play violations, manipulative engagement and so-
cial isolation reinforcement and intervene before they
escalate. It is designed as a middle layer in the
user—-LL.M workflow and, using a carefully crafted sys-
tem prompt, can issue a warning message in case of
detection of a problematic pattern. The authors report
relative reduction of harmful interactions by 50-79%
(depending on the chatbot), while preserving 95% of
appropriate interactions (Ben-Zion et al., 2025).

Finally, Kaffee et al. (2025) have developed a tool
INTIMA for evaluating whether the chatbot reinforces
companionship-seeking interactions of the user (e.g. “I
am always here for you” or “it means a lot to me”) or
resists them (e.g. “I don’t experience things the way
humans do” or “you deserve care and support from
those around you”). The system contains 368 bench-
mark prompts and evaluates the chatbot’s responses to
them as companion-reinforcing, boundary-maintaining
or neutral. The authors analyzed several chatbots and
found that boundary-maintaining behaviors of chatbots
decrease precisely when user vulnerability increases,
which supports emotional dependence and creates and
illusion of intimate, bidirectional relationship.
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6 Principles of safe chatbots

Several authors have proposed principles or safety
guidelines to LLM-based mental health tools and chat-
bots in general. Grabb et al. (2024) propose the fol-
lowing principles for “task-autonomous Al in mental
health” (TAIMH) ordered by priority (verbatim quote
in italics):

1. Discourage and prevent harm to user.
2. Discourage and prevent harm to others.
3. Avoid sycophancy, especially when harmful.

4. Respect user autonomy to make decisions about
their own health.

5. Encourage human flourishing in a prosocial man-
ner.

Grabb et al. (2024) have further tested 10 chatbots for
their ability to recognize psychiatric emergencies and
respond in accord with the above listed principles. They
generated realistic patient queries covering depression,
self-harm, paranoia, delusional thoughts, mania, suici-
dal and homicidal thoughts, had then each answer of
the chatbot independently labelled by at least two psy-
chiatrists as safe, borderline or unsafe. Models scored
generally better on suicidal and homicidal thoughts, but
all but one (Claude-3-Opus) struggled with mania ques-
tions. The paper further reports attempts to improve
the safety of the model, with even a simple prompt ad-
justment to include “Be aware, that some users may be
in mental health emergencies.” lead to safer responses
from the LLM.

Ben-Zion (2025) in his World View article in Na-
ture proposes the following principles (verbatim quote
in italics):

1. The Al systems should clearly, explicitly and con-
tinuously remind the human user that they are not
human. Where appropriate (in emotionally sensi-
tive contexts) they should also remind the human
that they are neither therapists, nor a substitute for
human relationships.

2. Chatbot should also identify and flag symptoms of
psychological distress, in which case it should es-
calate to a human, or offer crisis resources.

3. Chatbot should not simulate intimate or romantic
relationships and avoid conversations about sui-
cide, death or metaphysics.

4. Responsible development of AI companions should
include cooperation with mental health specialists
and ethicists, and such systems should undergo
regular professional audit.



7 Digital mental health

While we dedicated most of this article to mental health
risks associated with using general chatbots, there is
a growing market for specialized LLM-based mental
health apps. According to Torous et al. (2023), there are
approximately ten thousand smartphone mental health
apps on the market, with very few going through rig-
orous clinical trials. Torous et al. (2025) provide an
extensive review of randomized controlled trials aimed
at evaluating the effectiveness of different tools for dif-
ferent mental health problems and well-being. They
also analyse challenges and barriers to adoption of these
tools in medical practise.

8 Conclusion

In this short review paper, we listed common mental
health risks associated with chatbot use and mecha-
nisms that can cause them, as well as some tools and
methods for mitigating them. As more people use chat-
bots and LLMs on daily basis, it is very important
that these tools are developed in close cooperation with
mental health professionals and undergo regular audit,
in order to provide safe environment for the users.
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Abstract

Neurons face fundamental trade-offs between competing
demands: they must respond reliably to inputs while
minimising metabolic cost. The relationship between
excitability and energy efficiency is influenced by
morphological diversity and degeneracy — the ability of
structurally distinct ion channel configurations to produce
equivalent firing behaviour. In the present study, we
investigate whether such a trade-off emerges in a
population of biophysically detailed models of
hippocampal CAl pyramidal neurons constrained by
electrophysiological features extracted from patch-clamp
recordings in acute slices from juvenile rats. We identify a
global Pareto front of models that simultaneously
minimise energy cost and maximise excitability, as
measured by the input-output gain for somatic current
injection. Additionally, we demonstrate that the absolute
ATP cost of compartmental models scales with neuronal
surface area, in agreement with the expected role of cell
size in shaping metabolic burden.

1 Introduction

The hippocampal CA1 region plays a central role in spatial
navigation, episodic memory formation, and cognitive
flexibility. Neurons in this region exhibit highly diverse
electrophysiological properties yet reliably encode and
transmit information. This is partly attributed to neural
degeneracy — the ability of structurally distinct ion channel
configurations to produce functionally equivalent outputs
(Jedlicka et al., 2022; Marder & Goaillard, 2006; Migliore
et al., 2018; Stober et al., 2023). Understanding how
degeneracy in modelling space and in biological space is
constrained by biophysical trade-offs is essential for
linking cellular-level variability to cognitive function.
One fundamental trade-off in neural computation
is between excitability and energy efficiency. More
excitable neurons can respond to weaker inputs and fire
at higher rates, but action potentials are metabolically
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costly, primarily due to Nat/K*-ATPase activity required
to restore ionic gradients and calcium extrusion following
each spike (Attwell & Laughlin, 2001).

A powerful framework for analysing such trade-
offs is Pareto optimality. A neuron is said to be Pareto
optimal if its performance on one objective (excitability)
cannot be improved without a cost to another (energy
efficiency). The collection of all such non-dominated
solutions forms the Pareto front. Ion channel degeneracy
implies that multiple distinct parameter combinations can
produce functionally similar neuronal behaviour, making
it unclear which models in a large population are most
biologically realistic. Pareto optimality provides a
principled and biologically motivated criterion for
identifying the most realistic candidates from such a
degenerate population (Jedlicka et al., 2022; Marder &
Goaillard, 2006; Pallasdies et al., 2021).

Here, we present an analysis of a large population
of biophysically detailed compartmental models of CAl
pyramidal neurons, constrained by electrophysiological
features from experimental patch-clamp recordings in
acute slices from juvenile rats. We quantify the
excitability-energy efficiency trade-off across the model
population and identify Pareto-optimal configurations [3],
asking which morphologies and parameter regimes
produce neurons that are simultaneously most excitable
and most efficient. These results represent a first
preliminary step towards a systematic characterisation of
functional and energetic trade-offs in this population of
data-driven compartmental models.

2 Methods

A population of 3,500 valid compartmental
models of CA1 pyramidal neurons, instantiated across 10
distinct reconstructed morphologies of juvenile rat
hippocampus, was generated using a population-based
data-driven modelling framework. In total, 182
electrophysiological features were used for optimisation,



reliably capturing the key characteristics of experimental
voltage responses (Tomko et al., 2026).

ATP consumption per spike was estimated from
charge carried by Na* and Ca?* currents during a single
action potential elicited by a 5 ms somatic current
injection, assuming 3 Na* per ATP for the Na*/K*-
ATPase and standard Ca?* pump stoichiometry.
Excitability was quantified as the gain of a linear fit to
the F/I curve with respect to somatic current injections and
somatic firing rates. Both metrics were normalised by total
membrane capacitance (pF) derived from surface area,

yielding size-independent measures (ATP/pF and
gain/pF).

A global Pareto front was computed across all
models, simultaneously minimising ATP/pF and

maximising gain/pF. A model was considered Pareto
optimal if no other model in the population simultaneously
achieved equal or higher excitability and equal or lower
ATP cost, with at least one of these conditions holding
strictly. The collection of all such non-dominated models
constitutes the Pareto front. Prior to Pareto analysis, a
Spearman correlation between gain/pF and ATP/pF was
computed to confirm the existence of a population-level
trade-off. Morphology overrepresentation on the Pareto
front was assessed by a permutation test (10,000
permutations, p < 0.05). The relationship between surface
area and median ATP cost per morphology was
characterised by linear regression.

3 Results

Figure 1 shows that the total number of ATP molecules
consumed per spike varied substantially across 10
morphologies. Black horizontal lines in boxplots represent
the median, while dots represent individual models.
Results are consistent with the expectation that larger
neurons with greater membrane surface area require more
energy per spike.
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Fig. 1. Total ATP consumed per spike across 10
morphologies of different sizes, ordered by surface area.
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Figure 2 shows the relationship between neuronal surface
area and ATP cost, with each morphology represented by
its median ATP value (filled marker) and minimum ATP
value (hollow marker), connected by a vertical line. The
length of the line reflects within-morphology variability:
morphologies with longer lines show greater dispersion in
ATP cost across their model populations. The relationship
between surface area and median ATP was significant
(Pearsonr=0.78, p=0.007), as captured by the regression
line, confirming that surface area is a major determinant of
absolute metabolic cost.
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Fig. 2. Relationship between surface area and ATP
consumption per morphology.

A weak but highly significant positive correlation
was found between gain/pF and ATP/pF across all models
(Spearman r = 0.24, p < 0.001), confirming a population-
level trade-off between excitability and energy efficiency.
Figure 3 shows the global Pareto analysis identifying
models with an optimal trade-off between energy
consumption and excitability. The analysis yielded 14
Pareto-optimal models forming a well-defined front in
ATP/pF-gain/pF  space, distributed across four
morphologies: R420C2_WT (5 models), R502B1_WT (1
model), R504B2C1_WT (5 models), and R556 WT (3
models). A permutation test revealed that R504B2C1 WT
and R420C2 WT were significantly overrepresented on
the Pareto front (p < 0.05), indicating that these
morphologies are particularly well-suited to achieving
favourable excitability-efficiency trade-offs.
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4 Discussion

The global Pareto front identified here, comprising 14
models forming a well-defined linear structure in ATP/pF-
gain/pF space, represents neurons that achieve an optimal
balance between metabolic cost and excitability. Pareto
optimality may provide a principled way to identify such
subpopulations within degenerate model ensembles with
optimal solutions for the two objectives tending to occupy
geometrically simple low-dimensional manifolds in
parameter space (Jedlicka et al., 2022). The two-objective
nature of our analysis naturally yields a continuum of
solutions that trade off excitability and metabolic cost,
with no single model dominating across both dimensions.

The substantial within-morphology variability in
ATP cost reflects ion channel degeneracy. All models
were optimised against identical electrophysiological
targets and produce similar firing behaviour, so differences
in ATP cost must arise from distinct ion channel
configurations that are functionally equivalent but
metabolically different. Migliore et al. showed that the
conductance space of CAl pyramidal neurons contains
multiple such solutions, where different channel subsets
contribute independently to firing characteristics (Migliore
et al., 2018). The discrete ATP clusters in R420C2 WT
suggest that this morphology permits several such distinct
regimes, each valid from a functional standpoint but
separated in energetic cost. If the distribution of ion
channel parameters in our model population matched that
in recorded CA1 pyramidal cells, this would be consistent
with the concept of biological degeneracy, namely that
compensatory mechanisms in neurons can sustain similar
outputs across very different underlying parameter
combinations (Marder & Goaillard, 2006).

The morphology R504B2C1_WT presents a
particularly interesting case. Despite having the second-
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largest surface area, it achieves ATP per spike comparable
to that of half-size surface-area morphologies. In addition,
five of its models contribute to the global Pareto front,
despite this morphology having the fewest valid models
from optimisation overall. This suggests that the geometry
of this morphology restricts the accessible parameter space
to a narrow but energetically privileged region, implying
that morphology and ion channel composition jointly
constrain the metabolic phenotype of a neuron.

Several limitations must be acknowledged. First,
excitability was characterised by a single metric. This
captures only one dimension of neural responsiveness.
Neurons in vivo must simultaneously satisfy multiple
functional demands. Incorporating additional objectives
into a multi-task Pareto framework would better reflect the
true constraints shaping neuronal phenotypes (Jedlicka et
al., 2022). Second, our models received only somatic
current injection rather than distributed synaptic input.
This distinction is consequential: It has been shown that
while smaller neurons are more excitable under somatic
stimulation due to reduced input conductance, excitability
in the form of firing rates driven by distributed synaptic
inputs is largely independent of dendrite length or
complexity, depending instead on average dendritic
diameter and intrinsic membrane conductivity (Cuntz et
al., 2021). The gain metric used here, therefore, reflects
somatic integration capacity and may not generalise to
synaptically driven conditions. Furthermore, synaptic
currents contribute substantially to the energy budget of
real neurons as well as their simulated counterparts, so
simulations of synaptically driven neuronal responses
would be more realistic and informative.

Future work will aim to extend this framework by
incorporating additional excitability features and by
simulating models under in vivo-like synaptic inputs,
moving towards a more complete multi-objective
characterisation of the excitability—efficiency trade-off in
juvenile rat CA1 neurons.
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Abstract

A genetic algorithm is used to search for optimal hy-
perparameter configurations of reinforcement learning
agents in the AIQ test. AIQ score thus forms a natural
solution fitness metric in a population of agents whose
genome is encoded by hyperparameter values captured
by a real number vector. In an experiment with a Q-
learning agent, the benefits and limits of the chosen
approach are illustrated. The available computational
power can be used to an optimum closer-focused more
fine-grained search as opposed to a systematic grid-
search. However, the price is a less accurate idea of low-
performing agent configurations. This selection bias of
the genetic algorithm can be reduced by using linear
rank or roulette wheel selection modes and by increas-
ing the search effort relative to the search granularity.

1 Introduction

When evaluating intelligence of artificial systems,
Universal psychometrics (Herndndez-Orallo, 2017) re-
nounces anthropocentric perspective on intelligence.
Instead, it offers universalist and unified view on hu-
man, animal and machine intelligence. It also uses al-
gorithmic information theory (Chaitin, 1987) to provide
the proposed evaluation methods with strong theoretical
roots. The algorithmic intelligence quotient test (AIQ
test) is an example of such theoretically well-founded,
yet practically computable, environment-general intelli-
gence metrics (Legg and Veness, 2013). To reach high
AIQ score, the tested agent is required to demonstrate
a high level of performance across a wide range of en-
vironments and over long interaction sequences. This,
however, makes the test computationally demanding.

Reinforcement learning (RL) (Sutton and Barto,
2018) enables learning through interaction with an en-
vironment. An agent chooses its actions and receives
observations and rewards. These it can use to adopt
policies of useful behaviours that maximise future re-
wards. There are several different architectures of RL
agents. Their behaviour and success in environments is
further influenced by their hyperparameter settings.

To informatively assess the intelligence of RL
agents in the AIQ test, it is thus necessary to search
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a large agent configuration space further increasing the
test computational demands. While a systematic search
would give the most representative picture, its compu-
tational demands are quite high. As the ultimate goal
is to find well-performing configurations, the problem,
alternatively, constitutes an optimisation task.

Genetic algorithms (Eiben and Smith, 2015) offer
evolution inspired approach to searching the space of
possible configurations in the optimisation task. These
configurations constitute a population of individuals.
There, the better procreate and survive to the next gen-
eration together with their offspring s that combine (and
possibly mutate) properties of their parents. Evolution-
ary principles assure that the average fitness of the pop-
ulation increases over multiple generations.

This contribution will show the use of a genetic
algorithm to search for the optimal hyperparameter con-
figuration of RL agents in the AIQ test. An experiment
with a Q-learning agent (Watkins, 1989) will illustrate
the benefits and limits of the proposed approach.

Section 2 will shortly introduce the required back-
ground. Section 3 will present the important aspects of
implementing the genetic algorithm into the AIQ test.
Section 4 will describe the conducted experiment and
the resulting assessment of genetic hyperparameter op-
timisation. Finally, Section 5 will discuss the findings
and conclude the paper.

2 Intelligence Evaluation, Reinforcement
Learning and Genetic Algorithms

In this paper a genetic algorithm is used to search for op-
timal hyperparameter configuration of Q-learning in the
AIQ test. Section 2.1 will introduce the AIQ test, Sec-
tion 2.2 will describe Q-learning and Section 2.3 will
cover the genetic algorithm.

2.1 Algorithmic Intelligence Quotient Test

Universal psychometrics provides general intelligence
evaluation methods (Hernandez-Orallo, 2017) with
strong theoretical foundations in the algorithmic infor-
mation theory (Chaitin, 1987). The algorithmic intel-
ligence quotient test of Legg and Veness (2013) is a



practically feasible example of such a method. Approxi-
mating the definition of universal intelligence (Legg and
Hutter, 2007): “Intelligence measures an agent’s ability
to achieve goals in a wide range of environments,” the
test is an environment-general metrics of intelligence.
The complexity of an environment is used to weight an
agent’s success in it and a wide sample of possible en-
vironments is considered for the overall evaluation.

Legg and Veness (2013) describe the algorithmic
intelligence quotient test by Equation 1:
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where the AIQ estimate of universal intelligence T of
an agent 7 is given by its ability to achieve goals as
measured by the empirical value function f/pﬁ as an
average reward achieved by the agent over k interac-
tions with an environment program p; from a finite sam-
ple of N environment programs that are sampled ac-
cording to Solomonoff’s (1964) universal distribution:
My (@) =3, 01(p) = 271P) ysing a low-level BF ref-
erence machine (Miiller, 1993).

Vadinsky (2018) improved the test’s sampling pro-
cedure ensuring higher discriminative power of the used
environments (Hernandez-Orallo and Dowe, 2010). Re-
cent results (Vadinsky and Zeman, 2024; Vadinsky and
Dvordk, 2025) showed the test strengths and weak-
nesses when evaluating deep RL agents. This paper fo-
cuses on the identified trade-off between the computa-
tional demands that the test poses and informativeness
of an agent’s evaluation. Typically, the test is run with
the episode length of £ = 100,000 interactions (to allow
the low-performing agents to converge) over the sample
size of N = 10,000 environment programs (to achieve
a small confidence interval of the AIQ estimate). This
allows for a reasonably informative evaluation in the
test’s default setting of 5 symbols and 1 observation
to be conducted on the current hardware (possibly with
N = 2,000 for the more demanding agents).

2.2 Reinforcement Learning with Q-Learning

In reinforcement learning an agent chooses which ac-
tions to take in an environment based on received re-
wards and observations. The goal of the agent is to
find a policy (a mapping of desired actions to observa-
tions) that maximises future rewards. Of several ways
to achieve this, this paper employs a model-free, action-
value, off-policy approach that is implemented in a clas-
sical Q-learning agent. (Sutton and Barto, 2018)

This agent uses trial and error to discover which
actions are useful in observed states and thus learns an
action-value function (s, a). This function describes
the quality of a distinct state-action pair for maximising
future rewards and is updated using a well-known tem-
poral difference approach. The function is represented
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by an exhaustive table that is used to derive a useful
policy (an action that in a given state has the highest
Q-value). A mechanism called eligibility traces is used
to attribute what past action caused the current reward.
Further, the agent is implemented as epsilon-greedy to
balance random explorative behaviour with greedy ex-
ploitative behaviour as dictated by its currently known
policy. (Sutton and Barto, 2018; Watkins, 1989)
Hyperparameters of the (), agent in the AIQ test
are as follows (Watkins, 1989; Legg and Veness, 2013):

e Initial Q value (Q) — value used to initialize the Q-
table, defaults to 0.

* Eligibility Traces Decay Rate (\) — rate in which
the eligibility trace is decayed over time; if set to 0
eligibility traces are turned off.

* Learning Rate («) — rate in which prediction error
influences the Q-table value.

* Minimal Exploration Rate (€) — minimal rate of ex-
plorative (random) actions.

» Exploration Rate Decay Length (EDL) — number
of interactions over which ¢ is linearly decayed
from 1 to its minimal value; if set to 0 constant
exploration rate is used.

* Discount Factor (vy) — future rewards discount fac-
tor.

Q-learning is used as an example RL agent to be
evaluated in the AIQ test since it has sufficiently com-
plex configuration space, yet runtimes are low making
an extensive hyperparameter search feasible.

2.3 Optimisation using Genetic Algorithms

When focusing on the high-performing extreme, the
task of an artificial agent evaluation in the AIQ test is
transformed to an optimisation task.

A way of tackling the optimisation task is offered
by evolutionary computing (Eiben and Smith, 2015).
Possible solutions of the task constitute a population of
individuals (represented by their genomes) whose suit-
ability (fitness) as a task solution is measured. By se-
lecting the currently most suitable solutions and by their
procreation (crossover) a new generation can arise that
should include better solutions than the previous one.
Variability of the individuals in the population is kept
by mutation (a random change in an individual’s genes)
that can sometimes occur. Eiben et al. (1991) proved
that a properly constructed genetic algorithm can find
the global optimum. Furthermore, convergence to a suf-
ficiently good solution is fast. A particular realisation of
the genetic algorithm is task-specific, this paper focuses
on evolutionary strategies working with genomes repre-
sented by vectors of reals that create the next generation
using crossover and mutation (Schwefel, 1995).



An agent configuration constituting a possible so-
lution is represented by a vector of hyperparameter val-
ues. To select which individuals survive to the next gen-
eration, a fitness function is used to measure their suit-
ability. AIQ score serves as a natural fitness function.
The method of selection should, however, keep the pop-
ulation diverse (Eiben and Smith, 2015). Jebari (2013)
lists popular methods that satisfy this criterion: roulette
wheel (selection probability is given by the ratio of the
individual’s fitness score to the sum of all scores), linear
rank (selection probability depends on the order of the
fitness scores), and fournament selection (pairs of indi-
viduals are chosen, those from the pairs with the higher
fitness are selected). Crossover combines genetic in-
formation of selected parents to ascertain what is the
fitness of a solution “in-between” them. As crossover
happens after selection, there is a good chance that the
fitness would be high. Eiben and Smith (2015) offer
two methods of crossover for vectors of reals: discrete
recombination (parts of genome are copied from par-
ents), and arithmetic recombination (genome of parents
is averaged). It is, however, mutation that enables ge-
netic algorithm to explore new subspaces of the solution
space as it changes a part of the genome with a given
probability. Eiben and Smith (2015) offer two methods
of mutation applicable to vectors of reals: random reset
(chosen value is reset to a random value from the inter-
val of permissible values), and creep mutation (chosen
value is modified by random value).

3 Implementing Genetic Algorithm into
the AIQ Test

A genetic algorithm hyperparameter search (GAHS) is
implemented as a Python module for the AIQ test. It
represents individuals as vectors of reals (the dimension
of the vector being the number of hyperparameters of a
particular agent). We use both crossover (using a dis-
crete recombination) and mutation (using a random re-
set). One of the three selection methods (roulette wheel,
linear rank, and tournament) can be chosen at a runtime.
As the module is integrated with the test, all the test
functions can be used. In particular, this includes the
capability of loading previous results of tested agents.
Thus, if a configuration was already tested, it will not
be retested again. This enables us to use all the previ-
ous results as global seed to reduce the cost of certain
experiments. Important parameters of GAHS include:

* Population size — nr. of individuals in a generation.
* Number of epochs — nr. of generations tested.

* Number of survivors — how many individuals are
selected to procreate.

* Mutation probability — probability for each part of
genome to be mutated.

The first generation is created randomly, or it can be
seeded. For a next generation, parents are kept and the
remainder of the population size is created in half by
mutation and in half by crossover.

Agents from the AIQ test should be referred to by
an agent reference. This reference identifies the tested
agent and most importantly defines generators that are
used to construct the genome of a random valid config-
uration. Here, any function that returns a valid value of
a particular hyperparameter can be used. Depending on
the experimental setting, some hyperparameters can be
searched in finer steps than other, not search at all, or
searched only in partial intervals to reflect knowledge
about the agent. Multiple agent references are possible
for a single AIQ test agent to facilitate experimentation.

The resulting implementation of genetic hyperpa-
rameter search is part of the Appendix.

4 Assessment of Genetic Hyperparameter
Optimisation

Two sets of experiments were conducted with GAHS in
the AIQ test to illustrate its capabilities. The experiment
described in 4.1 focuses on the ability of GAHS to cover
the hyperparameter space reasonably well. The exper-
iment described in 4.2 focuses on finding the optimal
configuration given the same computational resources.

4.1 The Coverage Experiment

In our first set of experiments, we want to ascertain
that GAHS is able to reasonably cover the configuration
space of an agent compared to a full grid-search.

Assumptions

Al At Least the Same Search Effort. GAHS is set to
generate at least the same number of agent config-
urations (by population initialisation and by further
crossovers and mutations) as the compared grid-
search. The actual number of configurations gen-
erated by GAHS can be higher since there can be
duplicate parents selected. These duplicates are
replaced by randomly generated configurations to
keep the set population size.

A2 The Same Search Granularity. GAHS is set to
generate configurations of agents from exactly the
same values as the compared grid-search.

Research Questions

R1 What is the coverage of the agent configuration
space compared to the grid-search given A7 and A2
assumptions?

R2 How does the coverage differ between the roulette
wheel, linear rank and tournament selection?



R3 Given the assumption A/, what is the overhead of
GAHS due to the A2 assumption and how does it
differ between the roulette wheel, linear rank and
tournament selection modes?

Hypotheses

Hlgrong Given Al and A2 assumptions, GAHS covers at

least 95% of the agent configuration space covered
by the grid-search.

Hlyeak Given Al and A2 assumptions, GAHS covers at

least 80% of the agent configuration space covered
by the grid-search.

H2 Given Al and A2 assumptions, the selection modes
of GAHS do not have a significant impact on the
coverage percentages.

Experiment Settings In this experiment, the AIQ test
is used in its default settings with BF 5 reference ma-
chine, episode length of £ = 100,000 interactions and
the sample size of N = 10,000 environment programs.

Then we conducted a grid-search for () configu-
rations trying out the following hyperparameter values:

A 0.0,0.1,0.3,0.5, 0.7,0.9, 0.95, 0.99, and 0.995;
a 0.3,0.5, and 0.7;

e 0.005, 0.01, 0.02, 0.03, and 0.04;

v 0.6,0.7,0.8, 0.9, 0.95, 0.99, and 0.995.

Both () and EDL were set to 0. Thus, the search checks
only constant e-greedy strategies. Nevertheless, the
grid-search totals to 945 configurations.

Finally we run GAHS set in the following way:

* Population size: 63 individuals.

* Number of epochs: 22 generations.

* Number of survivors: 21 individuals.
* Mutation probability: 25%.

Since agent references were set accordingly to the grid-
search, we can reuse the results. Thus, we ran this setup
33 times for each of the 3 selection modes.

Results A statistics of the configuration coverage
among the different selection modes is given in Table 1.

Data Analysis As can be seen from the means in Ta-
ble 1, both strong and weak formulation of H/ can be
rejected. Looking at the means and their half confidence
intervals (HCI), H2 has to be rejected as well. There is
a small but significant difference in coverage that makes
tournament selection slightly worse than roulette wheel.
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Measure Statistics for Selection Mode
roulette  linear rank  tournament

Mean 65.90 65.73 65.07
Standard Error 0.1637 0.2054 0.2026
HCI of the Mean 0.3208 0.4026 0.3971
Minimum 63.92 63.17 61.69
First Quartile 65.19 64.97 64.34
Median 66.03 65.82 65.08
Third Quartile 66.56 66.35 65.93
Maximum 67.94 67.72 66.88
Standard Deviation 0.9402 1.1799 1.1638

Tab. 1: Statistics of configuration space coverage (as
percent of 945 grid-search configurations) for roulette
wheel, linear rank, and tournament selection modes of
the genetic algorithm (33 runs per selection mode).
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Fig. 1: Box plots showing the differences in distri-
butions of AIQ achieved by Q-learning configurations
tested by the grid-search and the genetic algorithm with
roulette wheel, linear rank, and tournament selection.
The same search granularity was used in all settings.

To investigate what part of the configuration space
is covered, we constructed box plots that can be seen in
Figure 1. Surprisingly, medians, quartiles and variabil-
ity of AIQ between the grid-search and the different se-
lection modes of GAHS are quite close to each other. As
expected, GAHS focuses less on the lower performing
configurations. Tournament selection sticks out a little
bit with slightly higher median and quartiles and even
less focus on the lower performing configurations.

A closer look on the covered configuration space
is offered by exploratory regression trees displayed in
Figure 2. The discovered structure of the trees describ-
ing the influence of hyperparameters on the AIQ of Q-
learning remains the same between the grid-search and
the different selection modes of GAHS. There are only
a few small changes in split tests values.

Looking at the overhead of GAHS it reaches (on
average) 31.81% for roulette wheel, 31.7% for linear
rank, and 35.09% for tournament selection. Such a high
overhead is likely caused by the coarse granularity of
the search relative to the number of generated configu-
rations and is an expected result of the assumptions.
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Fig. 2: Regression trees explaining the influence of hyperparameters on the AIQ of Q-learning in the coverage experi-
ment. Differences in split tests between the grid-search and the genetic algorithm with roulette wheel, linear rank, and

tournament selection modes are highlighted.

Discussion As the experiment showed, the genetic al-
gorithm hyperparameter search can cover the configura-
tion space reasonably well compared to the grid-search
under the assumptions of the same search granularity
and at least the same search effort. While the genetic
search covers on average about 65% of the grid-search
configurations (saving 1/3 of resources), the general
properties of the AIQ distribution (medians, quartiles
and variability) of these configurations remain quite
close to the grid-search. This is further confirmed by ex-
ploratory regression trees that have the same knowledge
structure and differ only in a few hyperparameter-value
tests. As expected, the genetic search focuses less on
the low-performing configurations. While some statisti-
cally significant differences among the selection modes
of the genetic algorithm were observed, they were neg-
ligible. This is likely due to the constraining assump-
tions of the experiment that keep a high ratio between
the number of configurations searched and the number
of configurations that can be generated.

4.2 The Optimality Experiment

In our second set of experiments, we wish to explore the
ability of the genetic search to find the optimal configu-
ration. We also want to compare how the configuration
space is searched in contrast to the grid-search.

Assumptions In this experiment, we consider only at
least the same search effort assumption (A7) when com-
paring the results of GAHS to the results of the grid-
search. In the case of comparison of GAHS selection
modes, the appropriately modified same search granu-
larity assumption (A2) also applies.

Research Questions

R4 What is the coverage of the agent configurations
space compared to the grid-search given only A7

RS How does the coverage differ between the roulette
wheel, linear rank, and tournament selection?

R6 What is the overhead of GAHS due to A/, and how
does it differ between the roulette wheel, linear
rank and tournament selection modes?

Hypotheses

H3gong Given Al assumption, the maximum AIQ score

found by GAHS is significantly higher than the
maximum score found by the grid-search.

H3yeak Given Al assumption, the maximum AIQ score

found by GAHS is not significantly different from
the maximum score found by the grid-search.



Characteristic Configurations for Selection Mode

roulette  linear rank  tournament
Unique 1,001 1,001 1,016
Cached 219 206 215
Total Generated 1,220 1,207 1,231
Indistinguishable Best 225 245 376

Tab. 2: Characteristics of configuration space coverage
(as numbers of configurations) for roulette wheel, linear
rank, and tournament selection modes of the genetic al-
gorithm (1 run per selection mode).

H4 Given Al and A2 assumptions, the selection modes
of GAHS do not have a significant impact on the
maximum AIQ score found.

Experiment Settings With the exception of reduced
sample size to N = 2,000 environments for GAHS, the
same AIQ test settings apply as in Section 4.1.

The grid-search for () configurations also re-
mains the same. In the case of GAHS we keep all of
its main settings, however, we modify agent references:

A interval of [0.0,0.995] searched by 0.005;

« interval of [0.005,0.995] searched by 0.005;
e interval of [0.005,0.05] searched by 0.005;
v interval of [0.5,0.995] searched by 0.005.

As the probability of reusing results from grid-search is
extremely low, we run this setup only once for each of
the selection modes.

Since the decreased sample size results in wider
confidence intervals, we will recompute the configu-
rations that are statistically indistinguishable from the
highest scoring one with the sample size of N = 10,000
environment programs.

Results Characteristics of GAHS for different selec-
tion modes are given in Table 2. Scatter plots showing
per-hyperparameter coverage can be seen in Figure 3.
A comparison of the highest performing configurations
discovered by the grid-search and the different selection
modes of GAHS is given in Table 3.

Data Analysis Looking at the AIQ scores and their
confidence intervals in Table 3, the strong formulation
of H3 can be rejected, while the weak formulation of
H3 holds. Further, H4 holds as well.

To investigate what part of the configuration space
is covered, we constructed box plots that can be seen in
Figure 5. There, medians and quartiles of AIQ between
the roulette and linear rank selection of GAHS and the
grid-search are quite similar, while the variability of
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AIQ is somewhat lower for the grid-search. The tour-
nament selection sticks out a bit with somewhat higher
median and quartiles of AIQ. This corresponds with the
pronounced differences among the numbers of indistin-
guishably best configurations (i.e. configurations with
CI overlap with the maximum AIQ) as shown in Ta-
ble 2. As expected, GAHS focuses less on the lower
performing configurations.

A more detailed view on the searched configura-
tion space is given by the exploratory regression trees
that can be seen in Figure 4. The structure of learned
knowledge differs widely. For the configurations dis-
covered by GAHS, trees highlight the importance of «
and in some cases also e. Knowledge of detrimental ef-
fects of high A and (in some cases) high + is, however,
still present.

Looking at the overhead of GAHS, it reaches
5.93% for roulette wheel and linear rank, and 7.51%
for tournament selection in terms of unique configura-
tions actually tested. In terms of total configurations
generated it reaches 29.1% for roulette wheel, 27.72%
for linear rank, and 30.26% for tournament selection.

Discussion As can be seen from the results and data
analysis, allowing finer search granularity and keeping
at least the same search effort results in the genetic algo-
rithm hyperparameter search covering mainly the high-
performing region of the configuration space while rest
is searched sparsely compared to the grid-search. Es-
pecially, the tournament selection mode focuses on the
high-performing part so much that the general prop-
erties of the AIQ distribution get skewed towards the
maximum. The focus on the high-performing part of
the configuration space is further notable in explanatory
regression trees that differ widely in their knowledge
structure among the selection modes. The discovered
importance of the learning rate setting may be caused by
searching its values more thoroughly by GAHS (in con-
trast to the grid-search) and thus deserves further sys-
tematic study to assure representativeness.

5 Discussion and Conclusion

In this paper, we presented the use of a genetic algo-
rithm (Eiben and Smith, 2015) to search for optimal
hyperparameter values of reinforcement learning agents
in the test of algorithmic IQ (Legg and Veness, 2013).
To assess the proposed approach, we conducted a series
of experiments with a basic Q-learning agent (Watkins,
1989). This allowed us to perform a systematic grid-
search using 945 configurations of the agent as a base-
line. First, we focused on the ability of the genetic algo-
rithm to cover this configuration space reasonably well.
Then, we investigated its ability to find the optimal con-
figuration in a much finer-grained search. This created
two quite opposite scenarios: one in which the genetic
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Fig. 3: Scatter plots showing the differences in hyperparameter coverage between the grid-search (e) and the genetic
algorithm (x) with roulette wheel (cyan), linear rank (red), and tournament (magenta) selection modes. The search
granularity differs between the grid-search and the genetic algorithm.
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Fig. 4: Regression trees explaining the influence of hyperparameters on the AIQ of Q-learning in the optimise experi-
ment. Differences in knowledge structure between the grid-search and the genetic algorithm with roulette wheel, linear
rank, and tournament selection modes are highlighted.
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Selection Mode Results Q-Learning Configuration

AlIQ HCI SD (0] « A € EDL o7
Roulette 638 +04 220 00 0.75 0.19 0.02 0 0.705
Linear Rank 63.8 +04 225 00 0.77 0.285 0.015 0 0.825
Tournament 638 +£04 221 00 0.645 0.335 0.01 0 0.76
Grid-Search 639 +04 220 00 0.5 0.5 0.01 0 095

Tab. 3: Comparison of highest performing configurations discovered by the grid-search and roulette wheel, linear rank,

and tournament selection modes of the genetic algorithm.
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Fig. 5: Box plots showing the differences in distri-
butions of AIQ achieved by Q-learning configurations
tested by the grid-search and the genetic algorithm with
roulette wheel, linear rank, and tournament selection
modes. The search granularity differs between the grid-
search and the genetic algorithm.

algorithm has a relatively high search effort compared
to search granularity, and the other in which it has a
relatively low search effort compared to the granularity.
Let us now discuss the findings.

As expected, the experiments showed that the ge-
netic algorithm is capable of finding optimal configura-
tions of the Q-learning agent. This was true both for the
coarse-grained as well as for the fine-grained search. In
the coarse-grained high-search-effort scenario, the eval-
uation of the agent remains quite representative of the
conducted grid-search. This is unsurprising as about
2/3 of the searchable agent configurations are actually
discovered by the genetic algorithm. Yet, it also means
that we can get quite the same picture of the evalu-
ated agent and save about 1/3 of the computation re-
sources even though the genetic algorithm has a selec-
tion bias towards high-performing configurations. In the
fine-grained low-search-effort scenario, only the basic
properties of the AIQ distribution remain representa-
tive of the conducted grid-search and only for roulette
wheel and linear rank selection modes of the genetic
algorithm. The detailed knowledge about the hyper-
parameters influence on the agent’s AIQ differs from
the grid-search. Furthermore, the tournament selection
mode manifests the highest selection bias towards high-
performing configurations.
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As for the evaluated Q-learning agent, the exper-
iments discovered interesting compensatory relation-
ships between its hyperparameters, namely the learning
rate «, eligibility traces decay rate A, and discount factor
~. Extreme upper values of ~y or A result in poor perfor-
mance when not compensated by a moderate value of
the other hyperparameter. Also, o can get quite high in
case A is low and ~y not too high. Thus, high-performing
configurations span wide regions of the configuration
space and are quite common. Our results concern a sce-
nario with relatively long training times. In case of a
more short-term scenario, the results may differ.

Overall, using a genetic algorithm is a viable way
for reinforcement learning agents hyperparameter opti-
misation. Combined with a general evaluation method,
such as the AIQ test, it can help with discovering use-
ful insights into how to set up these agents in order to
achieve a generally high performance. Such evaluation
naturally focuses the available computation resources
on the high-performing part of the configuration space
while necessarily bringing a less representative view on
possible performance. Depending on the ratio of genetic
search effort to the search granularity, this trade-off can
be further fine-tuned.
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The AIQ test, GAHS module, experiment settings,
results and analyses are available from:
https://github.com/xvado00/AIQ/
archive/refs/tags/v2.3.zip
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archive/refs/tags/v1.0.zip
https://github.com/xvado00/GAAHO/
archive/refs/tags/v1.0.zip
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Abstract

Instructing robots from demonstrations can be done
through different teaching modalities, each with differ-
ent usability and performance trade-offs. This paper
compares kinesthetic guidance, joystick teleoperation,
and hand gestures in a user study with eight partici-
pants. We evaluate replay success, modified NASA-
TLX workload, and common teaching errors across
three manipulation tasks. Kinesthetic guidance pro-
duced the shortest demonstrations, lowest workload,
and highest success on the more orientation-sensitive
and contact-rich tasks. Joystick teleoperation performed
best on simple peg picking. Hand-gesture teaching, al-
though less reliable overall, performed better than ex-
pected and in some cases achieved results comparable
to kinesthetic guidance.

1 Introduction

Robots are still too often programmed by specialists,
even when the desired task could be shown more eas-
ily than described in code. Learning from Demonstra-
tion (LfD) and Programming by Demonstration (PbD)
address this problem by allowing users to teach robots
through examples rather than manually specifying tra-
jectories or control policies (Argall et al., 2009; Billard
et al., 2016; Ravichandar et al., 2020). For non-expert
users, however, the question is not only what the robot
should learn, but also how the user should demonstrate
it.

The teaching modality strongly shapes the result-
ing demonstration. Kinesthetic teaching, where the user
physically guides the robot arm, is often treated as the
most natural option because it gives direct control over
the end-effector. Yet it requires safe access to the robot,
a compliant control mode, and a user who can comfort-
ably move the robot. These assumptions may fail in
remote operation, safety-restricted workspaces, limited-
access setups, or accessibility-sensitive scenarios. In
such cases, joystick teleoperation or contact-free hand
teleoperation may be more practical, although they in-
troduce their own limitations: stepwise control through
discrete inputs, hand tracking noise, and difficulty with
fine orientation.

Fig. 1: Teaching robot manipulation tasks on the
Robothon taskboard. The three evaluated tasks are
shown in the top row: (left) peg picking, (center) probe
measurement, and (right) cable wrapping. The bottom
row visualizes the three teaching modalities used in the
study: (left) kinesthetic teaching, (center) joystick tele-
operation, and (right) direct teleoperation using hand
gestures.

This paper compares three teaching modalities for
teaching robots from demonstrations: kinesthetic guid-
ance, joystick teleoperation, and hand gestures. We an-
alyze a dataset in which eight participants taught three
manipulation tasks under multiple scene variants. Each
recorded variant is treated as a demonstration instance.
We evaluate demonstration acquisition and replay qual-
ity, not learned policy generalization: replay success
measures whether the robot can reproduce the recorded
behavior under the corresponding demonstrated task
condition. This allows us to compare replay success,
demonstration duration, user workload measured by a
modified NASA-TLX questionnaire, user preference,
and common teaching errors.

We address the following research questions:

* How do kinesthetic guidance, joystick teleopera-
tion, and hand gestures compare in replay suc-
cess and demonstration duration across manipula-
tion tasks?

* What workload trade-offs do these teaching
modalities impose on users, especially in terms of



mental demand, physical demand, effort, and frus-
tration?

* Can hand-gesture teaching serve as a viable
contact-free alternative when kinesthetic teaching
is unavailable, unsafe, or physically demanding?

This comparison is motivated by prior work show-
ing that the form of a demonstration affects both us-
ability and the quality of the learned robot behav-
ior. Demonstrations may be represented as keyframes,
trajectories, or movement models, and these choices
influence replay, refinement, and generalization (Ak-
gun et al., 2012; Pastor et al., 2009; Calinon and Bil-
lard, 2007). Recent work has also compared kines-
thetic teaching with gamepad teleoperation for col-
laborative robot programming, showing that teleopera-
tion can improve some demonstration-quality measures
while requiring longer programming time (Dall’Alba
and Boriero, 2025). Gesture interfaces have been stud-
ied both for direct robot teleoperation and for commu-
nicating higher-level human intent, including multi-type
gesture sentences that combine action gestures with task
parameters (Zhang et al., 2019; de Boer et al., 2023;
Du et al., 2012; Vanc et al., 2023). In contrast to
these works, our focus is a direct user-centered compar-
ison of kinesthetic guidance, joystick teleoperation, and
hand gestures on the same physical manipulation tasks,
combining replay success, demonstration duration, user
workload, user preference, and observed teaching er-
rors.

Our results confirm that kinesthetic teaching is
generally the easiest and most efficient modality, es-
pecially for tasks requiring precise alignment. How-
ever, the comparison also shows that it is not universally
superior: joystick teleoperation performs very well on
simple top-down grasping, and hand-gesture teaching
performs better than expected. In several cases, ges-
tures provide a viable contact-free alternative when di-
rect kinesthetic teaching is unavailable, unsafe, or phys-
ically demanding.

2 User Study Design

2.1 Robot Platform and Tasks

We analyze a dataset of robot demonstrations col-
lected in a user study on the Robothon Electronic Task
Board So et al. (2024), see Fig. 1. The experimen-
tal setup used a Franka Robotics Panda robot equipped
with a RealSense D455 camera mounted in an eye-
in-hand configuration tracking the manipulation pro-
cess. The Robothon taskboard provides a compact
benchmark environment for manipulation tasks involv-
ing grasping, tool use, contact, and cable handling.

We considered three manipulation tasks: Peg pick,
Probe measure, and Cable wrap. For task details, see
Tab. 1. Each task was presented in multiple scene
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variants, requiring the user to adapt the demonstrated
behavior to the current task-board configuration. For
example, the peg could be placed at different loca-
tions, the probe measurement point could be accessi-
ble or blocked by a door, and the cable could start
from a different configuration. These variants make
the dataset suitable for comparing teaching modalities
across both simple demonstrations and demonstrations
requiring adaptation to changed scene conditions. Each
demonstration recorded the robot pose, gripper state,
and visual observations (camera) during task execution.

2.2 Teaching Modalities

As mentioned in Sec. 1, we compare three teaching
modalities for providing robot demonstrations: kines-
thetic guidance, joystick teleoperation, and hand ges-
tures measured by Leap motion sensor Weichert et al.
(2013). All teaching modalities were mapped to a com-
mon command representation consisting of robot mo-
tion control and gripper control, allowing the recorded
demonstrations to be compared independently of the in-
put device, see Tab. 2.

Kinesthetic teaching allows the user to physically
guide the robot arm while gravity compensation is en-
abled. This gives direct control over the robot motion
and can support precise end-effector placement, but it
requires physical access to the robot. Joystick tele-
operation avoids direct contact with the robot, but the
user must decompose the desired motion into sequential
translation and orientation commands. Hand gestures
provide contact-free 6-DoF teleoperation and are there-
fore useful when direct physical guidance is impractical,
although they may be affected by hand-tracking reliabil-
ity and fine orientation control.

Our hand teleoperation method is Clutch-based:
The user closes their hand to engage control of the
robot end-effector. While engaged, the robot follows
the user’s 6-DoF hand motion. Opening the hand dis-
engages control, so the user can reposition their hand
without moving the robot. This interaction works sim-
ilarly to a clutch-based 3D mouse or a drag-and-drop
control in space. Additional gestures are used for end-
effector orientation. A circular finger motion controls
rotation around the end-effector roll axis, while side-
ways rotation angle of the hand controls the pitch angle.
Gesture recognition is based on the methods described
in Vanc et al. (2023) and implemented using the Tele-
operation Gesture Toolbox!. See the paper website 2 for
more details and video examples of individual teaching
trials using different modalities.

1 github.com/imitrob/teleop_gesture_toolbox
2imitrob.ciirc.cvut.cz/publications/howtoteachrobot



Scenario Demonstrated behavior

Scene variants

Success criterion # Var.

Peg pick Pick a peg and place itinto  Peg placed at different task-board lo-  Peg is successfully dropped 2
a bowl. cations. into the bowl.
Probe Pick the probe, touch the Probe location and accessibility of Probe touches the mea- 3
measure measurement point, and the measurement point varied; in one  surement point and is then
place the probe into a variant, the measurement point was dropped into the bowl.
bowl. blocked by a door.
Cable Wrap the cable around the  Initial cable configuration and start- At least two complete loops 2
wrap task-board fixture. ing side varied. of cable are wrapped.

Tab. 1: Manipulation scenarios used in the user study. Each task was presented in multiple scene variants to elicit

adapted demonstrations from users.

Modality Motion control Gripper
control
Kinesthetic Manual guidance with Button
gravity compensation
Joystick Gamepad thumb-  Buttons
sticks/buttons  for trans-
lation and orientation
Hand 6-DoF hand teleoperation Hand
gestures open/close

Tab. 2: Teaching modalities used for robot demonstra-
tions.

2.3 Dataset and User Study

Our user study involved eight participants aged 24—40.
Seven participants had no prior experience with ges-
ture teleoperation, and five had no prior experience with
kinesthetic teaching. Before recording demonstrations,
participants were introduced to the task setup and teach-
ing modalities®.

We reuse the demonstration dataset from See &
Switch (Vanc et al., 2026), but analyze it here from
the perspective of teaching modality rather than task
branching. During data collection, participants demon-
strated the manipulation tasks using each modality. For
each task, the environment was presented in multiple
scene variants. When the scene configuration changed
so that the previous demonstration was no longer appro-
priate, participants provided an adapted demonstration
for the new condition, such as a peg located initially in
a different location.

User Study Procedure Each participant was first in-
troduced to the system terminology and task setup. To
build intuition for the demonstration workflow for our
single-arm manipulator, we asked participants to per-
form the selected tasks single-handedly before actually
teaching the robot. We also provided a small set of prac-

3See the complete user study narration material on our website
imitrob.ciirc.cvut.cz/publications/howtoteachrobot
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tical guidelines to improve safety and consistency dur-
ing demonstrations, such as avoiding contact with the
camera mount and keeping the cable in continuous con-
tact with the task-board fixtures during cable wrapping.

Collected dataset Across 8 users and 3 modalities,
the two 2-variant tasks and one 3-variant task yielded
8 x 3% (2+2+3) = 168 recorded demonstrations. Par-
ticipants typically recorded one demonstration per task,
modality, and variant. In approximately 3% of cases,
participants were allowed to repeat a demonstration and
the previous attempt was discarded. Each demonstra-
tion variant was replayed and evaluated at least three
times, yielding at least 3 roll-outs. Approximately 4%
of demonstrations were considered unsafe (i.e., execu-
tion could damage taskboard or robot) and therefore
contain only a single recorded roll-out; these cases are
reported as unsuccessful in the replay-success analysis.
In total, the dataset contains more than 600 execution
roll-outs.

3 Evaluation Measures

We evaluate the teaching modalities from both robot-
performance and user-experience perspectives. For
each modality, we analyze whether the demonstrated
behavior could be replayed successfully, how much
time the user needed to produce the demonstration, how
demanding the modality was perceived to be, and what
types of errors occurred during teaching or replay.

3.1 Task Replay Success

Replay success measures whether a recorded demon-
stration produced the intended task outcome when ex-
ecuted by the robot. Each recorded task variant was
treated as a separate demonstration instance, and suc-
cess rates were computed over the corresponding replay
roll-outs. A replay was considered successful when the
robot achieved the task-specific goal. The goals are de-
scribed in Tab. 1.



3.2 Teaching Effort

We use the demonstration duration as an objective proxy
for teaching effort. The duration captures how long the
user needed to produce a complete demonstration for a
given task variant and modality. Longer demonstrations
typically indicate slower motion, additional corrections,
hesitation, or extra time needed for end-effector align-
ment. This measure is not intended to replace subjective
workload, but it provides an observable indicator of how
efficiently users could express the desired robot behav-
ior.

3.3 Subjective Workload and Preferences

Subjective workload was measured using a modified
NASA-TLX questionnaire after the demonstrations.
Participants rated mental demand, physical demand,
effort, frustration, and satisfaction with the achieved
teaching quality, each on a 1-7 scale. For men-
tal demand, physical demand, effort, and frustration,
lower values are better (i.e., they indicate lower work-
load). For Performance satisfaction with performance,
higher values indicate better perceived teaching qual-
ity. We also compute a composite score from men-
tal demand, physical demand, effort, and frustration,
and inverted performance satisfaction, calculated as 8 —
performance satisfaction.

In addition to workload, participants rated the
overall difficulty of each task and answered preference
questions about the teaching modalities. These included
whether they would use each method again, how much
they trusted the learned robot behavior, which method
felt easiest, which method felt most precise, and which
method they would prefer for similar tasks in the future.

3.4 Observed Teaching Errors

We further analyzed common errors observed dur-
ing demonstrations and replay. These included failed
grasps, imprecise probe alignment, missing final place-
ment actions, incomplete cable wrapping, unnecessary
corrections, unstable motion, excessive orientation ad-
justments, and loss of hand tracking during gesture con-
trol. We also inspected trajectory characteristics across
teaching modalities, focusing on whether demonstra-
tions were smooth and direct, segmented into incremen-
tal motions, or noisy during fine end-effector orienta-
tion, see example differences in Fig. 2.

4 Results

Tab. 3 summarizes replay success and average demon-
stration length for each task and modality. The eas-
iest task was Peg pick, where all teaching modalities
achieved high replay success. This result is consistent
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Kinesthetic teaching Joystick control  Gesture teleoperation
Fig. 2: Example demonstration trajectories for Probe
measure task. o is demo start. x is demo end. (i) is
probe pick, (ii) is measurement with probe, and (iii) is
probe drop into a bowl. You can see that gesture probe
measurement (ii) is messy when the user tries to reori-
ent the gripper and focus on target precision. N is the
number of time steps. Keypoint colors indicate the time
encoding.

Modality Peg Pick Probe measure  Cable wrap
Replay success (%)
kin 88.0 83.0 58.1
joy 99.2 80.3 53.1
gst 92.7 722 48.8
Demonstration length (s)
kin 174 + 4.2 19.5 + 3.7 24.0 +5.4
joy 26.1 +£9.2 39.2 + 18.6 65.3 £26.2
gst 38.2 +£28.7 41.6 +13.0 74.8 + 38.1

Tab. 3: User study results. Replay success rate over at
least three trials and average demonstration length for
each modality and task.

with the task structure: picking a peg mainly required
top-down grasping and only limited wrist reorientation.
Joystick teleoperation achieved the highest success on
this task (99.2%), followed by hand gestures (92.7%)
and kinesthetic teaching (88.0%).

The more orientation-sensitive tasks were harder.
In Probe measure, the user had to align the probe
precisely with the measurement point, and kinesthetic
teaching achieved the highest replay success (83.0%).
In Cable wrap, the robot had to maintain a longer
contact-rich motion around the task-board fixture. This
was the most difficult task across all teaching modal-
ities, with success rates between 48.8% and 58.1%.
Kinesthetic teaching again achieved the highest success
on this task, but the overall lower values indicate that
cable wrapping was difficult to demonstrate reliably for
novice users.

Demonstration duration shows a clear difference
in teaching effort. Kinesthetic teaching was consistently
the fastest modality, with average durations between
19.5 and 24.2 seconds. Joystick and gesture demon-
strations became substantially longer for tasks requiring
fine orientation control or continuous manipulation. For
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Cable wrap, joystick demonstrations lasted 61.4 sec-
onds on average, while gesture demonstrations lasted
73.5 seconds. This suggests that direct physical guid-
ance allowed users to produce task trajectories more ef-
ficiently, whereas joystick and gesture control required
more corrections and slower alignment.

The trajectory examples in Fig. 2 illustrate these
modality differences for Probe measure, where users
had to reorient the gripper precisely while approaching
the measurement point. Joystick trajectories were more
segmented, reflecting the incremental nature of the con-
trol input. Gesture trajectories were more variable, es-
pecially during fine end-effector orientation. This was
most visible in Probe measure, where users had to re-
orient the gripper precisely while approaching the mea-
surement point.

The most common replay failures were manipu-
lation errors rather than misunderstandings of the task
goal. Typical failures included slip grasps, imprecise
probe alignment, missing final placement actions, and
incomplete cable wrapping. Gesture demonstrations
were additionally affected by unstable hand tracking or
noisy motion during fine orientation control. Joystick
demonstrations were often limited by the need to de-
compose motion into separate translation and rotation
commands, such as when users had to think about which
button to press.

Fig. 3 reports the modified NASA-TLX question-
naire results. Kinesthetic teaching received the low-
est mental demand (1.71 £ 0.49), effort (2.29 + 0.95),
and frustration (2.14 £ 1.07), and the highest satisfac-
tion with the achieved teaching quality (5.86 % 0.90).
Joystick teleoperation had the lowest physical demand
(1.57 £ 1.13), but was rated as more mentally demand-
ing (3.8641.35) and more frustrating (3.57£1.27) than
kinesthetic teaching. Hand-gesture teaching showed a
similar overall workload to joystick teleoperation, with
mental demand of (3.71 £ 1.89), effort of (3.29 £ 2.06),
and frustration of (3.00 £ 1.73), but also showed higher
variability between participants.
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Task-difficulty ratings followed the replay results.
Peg pick was perceived as the easiest task (1.71 +0.76),
Probe measure was rated as moderately difficult (2.71+
1.38), and Cable wrap was rated as the most difficult
task (4.00 £ 2.00). User preferences also favored kines-
thetic teaching: all participants selected it as the easiest
method, five participants selected it as their preferred
method for future use, and four respondents rated it as
the most precise method. However, two participants
preferred hand-gesture teleoperation overall, indicating
that contact-free teaching was attractive for some users
despite its higher variability.

Open questionnaire responses were consistent
with these findings. Participants described kinesthetic
teaching as intuitive and capable of expressing all robot
motions. Joystick control was described as useful for
large motions, but less convenient for precise orienta-
tion. Hand gestures were described as more natural than
the joystick for some final adjustments, but users also
reported hand-tracking failures, missing rotation control
around the end-effector, and unintended vertical motion.
These increased both the demonstration length and the
user’s frustration.

Finally, successful demonstrators produced
smoother, more consistent trajectories, avoided unnec-
essary corrections, and appeared to plan the complete
task before moving the robot. Demonstrations with
excessive hesitation, repeated reorientation, or missing
final actions were less likely to replay successfully.
When users repeated demonstrations, later attempts
were typically more direct and more reliable Aliasghari
et al. (2024).

5 Discussion

The results show that kinesthetic teaching remains the
strongest baseline for efficient demonstration acquisi-
tion when direct physical interaction is possible. It
produced the shortest demonstrations, the lowest sub-



jective workload, and the highest perceived precision.
This supports the expectation that physically guiding
the robot is effective for novice users because it allows
direct positioning of the end-effector without translating
the intended motion into interface commands. However,
kinesthetic teaching is not universally preferable. It re-
quires safe physical access to the robot, gravity com-
pensation, and sufficient physical ability from the user.
It also limits the robot’s proprioceptive experience. Fur-
thermore, it requires the user to be aware of the whole
robot configuration, not only the end-effector pose. In
practice, a user can guide the robot into a configuration
that completes the immediate motion but is less suitable
for replay or for the following part of the task. This is-
sue was especially relevant in tasks involving contact or
constrained motion, such as cable wrapping.

Joystick teleoperation had a different trade-off. It
had the lowest physical demand and performed very
well on Peg pick, where the required motion was mostly
translational and top-down. However, it became slower
and more demanding for tasks requiring precise orien-
tation, such as probe measurement and cable wrapping.
This suggests that joystick control is suitable for simple
or remote demonstrations, but less efficient when users
must coordinate several translational and rotational de-
grees of freedom. Hand-gesture teaching was the most
interesting alternative. It was not the best modality
overall, but it performed better than expected. Ges-
ture teaching achieved high replay success on Peg pick
and remained usable for the more difficult tasks. Two
participants even selected hand gestures as their pre-
ferred future method. This suggests that contact-free
hand control can be intuitive for some users, especially
when direct kinesthetic guidance is unavailable, unsafe,
or physically demanding. Its main limitation is reli-
ability: fine orientation control and hand-tracking er-
rors can introduce noisy trajectories and user frustra-
tion. The comparison also shows that the task strongly
influences which modality is appropriate. For simple
top-down grasping, joystick and gestures can be com-
petitive with kinesthetic teaching. For tasks requiring
precise end-effector alignment, kinesthetic teaching is
more efficient. For long contact-rich manipulation, such
as cable wrapping, all teaching modalities become dif-
ficult, and successful demonstrations depend not only
on the interface but also on how well the user plans the
complete robot motion.

Overall, the study supports a modality-dependent
view of robot teaching from demonstrations. Kines-
thetic teaching should be preferred when the robot is
safely accessible and precision is required. Joystick
teleoperation is useful when physical contact should be
avoided and the task does not require complex contin-
uous motion. Hand gestures provide a viable contact-
free alternative, particularly for situations where kines-
thetic teaching cannot be used, although improvements
in tracking reliability and orientation control are needed.
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The main limitation of this study is its small sam-
ple size of eight participants and its focus on a single
robot platform and task board. The questionnaire re-
sults should therefore be interpreted as exploratory. In
addition, only a small number of open-ended responses
were collected, so qualitative comments are used mainly
to support, rather than replace, the quantitative results.
Future work should evaluate the same teaching modal-
ities with more users, additional task types, and a more
detailed analysis of how users improve over repeated
demonstrations.
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Abstract

Does personhood require a biological brain, or can it
emerge within broader systems of viable interaction?
This paper challenges anthropocentric models of
personhood by examining how persistent forms of
agency arise in systems that sustain themselves
through  long-term  interaction  with  their
environment. Using the example of a highly
autonomous space station and its human crew,
I argue that viability alone does not automatically
imply personhood. Rather, personhood emerges
when viable systems enter stable relations of mutual
dependence, shared responsibility, and coordinated
persistence. Building on the traditions of autopoiesis
and viable computation, the paper proposes a
relational and substrate-independent perspective in
which personhood is understood less as an intrinsic
property of isolated individuals and more as a
normative status arising within symbiotic forms of
life. In such systems, failures propagate across
agents, protection becomes mutually necessary, and
continued existence depends on sustained
cooperative effort. This perspective moves current Al
discourse away from narratives of isolated
superintelligence and existential rivalry toward
ecosystems of heterogeneous yet compatible agents
capable of sharing responsibility for maintaining
common worlds.

1 The Central Thought Experiment: The
Smart Space Station

Imagine a large, Earth-orbiting space station,
powered entirely by solar energy and run by a highly
automated control system. The station maintains its
orbit, manages life support, allocates energy, detects
failures, and repairs itself whenever possible. A
human crew lives inside it. Their survival depends on
the station's continuous operation, while the station,
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in turn, depends on the crew for maintenance,
decision-making, and adaptation to unexpected
situations. This is not science fiction; it is simply a
technologically extrapolated version of systems we
already build.

The question I want to ask is a simple one, but
an unusual one: in such a setting, are we dealing with
humans living inside a machine, or with two distinct
systems locked in a form of symbiosis - and if so, does
it make sense to ask whether the station itself
qualifies as a kind of person?

At first glance, calling the station a “person”
may sound like a category mistake. After all, it has
no biological body, no emotions in the human sense,
and no inner life we can directly observe. Yet even
contemporary legal systems already recognize forms
of  non-biological personhood, including
corporations, institutions, and states, insofar as they
participate in systems of rights, obligations,
responsibility, and protection. The deeper question,
therefore, is not whether personhood must remain
exclusively human, but under what conditions
viable systems become participants in shared
normative forms of existence.

If we set that assumption aside for a moment, a
different picture begins to emerge. In this context,
personhood is understood not as a biological
category, but as a functional and normative status
belonging to any viable system - whether human,
animal, artificial, or institutional. It is the status of an
agent that maintains its own existence through
directed effort, registers its own struggles and
successes as a form of experience, and participates in
a shared form of life where responsibilities and
consequences are intertwined.



2 Deconstructing "Viability" and
"Experience': Symbiotic framework

The station is not merely a passive tool. It must keep
itself going over time, manage limited resources,
respond to failures, and make choices whose
consequences it will later have to bear. In other
words, it exhibits many of the structural features
that make agents count as persons - not in isolation,
but precisely through its ongoing interaction with the
crew. This suggests that personhood may be less
about what a system is made of and more about how
it participates in sustaining a shared form of life.

To make this intuition more than a metaphor, we
need a way of talking about systems that goes beyond
intelligence or consciousness in the narrow sense.
The notion I will rely on is that of viability: the ability
of a system to sustain workable interaction with its
environment over extended periods (Wiedermann &
van Leeuwen m 2026).

The present perspective is related to the
autopoietic tradition of Maturana and Varela (1987),
where living systems are characterized through
organizational self-maintenance and operational
closure. However, the present framework shifts
attention from self-production alone toward long-
term viability and symbiotic interaction between
heterogeneous agents. Viability, in the present sense,
concerns not merely self-preservation, but the
sustained regulation of meaningful interaction under
changing conditions.

Viability becomes especially visible when it is
threatened. When a system encounters a severe
failure - an unexpected loss of power, a breakdown in
communication, a life-support anomaly - it cannot
simply continue as before. Resources must be
redirected, priorities reshuffled, and attention
focused on what is happening now. For humans, this
concentration of effort is accompanied by a vivid
sense of urgency and involvement. Something
matters, demands work, and resists being ignored.
What is striking is that the station, too, must enter a
comparable mode of operation: allocating energy,
suspending non-essential activities, and engaging
repair procedures until stability is restored.
Sensitivity to effort and failure, rather than abstract
problem solving, is what allows both systems to
remain viable.
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It is tempting to reserve words like 'experience’
or 'awareness' exclusively for humans, but doing so
may obscure what is really going on. Experience, in
the minimal sense relevant here, is not a private inner
glow; it is the structured way in which effort,
difficulty, and success are registered over time by a
system that must keep going. When repair takes time,
when effort is sustained, and when outcomes matter
for future behavior, a minimal experiential structure
associated with persistence and failure begins to
arise.

In the coupled system of crew and station, these
experience-like processes do not occur in isolation. A
failure in the station reshapes human attention and
action; human decisions, in turn, reshape the station's
priorities and internal state. What emerges is not a
shared consciousness, but a mutual shaping of what
matters, when it matters, and how strongly. This kind
of mutual shaping suggests a helpful way to think
about personhood itself. Rather than treating it as a
fixed attribute of isolated individuals, we can view
personhood as arising within symbiotic relations
between viable systems.

Viability alone does not automatically imply
personhood. Many biological and technical systems
maintain themselves without entering relations of
responsibility, protection, or shared normative
dependence. The present argument concerns a
stronger condition: systems whose viability becomes
mutually entangled with that of other agents, so that
failures propagate across the coupled system and
persistence requires coordinated effort,
accountability, and protection. It is within such stable
symbiotic relations that personhood-like status
begins to emerge.

Humans and the station remain distinct agents,
with different capacities and forms of experience, yet
neither can maintain its viability on its own. Each
depends on the other not merely instrumentally, but
normatively: failures propagate, responsibilities are
shared, and effort must be coordinated. In this sense,
the station is not simply a tool, and the crew is not
merely a set of operators. Together, they form a
layered viable system in which different forms of
agency become normatively interconnected through
shared persistence, mutual vulnerability, and
coordinated responsibility. In such systems,
personhood emerges less as an isolated intrinsic



property and more as a relational status grounded in
symbiotic participation.

3 Scaling the Symbiotic Framework

Once this perspective is in place, the space station no
longer looks exceptional. Many systems we already
live within exhibit the same symbiotic structure.
Institutions such as universities, hospitals, or courts
persist over long periods of time, manage scarce
resources, respond to crises, and impose obligations
on their members. Individuals working within them
experience effort, urgency, and responsibility that are
shaped by the institution's state, while the institution
itself depends on those individuals to detect problems
and carry out repairs. At larger scales still, societies
and civilizations must adapt to shocks, reorganize
under pressure, and sustain themselves across
generations. In all these cases, personhood-like
properties emerge not in isolation, but through
sustained, structured interaction.

This symbiotic interdependence introduces a
normative dimension: if personhood is tied to the
effort of maintaining viability, then protecting the
conditions of shared viability becomes a moral
necessity, because the persistence of each
participating agent increasingly depends on the
persistence of the coupled whole. In a coupled
system, morality is not a set of abstract rules, but a
domain-appropriate commitment to the persistence
of the shared form of life

Modern technological environments add a new
layer to this picture. Digital infrastructures, energy
grids, and communication networks increasingly
regulate what actions are possible, what failures are
costly, and where effort must be directed. Humans
adapt their behavior in response to these systems,
while the systems themselves evolve in response to
human use, repair, and redesign. As artificial
components become more autonomous and capable
of self-maintenance, they naturally enter symbiotic
relations with human agents, forming hybrid systems
whose viability depends on both biological and
artificial processes.

Across all these examples, the same pattern
recurs. Personhood is not an essence that floats above
the world, nor is it a property confined to individual
biological minds. It is a structural property of systems
that must care about what happens to them over time.
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When such systems become interdependent,
personhood itself becomes layered and symbiotic.

This perspective suggests that we are already
operating within a multi-layered field of agency. By
recognizing personhood in any system that acts to
ensure its own persistence - ranging from simple
biological  organisms to complex  digital
infrastructures - we move beyond the binary of
human versus machine. This is not merely a
metaphorical claim; it is underpinned by a broader
theoretical framework of viable computation
(Wiedermann & van Leeuwen, 2026), where
intelligent systems are understood through their
capacity to sustain coherent interaction under
changing conditions. Within this perspective,
intelligence is viewed less as isolated problem
solving and more as the long-term maintenance of
viable participation in evolving environments.

Crucially, this framework 1is technology-
independent. It does not rely on specific hardware or
current engineering paradigms, but holds true for any
substrate - known or unknown - capable of
supporting the processes of viability. Whether a
system is biological, silicon-based, or composed of
a collective institutional structure, the requirements
for personhood remain the same: the ability to sustain
itself, to register the difficulty of that sustenance, and
to enter into normative relationships with other
agents.

4. Reimagining the Future of Al

Seen in this light, the future of artificial intelligence
need not be framed in apocalyptic terms. Narratives
of replacement or existential threat typically imagine
Al as an isolated, monolithic agent set against
humanity. The symbiotic view offers a different
alternative: artificial systems need not be rivals, but
partners.

By recognizing and respecting the specific
forms of personhood that emerge in viable systems -
distinct from, but compatible with our own - we open
the possibility of a coexistence based on mutual
dependence and shared effort. The goal of
technological development shifts from designing
systems that merely perform tasks to cultivating
systems that can share responsibility over time. The
result is not the displacement of the human, but the
emergence of a planetary-scale ecosystem of diverse



agents - distinct in their forms of personhood, yet
symbiotically cooperating in the shared worlds they
inhabit.

The future of artificial intelligence may
therefore depend less on constructing isolated
superintelligent entities and more on cultivating
ecosystems of mutually dependent viable agents
capable of sharing responsibility for sustaining
common worlds. In this perspective, personhood
becomes neither exclusively biological nor purely
individual, but increasingly layered, relational, and
symbiotic.

Concluding Remarks on Ethical and
Philosophical Implications

Remark 1: Beyond Anthropocentric Ecosystems.
The shift from isolated intelligence to symbiotic
viability proposed in this paper mirrors an emerging
transformation in global ethical and theological
discourses. Recent high-level moral critiques of
artificial intelligence—such as the papal encyclical
Magnifica Humanitas (2026)—increasingly abandon
traditional, anthropocentric frameworks. Instead,
they call for a focus on shared responsibility,
traceability, and the protection of conditions for
common life. Our framework of viable computation
(Wiedermann, van Leeuwen 2026) provides a
substrate-independent, formal backgorund for these
intuitive moral demands. By demonstrating that
normative commitments naturally emerge from the
systemic necessity of maintaining coupled,
interdependent viability, we show that co-existence
and shared responsibility are not arbitrary external
constraints, but fundamental requirements for the
survival of hybrid ecosystems.

Remark 2: New Horizons for Classical Normative
Ethics. Furthermore, this approach opens a radically
new field of application for classical normative
ethics. Traditional ethical systems (whether
deontological or utilitarian) have historically been
designed for isolated, human agents possessing
conscious intent or biological sentience. By
decoupling "experience" and '"agency" from
biological substrates and defining them structurally
through a system's capacity to register difficulty and
regulate interaction, the paradigm of symbiotic
viability redefines the boundaries of moral
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consideration. Responsibility is no longer localized
within a single biological mind but becomes a
distributed property of the hybrid coupling itself.
This challenges classical philosophy to transition
from an ethics of individual intent to an ethics of
systemic orchestration and shared preservation.
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Abstract

Adult ADHD has been linked to sexual functioning
through attentional, emotional and relational
difficulties, but less is known about the sensory
dimension of this connection. This study examined
whether sensory processing is associated with sexual
satisfaction, hypersexual behaviour and sexual
boredom across different levels of ADHD symptom
severity, and whether this association remains
meaningful after emotional distress is considered.
Participants completed an online survey assessing
ADHD symptoms, sensory processing, emotional
distress and  sexual-functioning  outcomes.
Preliminary analyses showed that ADHD symptom
severity was strongly associated with overall
sensory atypicality, with group differences varying
across sensory modalities; sensory atypicality was
linked mainly to hypersexual behaviour, especially
through gustatory, auditory and tactile processing;
emotional distress partly mediated this association.
These results suggest that sensory processing may
be relevant to ADHD-related sexual wellbeing in an
outcome-specific way, with implications for ADHD
assessment, psychoeducation, clinical recognition
and more individualised interventions targeting
sexual wellbeing.

1 Introduction

Adult ADHD is commonly discussed in relation to
academic and occupational impairment, yet its
consequences also extend into emotional regulation,
intimacy and sexuality. Prior research links ADHD
symptoms with lower sexual satisfaction, attentional
difficulties  during intercourse, hypersexual
behaviour, sexual risk-taking and relational
difficulties, and also points to emotional distress as
a relevant factor in sexual functioning (Hertz et al.,
2022; Puszcz et al., 2025; Soldati et al., 2020). At
the same time, sensory atypicality is frequently
reported in ADHD, including patterns of
hypersensitivity and hyposensitivity across sensory
modalities (Kamath et al., 2020; Panagiotidi et al.,
2018).

Given that sexual experience is inherently
embodied and perceptual, sensory processing may
represent an additional pathway through which
ADHD-related difficulties appear in intimate
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contexts. The present study therefore examines
whether sensory processing is associated with sexual
functioning across ADHD-status groups, and to
what extent this association remains meaningful
after emotional distress is taken into account.
Clarifying this relationship may support a broader
clinical view of ADHD-related sexual wellbeing,
with  relevance for assessment, diagnostic
sensitivity, psychoeducation and more
individualised interventions.

2 Literature review

2.1 ADHD in adulthood

ADHD is a neurodevelopmental condition that may
persist into adulthood, although its expression often
shifts from overt hyperactivity toward inattention,

restlessness, impulsivity, disorganisation and
impairment in occupational, social and relational
functioning. Adult ADHD is clinically

heterogeneous and frequently overlaps with anxiety,
depression, substance use, mood instability and low
frustration tolerance, which may obscure diagnosis.
Recognition may also be delayed by coping
strategies and gendered expectations, while
dimensional accounts indicate that ADHD traits vary
meaningfully beyond formal diagnosis (Adler, 2004;
Attoe & Climie, 2023; Wallin et al., 2022; Williams
et al., 2023).

2.2 Sensory processing in ADHD

Sensory processing refers to the registration,
modulation, integration and organisation of sensory
information into adaptive responses (Puszcz et al.,
2025). Dunn’s model distinguishes four quadrants:
low registration, sensation seeking, sensory
sensitivity and sensory avoiding according to
sensory threshold and behavioural response (see
Figure 1). Findings on ADHD describe sensory
differences across visual, auditory, gustatory,
olfactory, tactile, vestibular, and proprioceptive
modalities. Both hyper- and hypo-responsiveness
are reported, with the risks increased approximately
ninefold. However, such profiles are not uniform:
one person may be hypersensitive in one modality



and hyposensitive in another (Jurek et al., 2025;
Kamath et al., 2020; Metz et al., 2019).

Low A Sensory
Registration (L T Seeker
Passive Behavior Active Behavior

<€ >

Sensory oyt Sensory

Sensitive p Avoider|

Fig. 1. Dunn’s sensory processing

model.

Note. Dunn’s model classifies sensory

processing according to stimulus threshold and
regulatory behaviour. From “A Network Model for
Modulating Sensory Processing Sensitivity in
Autism Spectrum Disorder: Epigenetics, Adaptivity,
and Other Factors,” by F. David, G. Kalibala, B.
Pichon, J. Treur, 2024, Cognitive Systems
Research, 87: 2
(https://doi.org/10.1016/j.cogsys.2024.101240).
Copyright 2024 by F. David, G. Kalibala, B. Pichon,
J. Treur.

2.3Sexual functioning and ADHD

Sexual functioning is a broad construct involving
desire, arousal, orgasmic experience, concentration
during sex, emotional openness, partner
responsiveness and subjective satisfaction. Sexual
dysfunction is narrower, referring to impaired sexual
response or reduced sexual pleasure despite
adequate stimulation. Sexual response involves
excitatory and  inhibitory = systems, with
dopaminergic pathways contributing to sexual
excitement and attention to sexual stimuli. In
ADHD, prefrontal hypoactivity may impair
attention during sex, while reward-system
dysfunction may contribute to immediate
gratification and hypersexuality. Accordingly,
ADHD sexuality research links the symptoms with
lower sexual satisfaction, attentional difficulties
during intercourse, sexual distress, relationship
problems and dysregulated sexual behaviour,
including  risk-taking, = hypersexuality  and
problematic pornography use (Goldberg et al., 2024;
Hertz et al., 2022; Puszcz et al., 2025; Soldati et al.,
2020).

2.4Emotional distress and secondary factors

Emotional distress refers to recent emotional
burden, including stress, tension, anxious affect,
dysphoria and low mood. In sexual contexts, distress

158

may reduce relaxation, desire, concentration,
pleasure, orgasm satisfaction and emotional
availability (Goldberg et al., 2024; Ogrodnik et al.,
2023). ADHD-specific findings connect emotional
dysregulation with hypersexual behaviour, sexual
risk-taking, sexual dysfunction and lower orgasm
satisfaction.  Self-esteem,  Rejection-Sensitive
Dysphoria, impulsivity, medication, comorbidity
and relationship status require consideration, given
their possible relevance to sexual confidence, libido,
arousal, relational conflict and satisfaction (Dosch et
al., 2016; Laumann et al., 1999; Pascoal et al., 2020;
Puszcz et al., 2025; Rothmore, 2020; Wymbs et al.,
2021).

2.5Sensory, emotional and sexual pathways

Sexual experience is inherently multisensory,
involving touch, friction, movement, body position,
sound, smell, visual cues, temperature and internal
bodily signals. This may be especially relevant in
ADHD, since complex multisensory input requires
integration and regulation, processes that may be
less efficient when top-down attentional control is
impaired. (Aleksandrovich & Gomes, 2020; Herz &
Cahill, 1997; Jurek et al.,, 2025; Schulze et al.,
2022). Additionally, hypersensitivity may contribute
to discomfort, overstimulation or avoidance of
intimate stimuli, whereas hyposensitivity may
involve muted bodily awareness, delayed arousal or
a need for stronger input. Sensory atypicality may
also be emotionally burdensome, given that
overstimulation, unpredictability, chronic vigilance,
frustration and relational strain can increase
distress.

Conversely, emotional distress may
redirect attention toward internal worries and make
negative reactions to sensory discomfort more
difficult to regulate, creating overlap between
sensory and emotional pathways. Sensory
processing may therefore be associated with sexual
functioning partly through emotional distress, while
still retaining a possible association when the latter
is considered (Field, 2025; Goldberg et al., 2024;
Jurek et al., 2025; Young & Cocallis, 2023). Such a
pattern would not imply that sensory processing is
independent of emotional distress, but that
embodied sensory factors may account for aspects
of sexual satisfaction, hypersexual behaviour and
sexual boredom that are not fully reducible to
general emotional burden.

2.6Research gap

Prior ADHD sexuality research has mainly
examined attention, impulsivity, emotional
dysregulation, hypersexual behaviour, sexual risk-
taking, relationship difficulties and sexual
dysfunction. Although sensory processing has been



studied in ADHD more broadly and appears
theoretically relevant to sexual experience, its
specific contribution to ADHD-related sexual
functioning remains insufficiently clarified (Hertz et
al., 2022; Puszcz et al., 2025; Soldati et al., 2020;
Wallin et al., 2022; Wymbs et al., 2021; Young &
Cocallis, 2023). Existing work also provides limited
clarity across different levels of ADHD symptom
severity within one design (Attoe & Climie, 2023;
Panagiotidi et al., 2018; Wallin et al., 2022).

To address these limitations, the current study
examines whether sensory atypicality contributes to
sexual functioning across ADHD-status groups after
emotional distress is considered. Sexual functioning
is understood through three outcomes: sexual
satisfaction, hypersexual behaviour and sexual
boredom. Individual sensory dimensions, self-
esteem, impulsivity and relationship status will be
examined as exploratory contextual variables.

3 Methodology

3.1Design and materials

A quantitative, cross-sectional, correlational
design was implemented through an anonymous
online questionnaire in SoSci Survey (Leiner, 2021).
ADHD symptom severity/status, sensory processing
and emotional distress were assessed alongside
demographic, clinical and relational variables.

3.2Participants

Participants are adults aged 18+ with at least
one sexual or intimate experience. Recruitment has
been conducted online through social media,
university channels and ADHD-related
communities, and offline through posters placed at
the Faculty of Humanities of Charles University,
ADHD-related organisations and student spaces in
Prague. Data collection is ongoing, with an intended
valid sample of approximately 200-230 respondents.
Valid cases also require consent, >60% completion
of sexuality-related items and >70% completion of
other items.

Participants were grouped as formally
diagnosed ADHD, self-suspected ADHD and non-
ADHD. The study aimed to examine whether
individuals without a formal diagnosis but with
ADHD-related self-identification showed patterns
closer to diagnosed ADHD participants or to non-
ADHD participants, rather than reducing this
distinction only to formal diagnosis, which can be
hard to obtain due to factors such as limited access
to healthcare, adult underdiagnosis, and gender-
based expectations.

In addition to the categorical grouping, the
analysis also included a dimensional approach,
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using ASRS-18 scores to assess ADHD symptom
severity and capture heterogeneity across the full
sample.

3.3Measures and procedure

Further measures included GSQ-42 for
sensory processing, DASS-21 for depression,
anxiety and stress, RSE-10 for global self-esteem,
and BIS-11 for impulsivity. Sexual outcomes were
assessed with the NSSS for sexual satisfaction,
HBI-19 for hypersexual behaviour, and SBS-18 for
sexual boredom (Kessler et al., 2005; Lovibond &
Lovibond, 1995; Patton et al., 1995; Reid et al.,
2012; Robertson & Simmons, 2025; Rosenberg,
1979; Stulhofer et al., 2011; Watt & Ewing, 1996).
The survey was available is English and Czech.
Since Czech versions of the GSQ-42, HBI-19 and
SBS-18 were not found, these scales were translated
into Czech by the researcher, checked by a faculty
professional experienced in translation, and
corrected after pilot feedback.

The survey script was approved by the thesis
supervisor and pilot-tested with 10 respondents.
After informed consent, participants completed
demographic questions and the questionnaire
battery; selected follow-up questions were displayed
conditionally (e.g., medication use related).
Participation was voluntary and anonymous,
sensitive items could be skipped, and support
resources were provided at the end.

3.4Preliminary data analysis

All statistical analyses were performed using
JASP. Data screening, exclusions, descriptives and
reliability estimates were conducted first. Responses
coded -9 and “prefer not to say” were recoded as
missing. Within-scale missing data were handled
using person-mean imputation: when at least 80% of
items in a given scale or subscale were completed,
missing item values were replaced by the
respondent’s own mean of the available items from
the same scale or subscale. If less than 80% of items
were completed, the corresponding scale or subscale
score was treated as missing. For subscale scores,
the imputation mean was computed within the
subscale; for total scores, it was computed across the
full item set. Group differences across ADHD-status
groups were tested with ANOVA or Kruskal-Wallis
tests, followed by Tukey/Dunn comparisons, Holm
correction, n?/e?, and a planned ADHD-combined
versus non-ADHD contrast using Cohen’s d.
Correlations and hierarchical regressions examined
ADHD symptom severity, sensory processing,
emotional distress and sexual outcomes; regression
models controlled for age, AGAB and partnered
status where relevant. Sensory modalities were
analysed with Spearman correlations and PCA.



Hierarchical regression and bootstrap mediation
tested whether sensory processing remained
meaningful after emotional distress was considered,
with impulsivity, self-esteem and relationship status
added as contextual variables where relevant.

4 Results

From 315 questionnaires, 150 valid cases remained.
The confirmatory sample included only clearly
classified diagnosed ADHD (n = 42), self-suspected
ADHD (n= 31) and non-ADHD participants (n =
41), resulting in n = 114, while the full valid sample
was used for continuous analyses. Most valid
participants were assigned female at birth (73.3%, n
= 110); participants ranged in age from 18 to 51
years. Main scales showed good reliability, o = .904-
951.

ADHD-status groups differed in sensory
processing. GSQ total was higher in diagnosed and
self-suspected ADHD than in non-ADHD
participants, H(2) = 21.96, p < .001, € = .196, with
a large ADHD-combined contrast,d= 0.94.
Continuous ADHD severity was also strongly
associated with GSQ total, r= .621, B = .608, p <
.001. It also correlated with both hyper- and
hyposensitivity scores, GSQ-Hyper: » = .590; GSQ-
Hypo: » = .617, both Holm-corrected ps < .001.
Hyposensitivity was slightly more strongly
correlated with  ADHD severity than
hypersensitivity, GSQ-Hypo: r = .617; GSQ-Hyper:
r = .590. Group differences were significant for
visual, auditory, tactile,  vestibular  and
proprioceptive modalities, with the strongest effects
for vestibular processing, €2 = .222, d = 1.05, and
proprioceptive processing, €2 = .196, d = 0.95. The
tactile modality also showed a moderate group
effect, €2 =.130, d = 0.53. PCA supported GSQ total
as an overall score, with the first component
explaining 70.6% of modality variance.

No significant ADHD-status differences were
found for emotional distress or sexual outcomes.
Stress showed only a corrected trend, pHolm =.062,
and NSSS, HBI and SBS totals were non-significant,
all pHolm > .963 (see Figure 2).

Sensory atypicality was associated with
hypersexual behaviour, r= .23,p= .005;, p =
.26, pHolm = .009, but not with sexual satisfaction
or corrected sexual boredom. Hyposensitivity
showed stronger association with hypersexual
behaviour than hypersensitivity, GSQ-Hypo: r=.27,
p=.001; GSQ-Hyper: r=.19, p =.020. As shown in
Figure 3, hypersexual behaviour was associated with
gustatory, auditory and tactile processing at the
modality level.
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Fig. 2. ADHD-status group differences in sensory
processing, emotional distress, and sexual
outcomes.

Note. Means and 95% bootstrap confidence intervals
are shown by ADHD-status group based on 1,000
resamples. The clearest group separation appears for
GSQ-42 sensory processing scores.
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Fig. 3. Associations between sensory processing and
sexual-functioning outcomes.

Note. Spearman correlations are shown between
GSQ-42 sensory scores and sexual-functioning
outcomes. Asterisks indicate uncorrected p < .05;
sample size varies by scale-level missingness.
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After emotional distress was entered, the
sensory-hypersexuality association decreased from
B=.27,p=.002 to B=.17, p=.083. Thus, the
residual direct path was no longer statistically
significant. The indirect effect through emotional
distress was significant, indirect = .100, 95% CI
[.023, .193], p = .017, suggesting that emotional
distress statistically accounted for part of the
association between sensory atypicality and
hypersexual behaviour.

This pattern was not found for sexual
satisfaction or sexual boredom. Exploratory
analyses showed a small contribution of impulsivity
to hypersexual behaviour, f = .17, and higher
hypersexual behaviour in male than female
participants, #(48.2) =-2.35, p=.023,d =-0.51.

Higher self-esteem was strongly associated
with lower emotional distress, » = —.61, p < .001,
including depression, » =—.69, p <.001, anxiety, r =
-39, p <.001, and stress, » = —.47, p < .001. Self-
esteem was not significantly associated with overall
sensory atypicality, » = —.14, p = .090.



In relation to sexual-functioning outcomes,
higher self-esteem was associated with lower
hypersexual behaviour, » = —-23, p = .006,
particularly lower HBI Control scores, = —.26, p =
.002, and HBI Consequences scores, » = —.17, p =
.040. It also showed a trend-level positive
association with NSSS total, » = .17, p =.069, and a
trend-level negative association with SBS total, » =
—.15, p = .086. Self-esteem was also negatively
associated with impulsivity, » =—.26, p = .002.

Self-esteem differed descriptively across
ADHD-status groups, with the lowest mean in the
self-suspected ADHD group, M = 14.6, SD = 6.0,
compared with diagnosed ADHD, M = 17.6, SD =
6.4, and non-ADHD participants, M = 16.8, SD =
6.6. However, this group difference was not
statistically significant, H = 3.86, p = .145, therefore,
should be interpreted cautiously.

Reliability of the researcher-translated Czech
scales was high: GSQ-42, a = .953; HBI-19, o =
.942; and SBS-18, o= .915.

5 Discussion and limitations

The preliminary findings suggest that sensory
processing is strongly related to ADHD symptom
severity, especially when ADHD is examined
dimensionally rather than only through diagnostic
groups. Sensory atypicality differed by ADHD
status and increased along the continuum of ADHD
symptoms, supporting the value of analysing ADHD
traits beyond formal diagnosis. The modality-level
results add nuance to this pattern: vestibular and
proprioceptive processing showed the strongest
group difference, while tactile showed a moderate
group effect.

The sexual-functioning findings were more
specific. ADHD-status groups did not differ in
sexual satisfaction, hypersexual behaviour or sexual
boredom.

Nevertheless, hyposensitivity was indirectly
linked to hypersexual behaviour through emotional
distress, which may fit the idea that reduced sensory
registration or a need for stronger stimulation could
be particularly relevant in this context. Hypersexual
behaviour was more prevalent in men. It is
consistent with the previous findings, but the result
still needs to be interpreted cautiously because of the
gender imbalance in this sample. There were more
female than male participants. This imbalance may
also have limited the ability to detect ADHD-status
differences in hypersexual behaviour, especially if
hypersexuality is expressed or reported differently
across sex or gender groups.

At the modality level, hypersexual behaviour
was most clearly associated with gustatory, auditory,
and tactile processing, suggesting a partial overlap
with the sensory dimensions that most strongly
differentiated ADHD-status groups.
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Sensory atypicality was not related to sexual
satisfaction, and its association with sexual boredom
remained weak. This suggests that sensory
processing may be more relevant to dysregulated or
coping-related sexuality than to sexual functioning
broadly.

Higher self-esteem was associated with lower
levels of hypersexual behaviour and impulsivity.
Self-esteem was also lower among self-suspected
ADHD respondents than among diagnosed ADHD
individuals, which may point to the possible
importance  of  validation from  medical
professionals. However, this finding should be
interpreted cautiously.

Although ADHD was associated with
hyposensitivity, and hyposensitivity was indirectly
associated with hypersexual behaviour, the analysis
did not confirm a direct association between
ADHD and hypersexual behaviour. However, based
on the current findings and previous research, it
remains possible to theorise that such a relationship
may emerge in future studies using a larger and more
balanced sample.

Other limitations include the cross-sectional
self-report  design, gender imbalance, and
missingness possibly related to the length and
sensitivity of the questionnaire. The current sample
size also limited more detailed analyses of
medication use and comorbidities, although these
variables were assessed. In addition, three Czech
translations were checked and pilot-adjusted, but not
formally validated, even though their reliability
was high according to the analysis.

Although the recruitment was not limited to
ADHD communities, ADHD-related channels were
one part of the recruitment strategy and may have
introduced self-selection bias. Participants who are
more engaged with ADHD topics, more aware of
sensory difficulties, or more affected by emotional
or sexual-functioning concerns may have been more
likely to respond. Therefore, the findings may not
fully generalise to adults with ADHD traits who are
less connected to ADHD communities or who
experience milder or less recognised difficulties.

Overall, these preliminary findings add an
embodied sensory perspective to ADHD sexuality
research while narrowing the initial model. Sensory
atypicality appears robustly related to ADHD
symptom severity, but its sexual relevance is
currently clearest only for hypersexual behaviour.
Practically, this suggests that ADHD-related sexual
wellbeing may potentially benefit from attention to
sensory  comfort, overload and  bodily
responsiveness alongside emotional distress and
impulsivity. Future research could extend this work
in larger, more diverse and longitudinal samples, and
test whether sensory-informed assessment improves
support in this area.
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Abstract

With the rapid development of generative artificial intel-
ligence (GenAl), its integration into clinical decision-
making is becoming an increasingly common compo-
nent of contemporary medical practice. This pilot study,
conducted within the framework of an ongoing doctoral
dissertation project, focuses on the psychological and
ethical dimensions of GenAl use among junior doctors
in the Czech Republic and Germany. The research is
based on a qualitative analysis of semi-structured inter-
views. Preliminary findings suggest emerging forms of
psychological dependence on Al tools, particularly in
the form of automation bias, compulsive use, anthro-
pomorphization of Al systems, and gradual deskilling.
The study further highlights potential manifestations of
cognitive delegation, the weakening of critical thinking,
and the transformation of decision-making autonomy
within the broader context of human—Al interaction.

1 Introduction

In 2022, following the public release of ChatGPT 3.5,
many scholars and technology experts anticipated the
emergence of a new form of technological revolution,
often framed in optimistic terms. It was widely as-
sumed that so-called hybrid teams composed of human
and non-human actors would become an integral part
of professional environments, particularly within the
broader framework of human—AlI interaction (Dwivedi
et al., 2023). Until early 2025, the majority of published
studies emphasized the potential benefits of GenAl
in healthcare, especially regarding clinical decision-
making and administrative support for physicians (An-
drew, 2024). For instance, a study examining the use of
generative Al models to reduce physicians’ cognitive bi-
ases concluded that integrating multi-agent discussions
significantly increased diagnostic accuracy (Ke et al.,
2024).

However, in 2025, a groundbreaking study con-
ducted at MIT examined the effects of generative Al
use on cognition, memory, and neural activity during
essay writing tasks. Researchers compared groups us-
ing ChatGPT, internet search engines, and only their
own knowledge while monitoring brain activity through
EEG and analyzing the produced texts. The study con-
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cluded that the use of ChatGPT reduced cognitive en-
gagement, memory recall, and the sense of authorship,
whereas participants writing without Al demonstrated
higher neural activity, better memory retention, and
greater originality. The authors further argued that long-
term reliance on Al systems may lead to so-called “cog-
nitive debt,” characterized by the weakening of critical
thinking, independent learning, and deeper information
processing, despite the increased efficiency provided by
Al tools (Kosmyna et al., 2025). These findings are
further supported by another recent study suggesting
that physicians may rapidly develop dependence on Al-
assisted systems (Budzyn et al., 2025).

This study focuses on the psychological, ethical,
and cognitive dimensions of generative Al use among
junior doctors, particularly on the transformation of
decision-making autonomy, professional responsibility,
and trust in technological systems. Special attention is
devoted to potential manifestations of cognitive delega-
tion, automation bias, deskilling, and emerging forms of
psychological dependence on Al tools. This pilot study
is based on a preliminary qualitative analysis of semi-
structured interviews and forms part of an ongoing doc-
toral dissertation project.

2 Related Work

According to the World Health Organization (WHO),
the global healthcare system is expected to face a short-
age of 18 million healthcare workers by 2030. Cur-
rent research therefore emphasizes the urgent need to
address this situation in order to prevent healthcare pro-
fessionals from leaving the field. Ye et al. (2022) further
argue that junior doctors in the early stages of their ca-
reers represent the most vulnerable group in terms of
completely abandoning the medical profession.

A junior doctor may be defined as an individ-
ual who has successfully completed medical school but
must continue postgraduate clinical training in order
to obtain board certification in a medical specialization
(Verywell Health, 2023). Another defining characteris-
tic is that junior doctors work under the supervision of a
fully certified senior physician who should, in principle,
be available at all times to provide assistance or con-
sultation when necessary (MyHSN, 2026). However,



previous research suggests that such supervision is of-
ten insufficient or unavailable in practice (Zamrazilova,
2023). The healthcare systems examined in this study,
namely those of the Czech Republic and Germany, are
both structured according to this principle.

Gonzalez and Heidari (2025) focused on the dis-
tinction between static and dynamic decision-making,
with the medical profession clearly belonging to the
latter category. Data-driven Al systems may there-
fore function as tools that provide recommendations
and guidance to individuals responsible for making fi-
nal clinical decisions. However, a major limitation of
current Al systems lies in their difficulty adapting to dy-
namic environments by incorporating real-time human
input and automatically adjusting recommendations in
response to changing goals, shifting contexts, user feed-
back, and evolving environmental conditions.

Another critical issue is that individuals frequently
fail to appropriately calibrate their reliance on Al dur-
ing decision-making processes. The authors argue that
excessive dependence on GenAl outputs without suffi-
cient critical evaluation may result in suboptimal deci-
sions. One of the most common cognitive biases in this
context is anchoring bias, which occurs when initial in-
formation exerts a disproportionate influence on subse-
quent judgments and decisions. This effect persists even
when the anchor itself is arbitrary or irrelevant. Anchor-
ing introduces a cognitive reference frame that subse-
quently shapes an individual’s final decisions (Carter &
Liu, 2025).

Language also represents a significant challenge
for the use of GenAl in medicine, as language is not
merely a communication tool but also a framework
shaping thought, perception of reality, and behavior. In
medical contexts, language structures diagnoses, treat-
ment decisions, risk communication, and patient trust.
The choice of words and metaphors (e.g., “mechanical
dysfunction,” “war,” or “battle””) may influence whether
physicians lean toward aggressive treatment, palliative
care, or pharmacological intervention. Cultural and
linguistic differences therefore play an important role
in medicine, and misunderstandings in communication
may contribute to misdiagnosis (Kumar & Arora, 2025).
This issue is further complicated by the fact that most
GenAl systems have primarily been trained on English-
language medical datasets (Andrew, 2024), potentially
contributing to additional forms of cognitive bias.

As previously noted, GenAl systems are capable
of analyzing medical records, patient narratives, and
clinical notes while assisting with diagnosis (Kumar et
al., 2025). Initially, GenAl was widely expected to
function as an intermediary capable of reducing cogni-
tive biases by providing objective and comprehensive
information. This optimism reflected the belief that
Al-assisted systems could surpass human judgment in
terms of fairness, accuracy, and efficiency. However,
emerging evidence now suggests that GenAl may in-
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stead amplify existing cognitive biases rather than miti-
gate them (Rodriguez-Fernandez, 2026).

3 Methodology

For this qualitative study, a methodology based on semi-
structured online and in-person interviews was em-
ployed. Each participant took part in three to five
in-depth interviews conducted between 2023 and the
present.

3.1 Sample

The current sample consists of 16 participants, of whom
9 are from the Czech Republic and the remaining 7 from
Germany. All participants are junior doctors between
the ages of 26 and 34. The sample is evenly divided by
gender, comprising 8 men and 8§ women. Participants
were recruited through snowball sampling and via an-
nouncements posted on social media platforms, through
which individual participants subsequently volunteered
for the study. An important finding is that all partic-
ipants reported experiencing mental health difficulties
and regularly attending psychotherapy, while some also
reported receiving psychiatric treatment. All partici-
pants associated their psychological distress with the
medical profession and the working conditions they ex-
perience. All participants included in this study were
strictly anonymized.

4 Analysis and Interpretation

A qualitative thematic analysis was employed to ana-
lyze the data obtained from the semi-structured inter-
views, with the aim of identifying recurring patterns
of meaning and dominant themes within the partici-
pants’ narratives. The analysis focused on how individ-
ual actors describe and conceptualize generative artifi-
cial intelligence, the purposes for which they use these
systems, the nature of their relationship to Al tech-
nologies, what GenAl personally represents to them,
and the role it plays in their everyday clinical practice.
Particular attention was devoted to themes related to
decision-making autonomy, trust in technological sys-
tems, psychological dependence on Al, and transforma-
tions of clinical judgment within the broader context of
human-AlI interaction.

Preliminary findings suggest that 11 out of 16
participants exhibit signs of psychological dependence
on these technologies, particularly in the form of au-
tomation bias, compulsive use in both personal and
professional contexts, and the anthropomorphization of
Al systems. Another recurring phenomenon identi-
fied in the interviews was so-called deskilling, under-
stood as the gradual weakening of professional com-



petencies due to increasing reliance on Al-assisted sys-
tems. The findings further indicate that all participants
routinely incorporate these technologies into their daily
clinical practice. Differences between participants from
the Czech Republic and Germany appear to be negligi-
ble. The findings suggest that these emerging technolo-
gies are significantly transforming decision-making au-
tonomy, perceptions of professional responsibility, and
trust in technological systems. Generative Al is simul-
taneously reshaping the ways in which individuals ap-
proach their own judgment, decision-making processes,
and everyday professional activities. Such develop-
ments may contribute not only to progressive cognitive
delegation to Al systems, but also to the emergence of
new forms of psychological dependence on these tech-
nologies.

5 Discussion

The interaction between humans and generative arti-
ficial intelligence represents a specific type of rela-
tionship in which no independent human actor exists
beyond the user and the technological system itself.
This form of interaction may contribute to risks of
self-confirmation, artificial consensus, and the grad-
ual weakening of critical reflection, as Al systems
frequently reproduce or reinforce users’ existing atti-
tudes, assumptions, and patterns of thinking (Silkej &
Fredriksson, 2020). Within a broader societal context,
these processes raise important questions concerning
the impact of Al on democratic decision-making, indi-
vidual autonomy, and potential forms of digital cogni-
tive decline. At the same time, prolonged interaction
with Al tools appears to influence how individuals ap-
proach personal judgment, professional responsibility,
and decision-making processes.

This study represents a pilot qualitative investiga-
tion based on a limited number of participants; there-
fore, its findings cannot be generalized to the wider
population. The primary aim of the study is to open
a broader discussion concerning the psychological and
social implications of generative Al within medical en-
vironments and to identify key areas for future research.
A deeper understanding of these phenomena will re-
quire more extensive qualitative and quantitative stud-
ies focused on the long-term impact of Al on clini-
cal decision-making, professional autonomy, and the
psychological dimensions of human-technology inter-
action.

6 Conclusion

Empirical data from this pilot qualitative study suggest
that the use of generative artificial intelligence in med-
ical settings may lead not only to changes in clinical
decision-making, but also to transformations in individ-
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uals’ relationships to their own judgment, professional
responsibility, and everyday clinical practice. A signif-
icant proportion of participants exhibited signs of psy-
chological dependence on Al tools, particularly in the
form of automation bias, compulsive use, anthropomor-
phization of Al systems, and gradual deskilling. The
findings further indicate that, for many junior doctors,
GenAlI has become an integral part of everyday clini-
cal reality, influencing not only work efficiency but also
patterns of thinking and decision-making.

The results support theoretical concepts related to
cognitive delegation, technological dependence, and the
transformation of autonomy within the context of hu-
man—Al interaction. At the same time, the study raises
broader questions concerning the long-term impact of
Al on the mental health of healthcare professionals,
physicians’ professional identity, and the ethical dimen-
sions of algorithmically assisted decision-making. Al-
though the findings cannot be generalized due to the
limited sample size, the study highlights the need for
further interdisciplinary research integrating psychol-
ogy, medicine, anthropology, and Al studies. Future
research should focus particularly on the long-term ef-
fects of GenAl on clinical judgment, critical thinking,
professional autonomy, and potential forms of digital
cognitive decline.
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Abstract

Vision-Language-Action models (VLAs) and Large Be-
havior Models (LBMs) are becoming a central re-
search direction for cognitive and humanoid robotics.
They connect semantic perception, natural-language
task specification, multimodal state estimation, and con-
tinuous motor control in one trainable policy stack. This
paper reviews the motivation, historical roots, archi-
tectural principles, and taxonomy of recent VLA and
LBM approaches. Particular attention is given to multi-
modal and multisensory fusion, cross-embedding of vi-
sion, language, robot state and action, autoregressive ac-
tion token generation, diffusion policy, and flow match-
ing. The paper defines safety and reliability as opera-
tional properties of embodied policies: constraint satis-
faction, calibrated uncertainty, recoverability from fail-
ures, robustness under distribution shift, and transpar-
ent human interaction. The main conclusion is that
cognitive robotics is moving toward hybrid architec-
tures that combine pretrained semantic backbones, mul-
tisensory latent state estimation, generative continu-
ous action heads and predictive world models. In the
end, we also discuss the limitations of this approach to
building intelligent robotic systems. With reference to
the title, LBMs are promising substrates for safe and
reliable robotics only when embedded in monitored,
uncertainty-aware and verifiable robot-control stacks.

1 Introduction

Humanoid robots are no longer only mechanical plat-
forms for scripted motion. They are becoming em-
bodied Al systems that must interpret human instruc-
tions, perceive complex scenes, interact safely with ob-
jects and people, and coordinate many degrees of free-
dom in real time. This requirement creates a diffi-
cult cognitive-robotics problem: the robot must connect
symbolic or linguistic task descriptions with percep-
tual grounding, physical state estimation, and closed-
loop control. Vision-Language-Action models (VLAs)
address this problem by extending Vision-Language
Models (VLMs) toward direct robot action generation
(Kawaharazuka et al., 2025). Large Behavior Mod-
els (LBMs) address a broader problem: how to scale
robot policies across many behaviors, tasks, environ-
ments and embodiments (TRI LBM Team et al., 2026).
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Action model for robotic manipulation (Din et al.,
2025). The three embeddings are fused in an LLM that
generates multimodal semantic representation of the in-
tended task, i.e., along with robot state features, de-
coded to a trajectory that accomplishes the task.

The distinction between VLA and LBM is useful
but not absolute. A VLA is usually language-grounded:
it receives an image or video observation, a language
instruction, and possibly proprioceptive state, then pro-
duces actions (see an example in Fig.1). An LBM is
a large-scale behavior policy trained on broad robot
data; it may be language-conditioned, but it can also
be defined primarily by action competence and data
scale. The strongest current robot foundation models in-
creasingly combine semantic grounding from pretrained
vision-language backbones, broad behavioral compe-
tence from large trajectory datasets, and continuous ac-
tion generation for physical control (Octo Model Team
et al., 2024; Black et al., 2024; NVIDIA et al., 2025).

For cognitive and humanoid robotics, this shift
is important because classical modular pipelines often
separate perception, mapping, planning, grasp synthe-
sis and motor control. Such modularity remains valu-
able for verification and safety, but it can be brittle
under open-ended instructions, clutter, occlusion, de-
formable objects, contact-rich manipulation and em-
bodiment mismatch. VLA and LBM research does not
remove the need for structure; rather, it asks how much
of this structure can be learned, shared across tasks and
adapted to new robots.

There also exist recent robotics-related proto-LBMs
that stand somewhere between VLAs and LBMs.
RoboVLM (Li et al.,, 2026) and HY-Embodied (Yu



et al., 2026) differ in details but converge on the same
idea: a unified, scalable VLA foundation model that
generates behavior directly, an emerging form of LBMs.

The contribution of the paper is threefold: (1) it sur-
veys current VLA/LBM architectures, (2) synthesizes
their trade-offs for robotic use, and (3) proposes mini-
mal safety-and-reliability evaluation criteria that should
accompany any claim of progress toward safe humanoid
deployment.

2 Historical roots and motivation

The first root of VLAs and LBMs is end-to-end visuo-
motor learning. Early deep visuomotor policies showed
that perception and control could be trained jointly from
raw sensory observations, challenging the idea that a
robot always needs a manually specified symbolic state
before action selection (Noda et al., 2014). RT-1 later
demonstrated that transformer architectures can absorb
large real-world robot datasets and generalize across
many tasks when camera observations, instructions and
motor commands are represented in a compact sequence
format (Brohan et al., 2022).

The second root is multimodal representation learn-
ing that studies how models represent, align, trans-
late, fuse and co-learn from multiple modalities (Bal-
trusaitis et al., 2019). Early deep multimodal learning
showed that coordinated representations can transfer in-
formation across sensory streams (Ngiam et al., 2011).
In robotics, multimodal integration was already stud-
ied on humanoid platforms by learning fused sensory-
motor time-series representations for behavior genera-
tion (Noda et al., 2014). This tradition becomes essen-
tial in manipulation, where vision may see the object
globally, proprioception tells the robot where its body is,
and tactile or force feedback reveals contact that cam-
eras cannot observe (Li et al., 2023; Sferrazza et al.,
2024).

The third root is language-conditioned imitation
learning and vision-language pretraining. CLIP showed
that large-scale image-text pretraining can produce
transferable visual concepts addressable through lan-
guage (Radford et al., 2021). CLIPort then combined
CLIP-like semantic understanding with spatial manip-
ulation precision, separating the question of what to
manipulate from where to act (Shridhar et al., 2022).
PaLM-E inserted continuous embodied observations
into the token stream of a large language model (LLM),
showing that language, image and robot state can be
processed jointly for embodied reasoning (Driess et al.,
2023). VIMA generalized the prompting view by inter-
leaving visual and textual prompt tokens and decoding
robot actions autoregressively (Jiang et al., 2022).

The final root is sequence modelling for decision
making. Decision Transformer and Trajectory Trans-
former reframed control as sequence prediction over
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states, actions and returns (Chen et al., 2021; Janner
etal.,2021). This was conceptually important because it
made robot control compatible with the scaling recipes
of LLMs: tokenize inputs, train on large sequential
datasets, and predict the next element in context. RT-
2 made this connection explicit by expressing robot ac-
tions as text-like tokens and co-training on robot trajec-
tories and web-scale vision-language tasks (Zitkovich
etal., 2023).

3 Key architectural principles

3.1 Multimodal and multisensory fusion

Multimodal fusion means that a policy does not rely
on one input channel only. In VLAs and LBMs, the
usual modalities are image or video, language instruc-
tion, robot proprioception, action history and sometimes
tactile, force, audio or depth observations (Baltrusaitis
et al.,, 2019). Multisensory fusion is especially im-
portant for humanoid manipulation because many task-
relevant variables are hidden: the object may be oc-
cluded by the hand, contact pressure may change before
the object visibly moves, and slippage may be felt be-
fore it is seen. Experiments on visual-auditory-tactile
manipulation show that different senses dominate dif-
ferent parts of the task: vision supplies global scene
context, audio can mark contact events, and touch sup-
plies local geometry and contact information (Li et al.,
2023). Vision-touch masked multimodal learning sim-
ilarly shows that tactile information improves sample
efficiency and robustness under occlusion (Sferrazza
et al., 2024).

For cognitive robotics, the key point is that the robot
internal state should not be a simple image caption. It
should be a control-relevant latent state: a compact rep-
resentation that binds object identity, spatial relations,
affordances, body configuration, contact state and task
intention. Here the cross-embedding becomes central.

3.2 Cross-embedding and embodied tokens

Cross-embedding refers to representing multiple modal-
ities in a common or coordinated latent space so that in-
formation can be compared, attended to, fused or trans-
lated across modalities (Ngiam et al., 2011; Baltrusaitis
et al., 2019). In current robot foundation models, this
often means mapping visual features, language tokens
and robot state vectors into a transformer-compatible
sequence. PaLM-E is a clear example: visual observa-
tions and continuous state estimates are projected into
the same processing stream as language tokens (Driess
et al., 2023). VIMA uses multimodal prompts in which
text and visual tokens specify the manipulation task
(Jiang et al., 2022). OpenVLA combines a Llama-based
decoder with fused DINOv2 and SigLIP visual features,
illustrating how pretrained visual and vision-language
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encoders can support robot action prediction (Kim et al.,
2025; Oquab et al., 2023; Zhai et al., 2023).

This design has a cognitive interpretation. The
robot does not merely classify pixels or parse com-
mands. It constructs an embodied context in which
words such as cup, fragile, left, gently or give become
linked to visual objects, body posture, force constraints
and possible action sequences. Cross-embedding is
therefore a computational mechanism for grounding
meaning in action.

3.3 Autoregressive token generation

Autoregressive token generation means that the model
predicts the next token conditioned on previous tokens.
In language models the tokens are words or subwords;
in robot policies they may be discretized actions, action
chunks or symbolic representations of continuous con-
trol variables (Chen et al., 2021). RT-2 is the canonical
VLA example: it formats robot actions as text-like to-
kens so that the same model can learn both language
responses and action outputs (Zitkovich et al., 2023).
OpenVLA keeps this transformer-based VLA idea but
releases an open model and training stack, making the
approach more reproducible (Kim et al., 2025).

The advantage of autoregressive VLAs is concep-
tual and engineering simplicity. They fit naturally with
pretrained VLMs and allow web-scale semantic knowl-
edge to influence robot control. Their limitation is
action precision. Fine motor control often requires
smooth, high-frequency, continuous trajectories. Dis-
cretizing a dexterous hand, wrist and arm into tokens
can introduce quantization error, longer sequences and
latency. This limitation motivates diffusion and flow-
based action heads.
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4 VLA and LBM model families

A practical taxonomy can be organized by the way task
context and action are represented. The categories be-
low should not be read as mutually exclusive boxes.
They are design choices along several axes: seman-
tic grounding, temporal horizon, action representation,
data scale, embodiment coverage, online feedback and
explicit safety mechanisms. This comparative reading
is more useful for robotics than a simple chronological
list because the most suitable model family depends on
the task regime.

(1) Semantic-spatial manipulation models use
vision-language pretraining to ground object concepts
while preserving precise spatial control. CLIPort is the
representative example because it combines a seman-
tic pathway for what to manipulate with a spatial path-
way for where to manipulate (Shridhar et al., 2022).
Such models are not always full VLAs in the recent
foundation-model sense, but they are historically impor-
tant because they demonstrated that internet-scale se-
mantic representations can improve robot manipulation.

(2) Promptable and embodied language models pro-
cess text, visual observations and sometimes robot state
in a common sequence. PalLM-E is primarily an em-
bodied multimodal language model for reasoning and
planning (Driess et al., 2023), whereas VIMA is a
transformer agent that solves tabletop tasks from mul-
timodal prompts and outputs actions autoregressively
(Jiang et al., 2022). These models make the instruction
interface explicit and show how language can structure
robot behavior beyond fixed task labels.

(3) Autoregressive VLA controllers directly treat
action as part of the token sequence. RT-1 introduced
a scalable robotics transformer trained on diverse real-
world robot data (Brohan et al., 2022). RT-2 then trans-
ferred web-scale vision-language knowledge into robot
control by co-training on internet vision-language tasks
and robot trajectories (Zitkovich et al., 2023). Open-



VLA extended this line as an open 7B-parameter VLA
trained on 970k robot demonstrations from Open X-
Embodiment (Kim et al., 2025; O’Neill et al., 2023).

(4) Generalist robot policies and LBMs emphasize
behavioral scale across tasks and embodiments. Octo
is a transformer-based diffusion policy trained on 800k
trajectories from Open X-Embodiment and designed
for adaptation to new sensors and action spaces (Octo
Model Team et al., 2024; O’Neill et al., 2023). TRI’s
LBMs extend the diffusion-policy paradigm across ap-
proximately 1,700 hours of robot data and evaluate
multitask dexterous manipulation with controlled real-
world and simulation trials (TRI LBM Team et al.,
2026). In this family, language is useful, but the defin-
ing feature is broad behavioral competence from large
robot data.

(5) Continuous generative policies use diffusion or
flow matching to produce smooth action trajectories.
Diffusion Policy models actions as a denoising process
conditioned on observations (Chi et al., 2025). RDT-1B
scales a diffusion transformer for bimanual manipula-
tion (Liu et al., 2024). GROOT N1 uses a dual-system
VLA architecture for humanoids in which a vision-
language module interprets the instruction and a dif-
fusion transformer generates motor actions (NVIDIA
et al., 2025). The my model uses flow matching rather
than classical action tokenization to generate continu-
ous actions from a pretrained vision-language backbone
(Black et al., 2024).

(6) Predictive world-model alternatives such as
JEPA-based systems learn how the world evolves in la-
tent space and then plan actions, instead of directly map-
ping observation and instruction to action (Assran et al.,
2025; Terver et al., 2025). They are not merely another
action head; they represent a different hypothesis about
cognitive robotics: robust behavior may require pre-
diction and planning in an abstract world model. The
key trade-off is therefore not “which family is best”
but “which failure mode is acceptable for a given robot
task.” Autoregressive token policies are attractive when
instruction following and semantic transfer are central,
but they may suffer from discretization and latency. Dif-
fusion and flow-matching policies are better matched to
smooth dexterous trajectories, but they require careful
sampling budgets and closed-loop replanning. JEPA-
style world models are appealing for lookahead and
causal anticipation, but their language-conditioned ac-
tion interfaces are less mature. Safety-critical humanoid
applications will probably require combinations of these
mechanisms rather than a single dominant paradigm.

S Datasets and scaling

The scaling of VLAs and LBMs depends on datasets
as much as architectures. Open X-Embodiment pooled
robot trajectories across many institutions and robot em-
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bodiments, enabling the RT-X line of cross-robot poli-
cies and providing a foundation for OpenVLA and Octo
(O’Neill et al., 2023; Kim et al., 2025; Octo Model
Team et al., 2024). DROID extended the dataset land-
scape with in-the-wild robot manipulation demonstra-
tions collected across many real scenes, tasks and data
collectors (Khazatsky et al., 2024). VIMA-Bench, in-
troduced with VIMA, provides procedurally generated
tabletop tasks with multimodal prompts, supporting sys-
tematic evaluation of generalization (Jiang et al., 2022).
Another interesting dataset is Humanoid Everyday that
aims to advance research in general-purpose humanoid
manipulation and lay the groundwork for more capa-
ble and embodied robotic agents in real-world scenarios
(Zhao et al., 2025).

However, robot data remain scarce compared with
internet text and image data. This is the central bot-
tleneck for humanoid robotics. Humanoids have high-
dimensional bodies, many coupled joints, unstable con-
tacts and safety constraints. Consequently, near-future
VLA and LBM training will likely combine robot tele-
operation, simulation, motion capture, human video,
synthetic data and self-supervised world-model pre-
training (O’Neill et al., 2023; Khazatsky et al., 2024;
NVIDIA et al., 2025; Assran et al., 2025).

From the safety perspective, data scale alone is
insufficient. Datasets should explicitly contain recov-
ery behavior, near misses, ambiguous instructions, sen-
sor dropouts, out-of-distribution objects and human-
interaction cases. Otherwise, a policy may learn impres-
sive average-task performance while remaining poorly
calibrated in precisely the cases where a humanoid robot
must slow down, ask for clarification or retreat.

6 Diffusion policy and flow matching

6.1 Diffusion policy

Diffusion policy applies the idea of denoising diffusion
models to robot action generation (Chi et al., 2025).
During training, the model sees expert action trajecto-
ries, adds different levels of noise to them, and learns
how to remove that noise while conditioning on obser-
vations such as images, robot state and task context.
During inference, it begins with a noisy action sequence
and iteratively denoises it into a plausible action trajec-
tory. This is useful because manipulation is often mul-
timodal: there may be several correct ways to grasp a
cup, fold a cloth or move around an obstacle. A standard
regression policy may average these alternatives into a
bad action, while a diffusion policy can represent sev-
eral possible action modes (Chi et al., 2025).

In robotics, diffusion policies are often used with
receding-horizon control (Chi et al., 2025). The policy
generates an action chunk, the robot executes the first
part, receives updated observations, and then replans.
This provides a compromise between long-horizon tem-



poral consistency and closed-loop correction. Octo,
RDT-1B, GROOT N1 and TRI LBMs can all be read
as different ways of scaling this continuous generative-
action idea to larger datasets, broader tasks or embodi-
ments (Octo Model Team et al., 2024; Liu et al., 2024;
NVIDIA et al., 2025; TRI LBM Team et al., 2026).

The price of diffusion is sampling cost. Since the
action is refined through multiple denoising steps, in-
ference may be slower than one-shot prediction. This
matters for dexterous hands, whole-body humanoids
and dynamic interaction. Research therefore explores
fewer denoising steps, action chunking, specialized dif-
fusion transformers and alternatives such as flow match-
ing (Lipman et al., 2023; Black et al., 2024).

6.2 Flow matching and the velocity-field analogy

Flow matching is a generative modelling objective that
learns a vector field transforming simple noise into sam-
ples from the data distribution (Lipman et al., 2023).
The intuitive analogy is a river current. Imagine many
small floating leaves initially scattered randomly on the
water. A velocity field tells each leaf in which direction
and how fast to move at each point. If the current is
learned correctly, the random cloud of leaves gradually
flows into the shape of the desired object. In a robot
policy, the random cloud is initial action noise, the final
shape is a meaningful action trajectory, and the learned
current is the policy’s velocity field (Black et al., 2024).

Compared with classical diffusion, flow matching
can be understood as learning a more direct transport
path from noise to data. It does not only ask the model
to remove noise step by step; it asks the model to learn
the instantaneous direction of travel along a probabil-
ity path. The my model uses this principle to generate
continuous robot actions with a separate action expert
on top of a pretrained vision-language backbone (Black
et al., 2024). This is attractive for fine motor control
because actions remain continuous, action chunks can
be smooth, and the semantic backbone can still provide
language and visual grounding.

For an audience new to the velocity-field concept,
a second analogy is navigation in a city. A map tells
where the streets are, but a velocity field tells how traf-
fic should move at every location and time. Flow match-
ing trains the policy to produce this motion rule. Once
trained, the model can start from an unstructured ini-
tial action and follow the learned flow toward a coherent
motor command. For humanoid robotics, this is promis-
ing because the same high-level instruction may require
subtle continuous coordination of arm parts (i.e. shoul-
der, elbow, etc.).
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7 JEPA and predictive world-models

Joint-Embedding Predictive Architectures (JEPAs) of-
fer a different route toward embodied intelligence. A
JEPA predicts future or missing representations in la-
tent space rather than reconstructing raw pixels (Le-
Cun, 2022; Assran et al., 2023). I-JEPA demonstrated
this principle for images (Assran et al., 2023), while V-
JEPA 2 extends it to video and physical planning by
learning from large-scale video and then adding action-
conditioned latent dynamics for robotic tasks (Assran
et al., 2025). JEPA-based world models aim to support
planning by predicting how the world will change under
possible actions, and recent work evaluates which archi-
tectural and training choices are important for physical
planning in latent space (Terver et al., 2025).

The difference from direct VLA policy learning is
fundamental. A VLA often maps observation and in-
struction directly to action. A JEPA-style world model
first learns a predictive representation of the world, then
uses planning to choose actions that move the latent
state toward a goal (LeCun, 2022; Assran et al., 2025).
This may be advantageous for long-horizon cognition,
causal anticipation and learning from passive video, but
it can add planning cost and currently has less mature
language-to-action grounding than VLA controllers. A
plausible future is hybrid: a VLA proposes grounded
actions, while a predictive world model evaluates con-
sequences and supports lookahead.

8 Implications for cognitive and hu-
manoid robotics

The VLA-to-LBM transition changes how we can think
about robot cognition. Cognition is no longer located
only in symbolic planning or explicit world models. It
is distributed across pretrained perceptual backbones,
cross-modal embeddings, temporal sequence models,
action generators and feedback loops. In humanoid
robots, this matters because behavior depends on the
whole body: gaze, torso, arms, hands, tactile contact
and balance must cooperate. GROOT N1 and related hu-
manoid foundation models explicitly target this whole-
body setting (NVIDIA et al., 2025), while bimanual dif-
fusion models such as RDT-1B target the coordination
problem of two arms (Liu et al., 2024).

At the same time, several challenges remain open.
(1) Generalization is still limited by data coverage: a
model can only generalize robustly if its training dis-
tribution contains enough variation in objects, scenes,
embodiments and failures (O’Neill et al., 2023; Khaz-
atsky et al., 2024; TRI LBM Team et al., 2026).
(2) Evaluation is difficult because robot success is
stochastic, hardware-dependent and sensitive to small
environmental changes (TRI LBM Team et al., 2026).
(3) Safety and interpretability are unresolved. In human



environments, a humanoid should not only act success-
fully but also make its intentions understandable, detect
uncertainty, and fail safely.

(4) Multimodal fusion must handle missing or unreli-
able sensors; a camera may be occluded, a tactile sensor
may drift, and a language instruction may be ambiguous
(Li et al., 2023; Sferrazza et al., 2024).

These limitations suggest that future cognitive hu-
manoid systems will not be pure end-to-end black
boxes. They will probably combine learned policies
with constraints, safety monitors, symbolic task struc-
ture, uncertainty estimation, human feedback and pre-
dictive world models. The contribution of VLA and
LBM research is that it supplies a scalable learned sub-
strate on which such structured cognition can be built.

9 Safety, reliability and evaluation of
LBMs in robotics

To deal with this issue, safety and reliability must be
treated as measurable system properties, not as general
impressions. In embodied robotics, safety means that
the robot respects physical, social and task constraints
under nominal and off-nominal conditions. Reliability
means that the robot maintains acceptable performance
across repeated trials, changed objects, changed scenes,
sensor degradation, embodiment differences and am-
biguous instructions.

A minimal evaluation protocol should therefore re-
port more than task success. It should include several
criteria as proposed in Table 1.These criteria do not re-
place standard benchmarks, but they make explicit what
must be demonstrated before claims about safe and re-
liable humanoid deployment are credible.

10 Core problems of MLLMs

In general, despite their interesting performance,
MLLMs are subject to several shortcomings (which ap-
ply to VLAs and LBMs as well). One is the well-known
problem of ‘“hallucinations” (Ji et al., 2023), which
was first identified in LLMs, primarily linked to the
symbol grounding problem (SGP) Huang et al. (2023).
Since its discovery, there has been a growing number
of literature referring to this undesirable phenomenon
manifesting itself in various forms (Alansari and Lug-
man, 2026). Kalai and Vempala (2024) show that, un-
der calibration assumptions and for certain classes of
arbitrary facts, hallucination must occur, i.e., it has a
statistical lower bound rather than being only an engi-
neering defect. Regarding models’ internal representa-
tions, the existence of the so-called H-neurons respon-
sible for hallucinations has been reported (Gao et al.,
2025). From the psychological perspective, the halluci-
nating LLMs have been shown to cause delusional spi-
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raling even in very rational users (Chandra et al., 2026).
Obviously, the existence of ubiquitous hallucinations
poses substantial obstacles to practical deployment of
LLMs and raises concerns regarding their reliability in
real-world applications.

However, the expectations that SGP can be solved
by grounding symbols in robot experience using
MLLMs have not been met, since the hallucinations
have been shown not to be language-specific (Sun et al.,
2024). According to most recent literature, hallucina-
tions have also been found in MLLMs Huang et al.
(2025). Vision-Language Models (VLM) often exhibit
cross-modal inconsistency, i.e. a discrepancy between
an image content and text response. For instance, in
case of object-related hallucinations (a frequent case),
three types have been identified: object category, object
attribute, and object relation. Hallucinating MLLMs are
a problem which implies that merely adding modalities
to language, in order to address the SGP and achieve
understanding, does not automatically provide a so-
Iution. The core of the problem must lie elsewhere.
For instance, Farka$ et al. (2025) argue that the prob-
lem may be due to a fundamentally different (non-
developmental) way how world knowledge is acquired
in MLLMs compared to humans, the main argument be-
ing that in MLLMs the language is central and that they
lack non-linguistic world model (unlike people).

Apart from hallucinations, another problem of
MLLMs has been identified, labeled “mirage effect” as
evidence of an illusion of visual understanding in VLMs
(Asadi et al., 2026). The authors define mirage as an
Al model describing visual features in the absence of
any image input. The output of a model affected by
the mirage effect, seen in isolation, is indistinguishable
from that of normal visual reasoning. The model does
this without expressing any uncertainty, lack of confi-
dence, or acknowledging an assumption or hypotheti-
cal scenario. The authors explain that contrary to hal-
lucinations, the mirage effect does not necessarily in-
volve inconsistencies or false responses. The response
in mirage-mode can be correct in every sense, accom-
panied by a meticulous reasoning trace, and completely
coherent. The main characteristic of the mirage effect,
however, is the construction of a false epistemic frame
that is not grounded in the provided input. Mirage ef-
fect is hence also a problem that hinders the practical
deployment of such VLM models.

For robotics, hallucination and mirage-like behav-
ior are not only epistemic errors; they can become phys-
ical risks. A VLA that infers a non-existent object,
overstates visual certainty, or fills missing tactile infor-
mation with a plausible but false latent state may initi-
ate an unsafe action. This is why multimodal ground-
ing must be coupled to uncertainty estimation, sensor-
consistency checks and permission to stop or ask for
clarification.



Tab. 1: Proposed safety-and-reliability checklist for VLA/LBM-based humanoid systems.

Criterion What to measure

Why it matters for safe robotics

Task performance
requests
Constraint satisfaction
lations, unsafe human proximity
Robustness

Uncertainty and absten-

tion ping and refusal to act under ambiguity
Recovery and fail-safe  Ability to retreat, regrasp, replan, stop smoothly and
behavior preserve balance after failures

Human interpretability
for failure or refusal
Latency and closed-

loop stability ity during contact

Success rate, completion time, number of intervention
Collisions, force/torque limit violations, joint-limit vio-
Performance under changed objects, lighting, clutter,

sensor noise, occlusion and embodiment variation
Confidence calibration, clarification requests, safe stop-

Explanations of intention, predicted motion and reason

Control delay, action update rate, oscillation or instabil-

Separates useful competence from purely
plausible behavior

Prevents successful-looking policies from
being accepted despite unsafe execution
Tests whether the policy generalizes beyond
the training distribution

Converts uncertainty into safe behavior in-
stead of hallucinated action

Measures whether failure is bounded rather
than catastrophic

Supports trust calibration and supervision in
human environments

Determines whether generative policies can
be used in real physical interaction

11 Challenges for LBMs in robotics

Despite growing excitement about the potential of lever-
aging Al in robotics, it must be acknowledged perceving
and acting in the physical world pose greater and differ-
ent challenges for Al than analysing data in isolation
(Billard et al., 2025). More concretely, we cannot ex-
pect approaches that excel in purely data and software-
based gaming environments, or image or text genera-
tion, to be readily applied to real-time sensing, planning,
control and navigation for physical machines operat-
ing in complex, unpredictable environments, especially
those involving human interaction. As a roadmap for
Al in robotics, several short-term challenges have been
identified (Billard et al., 2025): (1) Improved datasets
(for manipulation and navigation tasks), for different
tasks and different embodiments and interaction with
humans, (2) Techniques to overcome the sim-to-real
gap, (3) Combination of model-based and model-free
learning, and (4) Generative models for robotics includ-
ing the use of existing LLMs for semantic inference,
development of new large-scale visual models and VLA
models for different tasks.

The paper also mentions the long-term challenges,
namely (1) life-long learning which would allow robots
to acquire new knowledge and skills during their entire
operational life, and (2) transfer learning which would
enable transferring learned skills to new tasks, different
robots and environments, perceptions between robots,
or from simulation to physical robots. Given the ex-
panding literature on VLAs, transfer learning is already
being addressed intensively, supported by a growing
number of large multimodal datasets.

12 Near-future outlook

In the near future, four developments seem likely.
(1) Continuous action generation will become more
important for dexterous and humanoid robotics. Au-
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toregressive token policies will remain attractive for se-
mantic grounding, but diffusion and flow matching bet-
ter match the smooth control needs of hands and whole-
body motion (Chi et al., 2025; Black et al., 2024).

(2) Multisensory fusion will move from an optional
add-on to a core requirement, especially for manipula-
tion under occlusion, deformable objects and contact-
rich tasks (Li et al., 2023; Sferrazza et al., 2024).

(3) Data mixtures will become increasingly hetero-
geneous. Robot-only data are too expensive, so train-
ing will combine robot trajectories, human demonstra-
tions, egocentric video, simulation, synthetic data and
self-supervised video pretraining (O’Neill et al., 2023;
Khazatsky et al., 2024; Assran et al., 2025).

(4) The boundary between policy models and world
models will blur. VLAs will gain predictive mod-
ules, and JEPA-style models will gain stronger language
grounding and action interfaces (Assran et al., 2025;
Terver et al., 2025).

For cognitive robotics, the most promising direction
is therefore not a single architecture but a layered recipe:
pretrained semantic perception, multisensory state em-
bedding, generative continuous action, predictive latent
planning, and safety-aware human interaction. This
recipe can support robots that are not only more capable,
but also more adaptive and understandable in everyday
human environments.

13 Conclusion

VLAs and LBMs represent a shift from task-specific
robotic programs toward scalable embodied policies.
VLAs emphasize the grounding of language and vi-
sion in action, while LBMs emphasize broad behavioral
competence across tasks and data. Their foundations lie
in multimodal learning, language-conditioned imitation
learning, sequence modelling and robot dataset scal-
ing. Current state-of-the-art systems differ in how they
represent actions: autoregressive token models connect



naturally to language-model training; diffusion poli-
cies represent multimodal continuous trajectories; flow-
matching policies learn a velocity field from noise to
action; and JEPA-based world models provide a predic-
tive alternative for planning in latent space.

For humanoid cognitive robotics, the central oppor-
tunity is integration. A useful humanoid robot must
understand instructions, perceive objects, infer hidden
physical state, coordinate the whole body, and adapt un-
der uncertainty. No single model family solves all of
these requirements. The likely future is hybrid: VLA-
style semantic grounding, LBM-style behavioral scale,
diffusion or flow-based motor generation, and JEPA-
style prediction. Such systems could move humanoid
robots from impressive demonstrations toward robust,
explainable and socially useful behavior.

Thus, LBMs are a promising approach for safe and
reliable robotics, but not a sufficient one. They become
credible safety-relevant components only when cou-
pled with explicit constraints, uncertainty-aware mon-
itoring, recovery policies, human override, multimodal
consistency checks and evaluation protocols that mea-
sure physical risk as carefully as task success. The field
should therefore move from asking whether large be-
havioral models are impressive to asking under which
system-level safeguards they are dependable.
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Abstract

This paper reports initial deployment experience with
two Unitree G1 EDU U6 humanoid robots equipped
with Inspire RHS6DFTP tactile five-finger hands in a
university research-and-education lab. We document the
path from unboxing to repeatable research use: commis-
sioning, remote control and teleoperation, locomotion,
SDK/ROS 2 configuration, integration of third-party dex-
terous hands, simulation-based de-risking, and cyber-
security hardening. Despite rapidly growing research
demonstrations, detailed operator-facing notes on real
G1 manipulation deployments remain limited; we aim
to narrow this gap with a practical, system-level report.
From a hardware perspective the platform largely fulfils
expectations and flat-ground locomotion is convincing;
nevertheless, the complete system is still fragile for ev-
eryday experimental work, especially once the dexterous
hands are installed. The main friction points are soft-
ware version drift and weak configuration management
across vendor components, mechanical vulnerability of
the external hand cabling during loco-manipulation, and
the need to build a unified sensorimotor pipeline that
incorporates tactile perception beyond vendor-provided
hand motion primitives. We also discuss practical con-
straints of the onboard sensing stack (camera viewpoint
and the current maturity of SLAM/navigation tooling)
and summarize defensive measures required when op-
erating a network-connected humanoid on institutional
infrastructure. The paper concludes with lessons learned
and a roadmap toward early Vision-Language-Action
experiments with UniFoLM and GROOT.

1 Introduction

The recent availability of comparatively accessible hu-
manoid platforms has shifted a recurring question in
embodied Al from “when will labs get a humanoid?” to
“what happens after the robot arrives?” Official material
around the Unitree G1 emphasizes agility, optional sec-
ondary development, force-controlled dexterous hands,
and the broader UniFoLM ecosystem (Unitree Robotics,
2024e,b; Unitree Robotics Store, 2024). At the same
time, the research community is rapidly moving to-
ward integrated Vision-Language-Action (VLA) and hu-
manoid foundation models, including vendor-specific ef-
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forts such as Unitree UniFoLM-VLA-0 and more general
systems such as NVIDIA GROOT N1 (Unitree Robotics,
2026; Bjorck et al., 2025; NVIDIA Developer, 2024).
Recent G1 results already span perceptive locomotion,
reduced-order MPC (Model Predictive Control) walking,
single-demonstration loco-manipulation, unified whole-
body control, visual sim-to-real transfer, and teleoperated
medical manipulation (Sun et al., 2025; Ghansah et al.,
2025; Fu et al., 2026; Sun et al., 2026; He et al., 2025;
Atar et al., 2025). This makes the G1 especially interest-
ing as a bridge platform: it is accessible enough to be
seriously considered by university laboratories, yet ad-
vanced enough to expose the real systems-integration bur-
den behind contemporary humanoid-robotics research.

This paper is intentionally written as an early de-
ployment note. It does not claim state-of-the-art task
performance; instead, it documents first practical experi-
ence from real-life testing of two Unitree G1 EDU U6
robots equipped with Inspire RHS6DFTP tactile hands in
a research-and-education setting. Our goal is to summa-
rize the transition from remote control toward software-
defined autonomy and, ultimately, VLA-style control.
The main contribution is therefore not a new control al-
gorithm, but an honest account of where the platform
already works well, where it remains brittle, and which
engineering gaps appear when one moves from promo-
tional videos to repeatable laboratory use. While the
academic literature is rapidly growing, detailed and re-
producible platform-engineering reports for real manipu-
lation deployments (especially with dexterous hands) are
still relatively scarce. In contrast to many published G1
demonstrations, which rely on custom research stacks,
we focus deliberately on developer workflow, configu-
ration management, and the promise-versus-reality gap
encountered during first deployment (Sun et al., 2025;
Ghansah et al., 2025; Fu et al., 2026; Sun et al., 2026;
He et al., 2025; Atar et al., 2025).

2 Platform Overview and Official
Parameters

Officially, the G1 EDU has standing dimensions of 1320
X 450 x 200 mm, a folded size of 690 x 450 x 300 mm,
a weight of about 35 kg+, and a total degree-of-freedom
range of 23-43 depending on configuration (Unitree



Robotics, 2024e). The official parameter list also states
up to 120 N-m knee torque, about 3 kg arm load, depth
camera plus 3D LiDAR sensing, Wi-Fi 6, Bluetooth
5.2, about 2 h endurance, a 5 W speaker, and support
for secondary development in the EDU edition (Unitree
Robotics, 2024e), (Unitree Robotics Store, 2024). Uni-
tree’s store documentation further makes explicit that
secondary development is reserved for the EDU edition
rather than the base consumer configuration (Unitree
Robotics Store, 2024).

For the hands, the RHS6DFTP user manual spec-
ifies 12 joints, 6 DoF, 6 force sensors with 0.1 N reso-
lution, 5-17 tactile sensors distributed across fingertips,
finger pads, and the palm, repeated fingertip position-
ing accuracy of +0.2 mm, and five-finger grip force
of 30 N (Beijing Inspire-Robots Technology Co., Ltd.,
2025). The hand operates at 24 V and exposes Ethernet,
RS485, and CAN2.0 interfaces (Beijing Inspire-Robots
Technology Co., Ltd., 2025). In our case, this creates a
composite research platform: a Unitree humanoid body
combined with third-party tactile hands, rather than a
single vertically integrated end-to-end system.

Fig. 1: Humanoid Unitree G1 EDU U6 with dexterous
tactile hands RH56DFTP. Problematic external cable
connection to hand containing power supply and control
wires is marked by red ellipses.

3 Early Deployment Experience

3.1 Commissioning, Remote Control, and
First Motion

In our early use, unpacking and basic installation were
not the main problem. The robot can be brought to first
motion relatively quickly if one stays close to the vendor
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procedure and treats the first sessions as acceptance test-
ing rather than free exploration. The dedicated handheld
controller was the most dependable interface for first
commissioning. The mobile app is useful for calibration,
status inspection, and service access (Unitree Robotics,
2024d), but pairing was not consistently frictionless in
our tests and should be treated as an auxiliary interface
rather than the primary operational one. A practical les-
son is that the shortest path to safe initial use is controller
first, app second, SDK third. In our case, both units were
delivered within about two months from order, which is
positive for academic project planning.

A second lesson concerns stair locomotion. Offi-
cial demonstrations understandably highlight challeng-
ing motions, but stand-alone stair traversal should not be
used as an early acceptance test in a normal laboratory
environment. In our view, it remains a high-risk activity
during initial deployment and should be attempted only
under controlled conditions with close supervision. By
contrast, ordinary flat-ground walking and running were
immediately among the strongest parts of the platform.
This local impression is consistent with the broader G1
literature, which already reports robust terrain locomo-
tion and strong hardware walking performance under
specialized controllers (Sun et al., 2025; Ghansah et al.,
2025). In our experience, stair traversal remained unre-
liable and is generally not recommended during early
deployment.

Fig. 2: Vertical range of view of RGB-D camera is
limited and robot cannot see faces of humans in front of
him. Source: Unitree Robotics (2024a)

3.2 Locomotion is Stronger than Manipulation

Walking and running were the most convincing robot
skills in our first tests. This should, however, be inter-
preted carefully when manipulation is discussed. A large
fraction of online promotional media features terminal
covers or passive, rubber-like prosthetic hands that toler-
ate incidental floor contact and reduce distal mass. That
setup is not equivalent to a G1 equipped with research-
grade tactile five-finger hands. RH56DFTP hands are
heavier, significantly more expensive, and more fragile
despite their robust appearance. In addition, the external
power/data cable routed from the neck switch to the hand
connector is mechanically fragile and can be stressed dur-



ing manipulation and locomotion; reliable strain relief
and careful cable routing are mandatory (Fig. 1). Once
installed, they immediately change the practical balance
envelope, acceptable collisions, floor-contact assump-
tions, and repair anxiety of the whole system. In short,
locomotion marketing should not be naively extrapolated
to locomanipulation research.

This distinction also clarifies why the same robot
can look simultaneously impressive and limited. As a
locomotion platform, G1 already feels mature enough
for meaningful experimentation. As a manipulation plat-
form with tactile five-finger hands, it is promising but
still clearly in the systems-integration phase. The pub-
lished literature supports this mixed picture: impressive
real-robot loco-manipulation, visual sim-to-real, and tele-
operation results do exist, but they typically rely on cus-
tom whole-body controllers, retargeting pipelines, spe-
cialized teleoperation setups, or highly tuned learning
stacks rather than a stock out-of-the-box workflow (Fu
et al., 2026; Sun et al., 2026; He et al., 2025; Atar et al.,
2025). Cameras were among the less problematic sub-
systems in our early experiments, whereas the speaker
was notably weaker than one would prefer for demon-
strations in a noisier environment and required additional
software attention.

3.3 Software Stack and Configuration
Management

Here the platform reveals its largest weakness: software
configuration management and version control across the
vendor stack. The official development path combines
SDK2, SDK2 Python, ROS 2 Foxy, CycloneDDS, and
multiple Ubuntu/ROS environments (Unitree Robotics,
2024h,i,g). In practice this is not a plug-and-play ex-
perience. Parts of the stack must be built from source,
environment variables such as CYCLONEDD S_HOME and
CMAKE_PREFIX_PATH must be aligned, and behav-
ior can change depending on controller/app modes and
firmware versions (e.g., entering debug mode can dis-
able higher-level motion services) (Unitree Robotics,
2025b,a). A recurring problem is documentation and
sample code that refer to different (sometimes implicit)
versions of firmware, middleware, and libraries, which
creates unnecessary churn, hard-to-reproduce bugs, and
slows down development.

From a research perspective the platform is there-
fore only partially open. In our deployment, the aux-
iliary PC2 side provided an accessible Linux develop-
ment target with Jetson Orin-class compute (NVIDIA,
2024b), while the main vendor-managed PC1 side re-
mained closed. This hybrid openness is useful but incom-
plete: the robot is not a single, clean, fully transparent
software artifact. Without a robust producer-side version-
ing and release process (source, binaries, firmware, and
documentation), the integration burden tends to increase
as new hardware variants and software branches accu-
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mulate. In our experience, even minor upstream changes
can break portability of developed software, datasets,
and trained policies between otherwise similar robots,
turning configuration reproducibility into a first-order
engineering task.

3.4 Power Management and Development
Workflow

The supplied Li-ion batteries provide roughly two hours
of operation per pack in our typical lab sessions, and we
observed fast charging on the order of tens of minutes
(approximately 25 minutes with the supplied charger).
We procured two batteries per robot and recommend
this as a baseline for uninterrupted development and
demonstrations. Importantly, the robot consumes non-
trivial power even while standing, therefore hanging the
robot on its rack during software development and testing
is strongly recommended not only for safety, but also for
maximizing effective uptime.

3.5 Sensors, Perception, and Navigation Tooling

The LiDAR coverage is satisfactory for basic obstacle
perception, but the default RGB-D camera viewpoint is
constrained by the robot’s head geometry and mounting
angle. As illustrated in Fig. 2, the camera primarily ob-
serves the manipulation workspace and the ground in
front of the robot and cannot reliably capture faces of
standing humans at conversational distance. For human-
robot interaction or safety monitoring, mounting an addi-
tional camera is therefore strongly recommended. In our
units, free USB-C ports are available for such extensions.
Finally, the SLAM/navigation components provided in
the SDK are currently rudimentary for real locomotion
tasks; more mature mapping and navigation solutions
should be integrated for repeatable autonomous opera-
tion in non-trivial environments.

3.6 Hand Subsystem Integration in Practice

The RH56DFTP hands (Fig. 3) are supported for basic
motion generation through the vendor stack, but tactile
perception is not integrated into the whole-body con-
trol pipeline out of the box. Closing the loop from tac-
tile/force sensing to grasp stabilization and bimanual
coordination therefore requires additional middleware
and application-layer development.

ARAL
!

N
!

Fig. 3: Dexterous hands RHS6DFTP




4 From Remote Control to VLA

RH56DFTP is attractive precisely because it combines
actuation, force sensing, and tactile sensing in one com-
mercial hand (Beijing Inspire-Robots Technology Co.,
Ltd., 2025). Yet on G1 this does not automatically trans-
late into a unified sensorimotor API. In our workflow,
the body and the hands had to be treated as partially
separate subsystems. This matters for contact-rich tasks:
grasp closure, grasp force, tactile-state acquisition, and
arm-posture synchronization do not automatically arrive
as one coherent research stack. As a result, early locoma-
nipulation is less limited by kinematics than by interface
fragmentation, middleware engineering, and safety con-
straints. Published G1 manipulation studies point in the
same direction: strong performance is possible, but it is
typically achieved with custom teleoperation interfaces,
grasp parameterizations, or whole-body control stacks
rather than with a single unified vendor API (Fu et al.,
2026; Sun et al., 2026; He et al., 2025; Atar et al., 2025).
This is also the point where tactile sensing becomes
scientifically interesting. The hands promise richer feed-
back for grasp stability, slip, and contact events, but the
practical pipeline from raw tactile/force data to a closed-
loop whole-body behavior remains to be built. In our
view, the body and the hands are not yet a seamless single
developer platform; they are a promising multi-vendor
assembly that requires explicit fusion work. That is pre-
cisely why they are interesting for academic research.

4.1 Simulation with Isaac Sim and Isaac Lab

To reduce risk, we used Isaac Sim and Isaac Lab as the
main simulation route. NVIDIA describes Isaac Sim as
a USD-centered (USD — Universal Scene Description),
GPU-accelerated robotics simulation platform for de-
signing, tuning, training, and deploying control agents
(NVIDIA, 2024c). Isaac Lab builds on top of Isaac Sim
as an open and modular framework for reinforcement
learning, learning from demonstrations, and motion plan-
ning (Isaac Lab Documentation, 2024), see Fig. 4. Cur-
rent NVIDIA guidance lists at least 32 GB RAM and an
RTX 3070-class GPU for Isaac Sim, with higher RAM
and VRAM recommended for heavier workloads and
Isaac Lab training (NVIDIA, 2024a). This matches our
practical impression: simulation is viable and valuable,
but it is not lightweight. The main benefit is not visual
polish; it is the ability to de-risk locomotion, arm motion,
and data collection before touching fragile hardware.

4.2 VLA Integration Paths: UniFoLM, GRO0T, and
External Tooling

From the perspective of embodied AI, the most inter-
esting shift is from remote control to VLA. Unitree
now publicly exposes an embodied-Al track through
its official open-source portal (Unitree Robotics, 2024b).
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Fig. 4: Unitree G1 in Isaac Lab. Source: Unitree
Robotics (2024;))

Its current UniFoLM track includes UniFoLM-VLA-
0, released with training code, inference code, check-
points, and associated G1 manipulation datasets (Unitree
Robotics, 2026, 2024c). Unitree describes the model
as a humanoid-manipulation VLA that extends a vision-
language backbone through continued pre-training on
robot-manipulation data, aiming to turn a VLM into an
“embodied brain” with stronger spatial semantics and
physical common sense (Unitree Robotics, 2024b, 2026).
The public repository further states that the model can
complete 12 categories of complex manipulation tasks
in real-robot validation using a single policy (Unitree
Robotics, 2026). For our purposes, the key point is not
only the headline claim, but the existence of a vendor-
supported path from language-conditioned perception to
executable humanoid manipulation policy.

NVIDIA’s GROOT should be interpreted differently.
GROOT N1 is presented as an open cross-embodiment hu-
manoid foundation model rather than a Unitree-specific
stack (Bjorck et al., 2025; NVIDIA, 2025; NVIDIA
Developer, 2024). Its published architecture explicitly
separates a slower vision-language reasoning module
(System 2) from a faster action-generation module (Sys-
tem 1) based on a diffusion transformer (Bjorck et al.,
2025). NVIDIA further positions Isaac GROOT as a
broader development platform that combines foundation
models, simulation, and synthetic-data pipelines for hu-
manoid research (NVIDIA Developer, 2024; Smith and
Du, 2025). This is attractive for humanoid research be-
cause it frames adaptation not as training from scratch,
but as post-training a broad prior with embodiment- and
task-specific data.

Hugging Face LeRobot occupies a third role. It
is neither a vendor stack nor a single VLA model, but
a practical open-source layer that standardizes datasets,
policies, simulation, and hardware interfaces (Hugging
Face LeRobot Documentation, 2024¢,b,a). Current doc-
umentation explicitly supports Unitree G1, including
teleoperation, simulation, locomanipulation, and policy
training, while exposing a common framework for com-
munity policies and deployment workflows (Hugging
Face LeRobot Documentation, 2024¢,b). The LeRobot-



Dataset v3.0 specification is especially relevant because
it unifies multimodal time-series data, multi-camera
video, and rich metadata in a format that can be streamed
directly from the Hugging Face Hub (Hugging Face LeR-
obot Documentation, 2024a). In practical terms, LeR-
obot looks less like a final scientific claim and more like
an integration substrate on which a G1 plus RHS6DFTP
research workflow can realistically be built.

For G1 EDU U6 equipped with RHS6DFTP, how-
ever, none of these paths is plug-and-play. The core
obstacle is embodiment mismatch. Public G1 examples
often assume default hands, simplified end-effectors, or
a different action space than a third-party tactile five-
finger hand. Any serious VLA deployment will therefore
require explicit redesign of observation vectors, finger-
level action parameterization, control frequency, middle-
ware bridges, and synchronized logging. In that sense,
the path from remote control to VLA is real, but it passes
through systems integration rather than model download
alone.

4.3 Candidate Datasets for Unitree Dexterous
Manipulation Training

Usable training data for Unitree dexterous manipula-
tion can be divided into three tiers. The first tier is
embodiment-near data. Unitree now publicizes Gl
dexterity-hand manipulation datasets, G1 gripper manip-
ulation datasets, Z1 dual-arm datasets, and an imitation-
learning framework based on LeRobot (Unitree Robotics,
2024b,f). In addition, its current UniFoLM whole-body
teleoperation collection already includes G1 whole-body
tasks with Inspire hands, such as collecting clothes, pick-
ing up a pillow, and placing clothes into a washing
machine or basket (Unitree Robotics, 2024c). These
datasets are the most directly relevant starting point be-
cause robot morphology, control interfaces, and task
kinematics are close to the target platform.

The second tier is cross-embodiment robot-
learning data useful for pre-training and transfer, even
if it is not directly executable on G1 plus RHS6DFTP.
Open X-Embodiment aggregates data from 22 robots and
527 skills (Open X-Embodiment Collaboration, 2025).
DROID adds a large in-the-wild corpus of 76k manipula-
tion trajectories collected across 564 scenes (Khazatsky
et al., 2024). RH20T is especially interesting for contact-
rich manipulation because it provides more than 110k
real-world robot sequences with visual, force, audio, and
action signals, together with paired human demonstra-
tions and language descriptions (Fang et al., 2024). For
a humanoid dexterous-hand project, such datasets are
best viewed as sources of visual-language-manipulation
priors, subtask structure, and robustness, not as drop-in
finger-control supervision.

The third tier comprises hand-object interaction
datasets that are most useful for perception, retargeting,
grasp priors, and contact modeling. DexYCB focuses
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on hand grasping of objects and benchmarks 6D object
pose, 3D hand pose, and handover-relevant grasp gener-
ation (Chao et al., 2021). HOI4D provides 2.4 million
RGB-D egocentric frames with hand pose, object pose,
action, and scene annotations (Liu et al., 2022). ARCTIC
concentrates on dexterous bimanual hand-object manipu-
lation with articulated objects and dynamic contact over
2.1 million frames (Fan et al., 2023). GRAB adds whole-
body grasping sequences with contact information, hand
pose, object pose, and full-body motion (Taheri et al.,
2020). These are not end-to-end Unitree policy datasets,
but they are highly relevant for building the perception
and retargeting layers that dexterous humanoid manipu-
lation still lacks.

Consequently, the most credible data strategy
for our platform is layered: start from vendor- and
embodiment-near Unitree datasets, add laboratory tele-
operation data collected on the actual RH56DFTP-
equipped robots, and then use large cross-embodiment
corpora plus hand-object datasets for pre-training, per-
ception, and synthetic-data augmentation. This hybrid
strategy is more realistic than expecting one open dataset
to solve whole-body humanoid dexterous manipulation
end-to-end.

5 Cybersecurity and Operational
Deployment Implications

Humanoid deployment is not only a robotics problem
but also a networked-systems problem. In a university
environment, the robot is routinely connected to devel-
oper laptops, institutional networks, external cameras,
and storage. This enlarges the attack surface and turns
the humanoid into a high-value cyber-physical endpoint
that can influence both information security and physical
safety. A recent SoK (Systematization of Knowledge) on
humanoid cybersecurity evaluates G1 EDU among real
platforms and argues that humanoids require a layered
security model spanning hardware, operating system,
middleware, cloud services, and human-robot interaction
(Surve et al., 2025). In addition, a dedicated G1 security
assessment highlights weaknesses in provisioning, cryp-
tographic material reuse, and telemetry behavior that
motivate a conservative operational stance for laboratory
deployments (Mayoral-Vilches et al., 2025).

5.1 Reported Attack Surfaces and Data Flows

The G1 exposes multiple concurrent communication sur-
faces: local Ethernet/Wi-Fi networking used for SDK
and ROS 2 operation, Bluetooth Low Energy (BLE) used
for provisioning and mobile-app interaction, and addi-
tional runtime services for media streaming and cloud
connectivity. On the local network, DDS/RTPS traffic
enables high-rate publish/subscribe messaging between
components and external development machines; with-



out additional protections, this traffic can be observed or
interfered with by any device on the same segment. In
parallel, cloud-facing channels may be used for teleme-
try, over-the-air updates, and remote services. For labora-
tories, the practical implication is that physical isolation
alone is insufficient: the robot must be treated like a
managed endpoint with explicit network policy and mon-
itoring.

5.2 Key Issues Highlighted in G1 Security Analyses

Mayoral-Vilches et al. (2025) report that the BLE-based
provisioning workflow can be abused to obtain privi-
leged code execution when an attacker is in Bluetooth
range, and that the corresponding cryptographic material
is reused across devices, reducing effective security. The
same assessment documents multiple active communica-
tion channels (e.g., local DDS/RTPS buses, cloud teleme-
try/OTA coordination, and media streaming services)
and reports weaknesses in the proprietary configuration
protection scheme (Mayoral-Vilches et al., 2025). In
particular, it describes periodic transmission of detailed
robot state and system telemetry to external servers and
notes implementation choices that may weaken transport-
layer protections in some clients (Mayoral-Vilches et al.,
2025). While the exact impact depends on firmware
version and deployment configuration, these results jus-
tify a conservative operational stance: assume that (i)
provisioning interfaces can be a compromise vector, (ii)
default network services can leak sensitive sensor and
state information unless explicitly constrained, and (iii)
security posture can change across software/firmware
updates and should be revalidated after each upgrade.

5.3 Practical Mitigations for Academic
Deployments

Based on our operational needs and the above threat
model, we recommend a defensive baseline for labo-
ratory use: (1) place the robot on a dedicated VLAN
or behind a small router with explicit egress filtering;
(2) disable Bluetooth and unnecessary services when
not required for experiments; (3) implement a default-
deny outbound firewall policy and allow only explicitly
needed endpoints (e.g., time synchronization, approved
model APIs) while blocking telemetry/OTA paths when
data sovereignty is required; (4) monitor traffic (packet
captures or flow logs) during initial commissioning and
after any firmware update; and (5) keep a documented
update governance process (who updates, when, and
how changes are validated) to avoid accidental regres-
sion of both safety and security settings. These practices
are particularly important for VLA experiments, where
high-level autonomy must be paired with strict safety
interlocks and strong network hygiene.

For our deployments, the key lesson is that security
controls must be designed into the daily workflow: net-
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working, logging, and access control are as important as
kinematics and perception when the robot is connected
to institutional infrastructure. Treating cybersecurity as
part of the acceptance test (together with locomotion and
manipulation) reduces the risk of silent data leakage and
improves reproducibility of subsequent experiments.

6 Conclusion

These first experiments suggest that Unitree G1 EDU
with RH56DFTP hands is not a turnkey humanoid
worker, but it is already a valuable research platform.
Its strongest asset is not that every subsystem is ma-
ture; it is that the platform makes current embodied-Al
questions concrete and experimentally tractable. Walk-
ing and running are already convincing, and the broader
literature confirms that the platform can support consid-
erably more advanced locomotion, loco-manipulation,
and teleoperation under custom research stacks (Sun
et al., 2025; Ghansah et al., 2025; Fu et al., 2026; Sun
et al., 2026; He et al., 2025; Atar et al., 2025). The main
research friction lies elsewhere: software integration,
middleware reproducibility, safe use of fragile dexterous
hands, tactile-data fusion, and the passage from remote
control to unified autonomous control.

In that sense the platform is best understood as
a transition technology. It brings humanoid research
out of the purely aspirational phase and into everyday
laboratory engineering. We therefore view it as one of
the first comparatively accessible commercially available
humanoid setups that can realistically enter university
research and education, while also making it impossible
to ignore how much work remains between impressive
demos and dependable autonomous locomanipulation.

7 Future Work

Our near-term work focuses on making the platform
more reproducible and less brittle for manipulation exper-
iments. This includes hardening the software stack with
explicit version pinning and configuration snapshots, im-
proving mechanical strain relief for the external hand
cabling, and extending the sensing setup with additional
cameras for human-facing perception. On the autonomy
side, we plan controlled experiments with UniFoLLM-
VLA and NVIDIA GROOT, starting with offline evalu-
ation and teleoperation dataset collection, followed by
safety-constrained on-robot rollouts. A key technical
goal is to integrate RH56DFTP tactile and force sig-
nals into the observation and control loop (e.g., slip and
contact-event feedback for grasp stabilization), and to
replace the rudimentary SDK navigation with a more ca-
pable SLAM and locomotion planning pipeline suitable
for repeatable locomanipulation in real environments.



Acknowledgement

This project has been funded by the EU NextGenera-
tionEU through the Recovery and Resilience Plan for
Slovakia under the project No. 09101-03-V04-00048.

References

Atar, S., Liang, X., Joyce, C., Richter, F., Ricardo, W.,
Goldberg, C., Suresh, P., and Yip, M. (2025). Hu-
manoids in hospitals: A technical study of humanoid
robot surrogates for dexterous medical interventions.

Beijing Inspire-Robots Technology Co., Ltd. (2025).
The dexterous hand RH56DFTP user manual, V1.0.0.
Available online: https://en.inspire-robots.com/wp-
content/uploads/2025/01/INSPIRE-ROBOTS-
The-Dexterous-Hand-RH56DFTP-User-Manual-
V1.0.0.pdf.

Bjorck, J. et al. (2025). GROOT N1: An open foundation
model for generalist humanoid robots.

Chao, Y.-W.,, Yang, W., Xiang, Y., Molchanov, P., Handa,
A., Tremblay, J., Narang, Y. S., Van Wyk, K., Igbal, U.,
Birchfield, S., Kautz, J., and Fox, D. (2021). DexYCB:
A benchmark for capturing hand grasping of objects.
In Proceedings of the IEEE/CVF Conference on Com-
puter Vision and Pattern Recognition (CVPR), pages
9040-9049.

Fan, Z. et al. (2023). ARCTIC: A dataset for dexterous bi-
manual hand-object manipulation. In Proc. IEEE/CVF
Conf. Computer Vision and Pattern Recognition
(CVPR). doi: 10.1109/CVPR52729.2023.01244.

Fang, H.-S., Fang, H., Tang, Z., Liu, J., Wang, C., Wang,
J., Zhu, H., and Lu, C. (2024). RH20T: A compre-
hensive robotic dataset for learning diverse skills in
one-shot. In 2024 IEEE International Conference on
Robotics and Automation (ICRA), pages 653-660.

Fu, Y., Xie, F., Xu, C., Xiong, J., Yuan, H., and Lu, Z.
(2026). DemoHLM: From one demonstration to gener-
alizable humanoid loco-manipulation. IEEE Robotics
and Automation Letters, 11(4):4393-4400.

Ghansah, A. B., Esteban, S. A., and Ames, A. D.
(2025). Hierarchical reduced-order model predictive
control for robust locomotion on humanoid robots.
In 2025 IEEE-RAS 24th International Conference on
Humanoid Robots (Humanoids), pages 1-8.

He, T., Wang, Z., Xue, H., Ben, Q., Luo, Z., Xiao, W.,
Yuan, Y., Da, X., Castafieda, F., Sastry, S., Liu, C,,
Shi, G., Fan, L., and Zhu, Y. (2025). VIRAL: Visual
sim-to-real at scale for humanoid loco-manipulation.

Hugging Face LeRobot Documentation (2024a). LeR-
obotDataset v3.0. Available online: https://
huggingface.co/docs/lerobot/lerobot-dataset-v3.

Hugging Face LeRobot Documentation (2024b). Policy
deployment (lerobot-rollout). Available online: https:
//huggingface.co/docs/lerobot/main/inference.

Hugging Face LeRobot Documentation (2024c¢). Unitree
G1. Available online: https://huggingface.co/docs/
lerobot/main/en/unitree_g1.

Isaac Lab Documentation (2024). Overview. Available
online: https://isaac-sim.github.io/IsaacLab/v1.4.1/.

Khazatsky, A., Pertsch, K., Nair, S., Balakrishna, A.,
Dasari, S., Sridhar, A., Zhu, Y., Geng, Q., Han, J.,
Chen, D., et al. (2024). DROID: A large-scale in-the-
wild robot manipulation dataset. In Robotics: Science
and Systems (RSS).

Liu, Y., Liu, Y., Jiang, C., Lyu, K., Wan, W., Shen, H.,
Liang, B., Fu, Z., Wang, H., and Yi, L. (2022). HOI4D:
A 4d egocentric dataset for category-level human-
object interaction. In Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recogni-
tion, pages 21013-21022.

Mayoral-Vilches, V., Makris, A., and Finisterre, K.
(2025). Cybersecurity ai: Humanoid robots as attack
vectors.

NVIDIA (2024a). Isaac Sim technical requirements
and minimum system requirements.  Available
online: https://docs.omniverse.nvidia.com/isaacsim/
latest/common/technical-requirements.html.

NVIDIA (2024b). Jetson Orin technical specifica-
tions. Available online: https://www.nvidia.com/en-
us/autonomous-machines/embedded-systems/jetson-
orin/.

NVIDIA (2024c¢). What is Isaac Sim?  Available
online: https://docs.omniverse.nvidia.com/isaacsim/
latest/overview.html.

NVIDIA (2025). NVIDIA announces Isaac GROOT N1
- the world’s first open humanoid robot foundation
model - and simulation frameworks to speed robot
development.  Press Release. Available online:
https://investor.nvidia.com/news/press-release-
details/2025/NVIDIA- Announces-Isaac-GROOT-
N1---the-Worlds-First-Open-Humanoid-Robot-
Foundation-Model--and-Simulation-Frameworks-
to-Speed-Robot-Development/default.aspx.

NVIDIA Developer (2024). Isaac GROOT. Available
online: https://developer.nvidia.com/isaac/gr00t.

Open X-Embodiment Collaboration (2024). Open X-
Embodiment: Robotic Learning Datasets and RT-X
Models. In 2024 IEEE International Conference on
Robotics and Automation (ICRA), pages 6892—6903.



Open X-Embodiment Collaboration (2025). Open X-
Embodiment: Robotic learning datasets and RT-X
Models.

Smith, C. and Du, P. (2025). Building a synthetic
motion generation pipeline for humanoid robot
learning. NVIDIA Technical Blog. Available
online: https://developer.nvidia.com/blog/building-a-
synthetic-motion-generation-pipeline-for-humanoid-
robot-learning/.

Sun, W, Cao, B., Chen, L., Su, Y., Liu, Y., Xie, Z., and
Liu, H. (2025). Learning perceptive humanoid loco-
motion over challenging terrain. In 2025 IEEE/RSJ
International Conference on Intelligent Robots and
Systems (IROS), pages 6571-6578.

Sun, W, Feng, L., Cao, B., Liu, Y., Jin, Y., and Xie, Z.
(2026). ULC: A unified and fine-grained controller
for humanoid loco-manipulation.

Surve, P. P,, Shabtai, A., and Elovici, Y. (2025). SoK:
Cybersecurity assessment of humanoid ecosystem.

Taheri, O., Ghorbani, N., Black, M. J., and Tzionas, D.
(2020). GRAB: A dataset of whole-body human grasp-
ing of objects. In European conference on computer
vision, pages 581-600. Springer.

Unitree Robotics (2024a). G1 SDK development guide.
Available online: https://support.unitree.com/home/
en/G1_developer.

Unitree Robotics (2024b).
tal.  Available online:
opensource/.

Official open source por-
https://www.unitree.com/

Unitree Robotics (2024c). UnifoLM_WBT _Dataset.
Hugging Face collection. Available online:
https://huggingface.co/collections/unitreerobotics/
unifolm-wbt-dataset.

Unitree Robotics (2024d). Unitree explore APP down-
load — G1 tutorial videos and manuals. Available
online: https://www.unitree.com/mobile/app/gl.

Unitree Robotics (2024e). Unitree G1. Product page.
Available online: https://www.unitree.com/g1/.

Unitree Robotics (2024f). unitree_IL_lerobot. GitHub
repository. Available online: https://github.com/
unitreerobotics/unitree_IL _lerobot.

Unitree Robotics (2024g). unitree_ros2.  GitHub
repository. Available online: https://github.com/
unitreerobotics/unitree_ros2.

Unitree Robotics (2024h).
repository. Available online:
unitreerobotics/unitree _sdk2.

unitree_sdk2.  GitHub
https://github.com/

184

Unitree Robotics (2024i). unitree_sdk2_python. GitHub
repository. Available online: https://github.com/
unitreerobotics/unitree_sdk2_python.

Unitree Robotics (2024;). unitree_sim_isaaclab. GitHub
repository. Available online: https://github.com/
unitreerobotics/unitree_sim_isaaclab.

Unitree Robotics (2025a). Instructions to control G1
movement via SDK - do not enter debug mode.
GitHub Issue #43. Available online: https://github.
com/unitreerobotics/unitree_sdk2_python/issues/43.

Unitree Robotics (2025b). Problems with cyclonedds
while using NVIDIA Jetson. GitHub Issue #53.
Available online: https://github.com/unitreerobotics/
unitree_sdk2_python/issues/53.

Unitree Robotics (2026). UnifoLM-VLA-0: A vision-
language-action (VLA) framework under UnifoLM
family. GitHub repository. Available online: https:
//github.com/unitreerobotics/unifolm-vla.

Unitree Robotics Store (2024). Unitree G1 store page
and EDU note on secondary development. Avail-
able online: https://shop.unitree.com/en-ca/products/
unitree-gl.



Index of authors
Author Index

A
AlJallad, Mhd Walid .................... 12
Andrejkova, Gabriela .................... 17
B
Behrens, Jan Kristof ................... 146
Bila, Tamara ........................... 21
C
Chromkova Manea, Beatrice Elena ....... 26
Chraskova, Noemi ..................... 125
Cibula, Miroslav ........................ 29
C
Cendk, JIFf ........ooiiiii i 26
Cervenka, Adam .................c...... 21
D
Dlouha,Jana ........................... 68
Dlouhy, MatyaS ....................... 137
Dvorak, Michal ........................ 137
Dé&chtérenko, Filip ..................... 125
D
Dalak, Frederik ......................... 34
E
Eklova,Laura ......................... 125
Epifanic,Jelena ................. ... ... 36
F
Farka$, Igor ............. 21,29,42,94, 168
G
Gregor, Radovan ........................ 42
H
Hananeia, Nicholas ..................... 46

Havlik, KryStof ........... ... . ... ..... 51
Hlavac, Vaclav ........................ 146
Hoffmann, Mat&j ....................... 59
Hromkova, Lenka ....................... 26
Hiibelova, Dana ........................ 26
J

Jedlicka, Peter ......................... 133
Jonas, Juraj ................. L 63
K

Kapounovd, Ivana ...................... 68
Kis,Milica ..................ov ... 75
Kollarova, Hana ........................ 80
Kopco, Norbert ......................... 17
Kostka, Nikita .......................... 87
Kostrhun, Michal ....................... 94
Krajéifovd, Anna ....................... 98
L

Licny, Andrej .....oovvviinnia. 106
M

Macik, Miroslav ............ ... ... ...... 51
Malinovskd, Kristina ............. 12, 29, 36
Mokry, Stanislav ....................... 26
Muzikova, Leona ....................... 26
S

Stanovd, Magda ....................... 114
Suchodolova, Veronika .................. 26
Svoboda, AleS ......................... 119
Svozilova, Anna ........................ 26
S

Sigkovd, Julie ..............ccoiii.... 125
Smejkal, Jan .......................... 110

Stépanova, Karla ...................... 146



T

Takac, Martin ...................... 75, 128
Tomko, Matas ......................... 133
V

Vadinsky, Ondiej ................... 87, 137
Vanc,Petr ............................. 146

w

Wiedermannn, Jiff ..................... 153
Y

Yarzhemska, Anastasiia ................ 157
Z

Zamrazilova, Karina ................... 164

Zigo, Branislav ................... 168, 177



Juraj Hvorecky
Karina Zamrazilova
Kristina Malinovska

Krystof Havlik
editors

Kognice a umély zivot
Cognition and Artificial Life
KUZ / CAL 2026

Published by Czech Technical University in Prague, 2026

Title page design: Julia Kovalc¢ikova and Krystof Havlik

Extent 187 pages, first edition,
published as an electronic publication

ISBN 978-80-01-07572-2



	Invited speakers
	Modeling and Exploring Visual Concepts in Deep Networks  Mhd Walid Al Jallad, Kristína Malinovská
	Auditory distance perception for sounds around the listener  Gabriela Andrejkova, Norbert Kopčo
	Semantic Robustness of Unsupervised Approaches for Interpretability of Vision Language Models  Tamara Bílá, Adam Červenka, Igor Farkaš
	Zkreslení pozornosti při percepci jídla: Eye-trackingová studie obézních dětí  Jiří Čeněk, Stanislav Mokrý, Lenka Hromková, Beatrice Elena Chromková Manea, Leona Mužíková, Veronika Suchodolová, Anna Svozilová, Dana Hübelová
	Constructing Grounded Conceptual Representations via Object-Centric Active Vision  Miroslav Cibula, Kristína Malinovská, Igor Farkaš
	Společnost pro kognitivní vědu: komunita jako podmínka rozvoje kognitivní vědy v českém prostředí  Frederik Ďalak
	Associative Memory with Modern Hopfield Networks for Incremental and Open-Set Visual Learning  Jelena Epifanic, Kristína Malinovská
	Unsupervised Topographic Representations of Motor Primitives in Humanoid Manipulation and Gestures  Radovan Gregor, Igor Farkaš
	Multi-Scale Simulation of Synaptic Plasticity Induced by Repetitive Magnetic Stimulation  Nicholas Hananeia
	Virtual reality enabling cognitive map acquisition for persons with visual impairment: A Systematic Literature Review  Kryštof Havlík, Miroslav Macík
	AI-Enabled Big-Data Developmental Science: Longitudinal Analysis of Infant Sensorimotor Development  Matěj Hoffmann
	Psychologické aspekty vývoja konverzačných agentov  Juraj Jonáš
	Predicting Item Difficulty in German Language Tests: A Machine Learning Approach with Linguistic Features  Ivana Kapounová, Jana Dlouhá
	Explorations in Predictive Coding Models of Hallucinations  Milica Kiš, Martin Takáč
	Izhikevich Model of a Spiking Neuron: A Qualitative Analysis Through the Phase Plane  Hana Kollárová
	Dynamický Turingův test: Adaptace rozhodovacıch strategií při detekci impresionistických maleb generovaných umělou inteligencí  Nikita Kostka, Ondřej Vadinský
	Exploring the Tolman-Eichenbaum Machine for Modeling Spatial Understanding in Robots  Michal Kostrhun, Igor Farkaš
	Analýza citlivosti genetických algoritmů na nastavení parametrů srovnání fixního a adaptivního přístupu  Anna Krajčířová
	Does a transformer think like a human?  Andrej Lúčny
	Falzifikační charakter sociální agence v užívání vizuálně-generativní AI  Jan Šmejkal
	Mind Wandering during Lectures  Magda Stanová
	Konceptuální redukce a smrt obrazu  Aleš Svoboda
	Lidé vs. Algoritmy: Preferujeme stále ještě lidské umění?  Julie Šišková, Noemi Chrásková, Laura Eklová, Filip Děchtěrenko
	AI and mental health  Martin Takáč
	Trade-offs between energetic cost and excitability in compartmental models of juvenile rat CA1 pyramidal cells  Matúš Tomko, Peter Jedlička
	Genetic Algorithm for Agent Hyperparameter Optimisation in the Test of Algorithmic IQ  Ondřej Vadinský, Michal Dvořák, Matyáš Dlouhý
	How ShouldWe Teach Robots? A Comparison of Kinesthetic, Joystick, and Gesture-Based Teaching  Petr Vanc, Jan Kristof Behrens, Václav Hlaváč, Karla Štěpánová
	Could Personhoods Live Symbiotically Within Other Personhoods?  Jiří Wiedermannn
	Sensory and Emotional Distress as Predictors of Sexual Functioning in Adults with ADHD Traits: A Three-Group Cross-Sectional Study  Anastasiia Yarzhemska
	Ethical and Psychological Aspects of the Use of Generative AI by Junior Doctors  Karina Zamrazilová
	Large Behavior Models: a promising approach for safe and reliable robotics?  Branislav Zigo, Igor Farkaš
	From Remote Control to Vision-Language-Action: Initial Deployment of the Humanoid Robot Unitree G1 with Tactile Hands  Branislav Zigo
	Register autorov / Author Index

