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CHAPTER 1

Introduction 

Ewa Błaszczak, Małgorzata Cebrat, Jakub Jernajczyk,  
Bartłomiej Skowron, Weronika Urbańska and Roland Zarzycki

As one of the protagonists of Clare Boothe Luce’s novel notes, “the height of 
sophistication is simplicity”. This dialectical intertwining of simplicity and 
complexity accompanies us in everyday life when we discover that seemingly 
simple phenomena hide complex mechanisms, and understanding them 
requires considerable cognitive effort. The complexity of simplicity is also 
experienced when we try to synthesise the chaos of phenomena, theories and 
opinions that surround us. We observe it when the oversimplifications typi-
cal of populist discourses lead to tragic political consequences. At the same 
time, complexity and simplicity can be perceived as aspects of the relationship 
between human perception and the forms of its expression that constitute 
social reality. A sign, a thing, a simulacrum appears to us as simple or complex 
not only due to our cognitive condition but also our emotional, ethical and 
aesthetic disposition. We note that openness to the complexity of perspectives 
and simplicity of expression has always been a virtue as well as an ally in our 
human attempts to understand the world, both on the paths of science and art.

The multidimensionality, diversity and complexity come easier when we 
are not alone in the cognitive process. Shared reflection and exchange of 
thoughts support synthetic approaches that allow complexity and simplicity 
to be reinterpreted over and over again. And this was the main motivation 
underlying another act of the unique endeavour, namely the interdisciplinary 
project “Excess and Lack” implemented within the Academy of Young Scholars 
and Artists in Wrocław in 2013 (Huculak et al., 2013). One of the fundamental 
objectives of the Academy is to improve and foster communication between 
outstanding representatives of various fields of science, the humanities and 
art. Thus the idea behind “Excess and Lack” was to present various percep-
tions of the concepts of “excess” and “lack” from the perspective of different 
disciplines in order to reveal similarities, differences and fresh perspectives, 
thus proving the complementary nature of all these contributions. The impor-
tance of the ability to understand a given concept across multiple different 
languages refers back to the ideas of many great scholars and artists, including 
Ludwig Wittgenstein’s notion of “seeing-as”.
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In this context Complexity and Simplicity should be considered a follow-up 
and a further step along this path, driven by many enthusiastic responses to the 
former project. This time, to close the gap between the sciences, humanities 
and the arts, and replace it with a unifying and holistic perspective on human 
cognition, 57 scholars and artists were asked to present their perspectives on 
the concepts of “complexity” and “simplicity” in terms that referred to their 
own specific disciplines. The essays that emerged from this project are char-
acterised by scientific excellence and anchored in state-of-the-art research, 
while at the same time being written in a language and style that facilitates 
their comprehension by an audience new to these specific fields. Also, all 
authors were asked to present fruitful ideas relating to the broader horizons 
of their particular disciplines rather than just focusing on their cutting-edge 
discoveries. Hence, the articles presented in this compilation may serve as 
an interdisciplinary source of inspiration for a wide variety of readers. These 
contributions are presented in a complimentary manner alongside works by 
artists that touch on the issues of simplicity and complexity in the language  
of art. 

Such an interdisciplinary approach seems particularly justified precisely in 
the case of simplicity and complexity. The search for comprehensive pathways 
to capture the tension between these two qualities has a long tradition, just to 
mention Spinozian thought attempting to delineate the chaos within an exist-
ing whole and harmony. Although the very issue of complexity and simplicity 
can be considered within each of the individuated scientific and artistic disci-
plines, it can and should also become a subject of reflection on a higher level of 
abstraction. Our book, then, can also be read in these two ways, as an overview 
of the detailed, diverse grasps of simplicity and complexity, and as a kind of 
tracing of a common interdisciplinary denominator in order to discover the 
deeper nature of the title opposition. As with the Deleuzian assemblages, the 
success of the latter approach requires finding a unique fusion of material 
interdependencies and constellation of perspectives.

Simultaneously, the paths of reflection quickly branch out into a thicket of 
parallel intellectual endeavours that the reader may wish to follow, leading us 
to more contemporary research undertaken in the fields of new materialism, 
critical realism, but also reflections on the posthuman condition and inter-
actions between the human body, technology and machines by Braidotti, or 
investigations in heuristic theory of value by Cantó Milà. It is not clear whether 
adding further crossroads will simplify the matter or make it even more intri-
cate. Nevertheless, this is the risk we have chosen to take in this publication, 
adding a handful of our own insights to the long-lasting debate on complexity 
and simplicity.
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This unique fusion is presented to the reader in the form of a mosaic of 
scientific texts and selected works of art. As in Cortazar’s Rayuela, the reader 
can choose his or her own path of travel through the meanders of simplicity 
and complexity by assimilating this publication according to an individually 
chosen key and sequence. At the same time, in the opinion of the editors of 
this volume, one of the natural and firmly grounded paths of cognition is to 
move from the level of detailed scientific investigations concerning the bio-
logical, chemical and physical structure of the human being, through theo-
ries describing the functioning of individuals, communication theory and the 
social sciences, to narratives touching on metareflections on the very mode of 
cognition, expressed many times so successfully through artistic lenses.

Following this approach, the reader may begin this journey from the text 
delivered by M. Rowińska-Żyrek “The beauty and simplicity of the complex 
biological chemistry of metals”, where the interaction of metal ions with a 
variety of biomolecules, including proteins, peptides and human ribozymes is 
described. Despite the sophistication of these phenomena, the author demon-
strates in a highly accessible way how simplicity and complexity intersect in 
modelling these interactions. The article “V(D)J recombination: How simple 
elements lead to a complex system for antigen recognition” explains, in turn, 
why flexibility and complexity seen as a feature of the immune system of ver-
tebrates are key factors in their evolutionary success. Importantly, thanks to 
excellent guidance by the author, M. Cebrat, this fascinating journey through 
genetic invasions and attempts to model them in the language of modern bio-
chemistry proves comprehensible to the reader. Another aspect of the func-
tioning of the human body at the molecular level is proposed in the paper by  
A. Krężel “The complexity and simplicity of zinc proteins: Minimum form, max-
imum substance”, in which the author shows us how the differentiation of the 
kinetic and thermodynamic stability of the zinc complex in proteins depends 
on the enormous complexity of these macromolecules related to their biolog-
ical function. Along a natural process, the simplicity of the building blocks is 
combined here with the complexity of the structure, leading to the creation of 
an object with extremely intricate properties: the zinc metalloproteome.

The complexity and simplicity of chemical models of human body func-
tioning are also addressed in the text by M. Drąg “Degrees of complexity in the 
recognition of substrates by proteolytic enzymes.” Interestingly, proteases from 
the exopeptidase family are subject to relatively simple mechanisms, whereas 
the mechanism of binding and recognition of substrates in the case of endo-
proteases turns out to be complex. Proteostasis is also the subject of “Shocking 
harmony” by M. Dubińska-Magiera and E. Błaszczak. As argued by the authors, 
the preservation of life requires the maintenance of dynamic equilibrium, and 
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it is the harmony of the proteome that is needed to maintain it. This harmony, 
the so-called proteostasis, observed at the level of a whole set of proteins finds 
its surprising counterpart at the level of the synchronisation of the cognitive 
system’s responses with the frequency of incoming sounds, as described by 
A. Foltyn in the text “Can consonance be explained by mathematical propor-
tions? Simplicity and complexity of harmonic relations in music.” The very 
diversity of applications of the concept of harmony combined with the struc-
tural parallel between the paths of perception of the world and the paths of 
its scientific modelling shows us something fascinating about the paths of our 
human cognition.

In the paper “Why do we use simple organisms to model complex human 
diseases?” M. Migocka-Patrzałek in a yet different manner tackles the phenom-
enon of explaining and modelling complex objects by analysing the simpler 
components on the one hand and the subtleties of structure on the other. 
The author explains how the use of simple organisms, such as worms or fruit 
flies, allows us to say so much about the functioning of the much more com-
plex human organism. A medical perspective on the issue of simplicity and 
complexity can be found in the text by U. K. Komarnicka and E. Błaszczak, 
“Simplifying complexity: Copper(I) complexes with phosphines derived from 
peptides as potent anticancer drugs”, which addresses the complexity of the 
effects of anticancer therapies and their relevance to the side effects of con-
temporary therapies. A different standpoint on the issue of complexity is 
presented in the paper of K. M. Zoń in “Some Comments Regarding the Digital-
isation of the Health Care System in Poland during the COVID-19 State of Epi-
demic: Selected Legal Aspects”, where the legal dimension of the digitalisation 
of the healthcare system in Poland is described. The increasing complexity of 
science itself has serious practical and material consequences and translates 
into the development of administrative processes and legal solutions organis-
ing human cognition, which is of considerable importance.

In the text “Reinforcement learning tasks: From complexity to simplicity” 
the reader encounters an intriguing fusion of computer science and psy-
chiatry specific to the field of computational psychiatry. D. Frydecka and  
J. Drapała discuss how the behaviour of the human brain varies during deci-
sion-making, where some processes have a surprisingly simple explanation, 
while others require complex modelling. The complexity of signals in a world 
of information overload, this communication jitteriness, leads to confusion, 
which, at the level of socially diagnosed aspirations and attitudes, points to 
a need for simplicity, more and more frequently expressed by individuals. On 
the other hand, the simplest processes, such as everyday conversations, turn 
out to be places where complexity creeps in. An interesting study of this issue 
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is presented in the text by K. Striżyk, P. Kruk, J. Ziółkowska, B. Skowron, and  
M. Witkowicz “The complexity and multifacetedness of conversation.” Para-
doxically, human attempts to escape complexity can fuel its presence. On the 
borderline between linguistics and philosophy, we find a text by M. Krajewski 
“The simplicity and complexity of philosophical discourse: Two different ways 
of reasoning about the Stoic postulate of premeditation of evils (praemeditatio 
malorum)”, where the author shows how decisive the question of interpret-
ing words and their meaning is. And so the very understanding of simplicity, 
as considered from a literary-persuasive and analytical perspective, is of great 
importance for our life and cognitive choices.

Eventually, an ontological analysis of the phenomenon of simplicity and 
complexity itself is provided by the text B. Skowron “On simplificatory and 
diversificatory aspects of the presentation of an object”, where the author 
makes use of the concepts of K. Twardowski, who is well known in Poland as 
the master of masters of philosophy. Structure complexity analysed from a 
contemporary communicative perspective becomes the subject of K. Kopec-
ka-Piech’s paper “The complexity of the new media.” From this analysis, we 
learn how the complexity inherent in the culture of our thinking and com-
munication ultimately translates into our perception of the world. In the text 
“Algorithmic Truth Theory (ATT),” R. Zarzycki presents the challenges of the 
very process of cognition and points to the growing information complexity, 
in which a lost individual begins to seek a qualitatively new criterion of truth.

K. Boczkowski takes us to another dimension of the phenomenon of com-
plexity, by addressing the topic of the performative exhibition of the world in 
the space of the theatre. The complementarity and tension between complex-
ity and simplicity present in the concepts of acting are discussed in his text 
“A dispute over acting methods.” The subtle game of complexity is described 
in the text “A particularly sophisticated simplicity” by Ł. Huculak, in which 
the author invites the reader to a fascinating journey through the dialectic of 
simplicity and complexity, illustrated with vivid and unique insights of artists 
from past epochs. Another journey, no less interesting, is proposed by J. Jerna-
jczyk in the text “The complexity of a straight line”, where he combines math-
ematical modelling and visual imagination to approach the main concept of 
this volume from yet another angle.

The second path through the book is marked by reproductions of pieces 
of art addressing the dichotomy of complexity and simplicity by purely artis-
tic means, at the same time reflecting its geometric, topological, statistical, 
semantic, cultural, social, aesthetical, political, and philosophical aspects, 
not always expressible by verbal means. The authors of these works, coming 
from the Wrocław artistic community (mainly from the Eugeniusz Geppert 
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Academy of Art and Design in Wrocław), represent various subdisciplines of 
the fine arts, such as painting, sculpture, graphic design, print making, media 
art, ceramics, glass, and design. In this sense, although the path of science and 
the path of art touch on the same phenomena in a complementary way, they 
are mutually incompatible.

Often, a work of art can convey an idea in a much more simple way than 
even the longest book. This does not, however, mean that it is not complex. 
Following Gadamer, a work of art can be perceived through the prism of a 
complex game between the author and the recipient, who, through an extraor-
dinary fusion of horizons, becomes its co-creator. If, in accordance with chaos 
theory, we consider that everything that is past (or at least everything within 
a certain light cone) influences a given work of art, and on the other hand, a 
given work of art inspires everything that is future (within another light cone) 
in a similar way, it turns out that simplicity reveals infinite layers of complexity 
reconstructable in relation to the continuum of contexts extending arbitrarily 
far back and into the future.

This non-verbal journey through complexity and simplicity consists of sev-
eral works made using the acrylic on canvas technique, which present intrigu-
ing painterly insights into the essence of complexity and simplicity: Cordyceps 
by Ł. Huculak, The Power of a Seemingly Simple Interior by A. Kołodziejczyk as 
well as Adoratio by J. Baśnik. Each of these works illuminates certain aspects 
of complexity through a subtle play with the means of artistic expression. We 
observe another interesting instance of this play in the lithograph on marble 
SHADES_07 by A. Trojanowska.

The interpenetration of the complexity of form and the stubborn simplic-
ity of the material is manifested in the glass works by A. Joszczuk-Brzozowska 
(Materialization), by B. Mak-Sobota (Onestring), and A. Leśniak-Banasiak 
(Amoria). The austerity of form is also a feature of the slumped glass and metal 
composition The Stijl by M. Krzemińska-Baluch. A disturbing disruption to the  
seemingly simple form is proposed by the works Proximity I, II by B. Sacharczuk, 
made using the stoneware moulded on a potter’s wheel technique. The expres-
sion of the works of A. Skowroński, Wrocław Sienkiewicza (digital print), and  
M. Mierzicki, PLAY MY BOY (object, steel) seem to be particularly efficient, 
achieving a seemingly outstanding depth of political and existential interpre-
tations, despite the simplicity of the form.

D. Sobolewska’s exhibition RGB exposes the viewer to an individual encoun-
ter with complexity through contact with simple installations. This spatial 
arrangement of nine cubes made of transparent plastic in the basic additive 
colours was carried out in cooperation with WRO Art Center. Also K. Freino’s 
work Cataract conducts public space intervention to highlight yet another 



introduction � 7

aspect of the tension between simplicity and complexity. A performative 
approach to the phenomena can also be found in the printmaking performance 
by Z. Dyrda, I’m Just a Pawn, where the meaning of complexity is related to the 
established game code, in this case, defined by the rules of chess. What makes 
a pawn just a pawn? I. Juarez touches on simplicity and complexity in an expo-
sition of the series of wooden elements under the title Insect City, while M. 
Grzybowska uses steel and textile rubber in her Sketches for space. The issue of 
symmetries, expansions and dimensionality of the space can be found in the 
oil-on-canvas painting Third Diagonal Symmetry by K. Moskowczenko as well 
as a drawing by J. Grulkowski, The Expansion, but also in the mechanistic dis-
cussion with the recipient initiated by P. Jędrzejewski by his installation 67/68.

Reflection on simplicity and complexity using more anthropomorphic 
means of expression can be found in the pieces of art Priestess by P. Baśnik (oil 
on canvas) and Wonder emptiness – I’m waiting for you by M. Gorzelak (inta-
glio, relief printing). A simple aesthetic provocation exposing the recipient to 
his/her utilitarian experience has been offered by K. Szymanowska in Sensitive 
Point. Words contrasted with artistic expression are to be found in the pro-
posal of E. Smoliński, On the matter of simplicity and complexity, where the 
functional aspects of a folding ruler are being challenged. The issue of mea-
surement also appears in the work of T. Dobiszewski (Tracking the Sun), where 
the complexity of the movement of the sun is captured in the simplicity of the 
equipment aimed at measuring it. The play with the simplicity of the form and 
shadow as an element of artistic expression is proposed by J. Żak in the work 
Written by shadow (Pâte de verre).

In The Great Gatsby P. Kmita addresses the issue of complexity emerging 
from the composition of simple elements, namely shots taken from the famous 
movie under the same title. Recognizing a repeatable and reproduced pat-
tern creates a kind of tunnel between the world of complexity and the world 
of simplicity, showing that neither complexity nor simplicity are features of 
reality but of our cognition. A similar discussion seems to be undertaken by  
M. Kociński, who used the ceramic mosaic technique to create Shield 7, and  
M. Grzyb in Stories, where the complexity of human biographies becomes 
trapped by the tyranny of simplicity of form. The arrangements of small orna-
ments create complexity, which is then tamed by the recognition of the pattern.

A synesthetic proposition of K. Marusińska (Cacophony) deals with com-
plexity expressed as communication chaos emerging from ceramic, acrylic, 
and resin forms. The complexity in the work by U. Lucińska and M. Knychaus 
(Diaphane) is reflected by a multi-layered pattern made of stainless steel and 
brass. Plus minus by W. Gołuch is based on a dialogue between the simplic-
ity of the sign and the complexity of the meaning. J. Jernajczyk presents The 
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Knot of Cuts, which prompts reflection on the representability of lower-dimen-
sional (simpler) objects by higher-dimensional (more complex) ones. Finally, 
the image of excess (some kind of complexity) can be found in the work of  
J. Opalska-Brzecka.

Although it is impossible to summarise the complexity of artistic expres-
sions in a simple introductory description, we believe that at the end of the 
quest the reader will be able to recollect the common core of the artistic and 
scientific reflection, which we tried to preserve throughout the volume. Sim-
plicity and complexity do not seem to be either better or worse, in the way 
they accompany us on our cognitive journeys. In the modern world, filled with 
cheap sensations, where ignorance turns difference into a threat, and digits 
replace emotions, we feel that in the common-day sense, pluralism proves 
its value. And it is this pluralism in perceiving the world that we would like 
to present to the reader once again to save us all from blaming simplicity for 
primitivism and complexity for sophistication.
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CHAPTER 2

A Dispute over Acting Methods

Krzysztof Boczkowski

	 Abstract

This paper is a comparative study of two completely different views regarding onstage 
acting methods. The Stanislavsky system has been subject to criticism by David 
Mamet, who rejects all the main tenets of the method proposed by Stanislavsky. The 
complexity of Stanislavsky’s method is juxtaposed with the simplicity of Mamet’s 
conception, which assumes that all that is needed for an actor to act on a theatrical 
stage is the character’s goal, action, or simple onstage situations, as well as openness 
to their own emotional state and dialogue with their stage partner. Analysis of those 
two views reveals the direction in which the actor should proceed on stage, start-
ing from a simple goal and action and moving towards the complexity of emotional  
experience.

	 Keywords 

Konstantin Stanislavsky – David Mamet – Stanislavsky system – the magic if –  
character – dialogue – partner – action – emotions – broadened mind – organicism

1	 Realist Theatre as the Plane of the Dispute

The clash between Konstantin Stanislavsky’s and David Mamet’s views on the 
process of creating a role and applying it on stage has brought about a dispute 
over the best acting method. It is a dispute over theatrical work conducted 
in a convention known as psychological realism, or realist theatre, which is 
characterised by a logicality of events, linearity, cause and effect, mimesis (imi-
tation, mimicking) and diegesis (storytelling). This type of theatre is known 
as “dramatic theatre” and encompasses the story, stage action, the characters, 
the utter domination of the text, etc. Perhaps in the current theatrical reality, 
where postmodernism and avant-garde are commonplace, a more accurate 
term to use would be “classical dramatic theatre.” In this theatrical convention 
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the actor’s goal is to accurately achieve the playwright’s goals as interpreted by 
the director and materialised in the course of rehearsals in the form of stage 
characters played for the audience. The role and theatrical shape of the play 
performed on stage should be characterised by a broadly understood realism 
(or even naturalism) and as such represent everyday situations and experi-
ences as closely as possible, or – to use Aristotle’s notion of mimesis praxeos 
– show people in action by means of imitation.

The dispute in question is born out of two entirely different views on acting, 
which may be characterised as a dispute between complexity and simplicity. 
The simplicity of being in action proposed by Mamet is juxtaposed with the 
complexity of Stanislavsky’s emotional experiencing. This dispute lets us look 
at acting from two perspectives and consequently allows us to reject all that is 
irrelevant and look at the essence of acting.

2	 Complexity: Key Notions in the Stanislavsky System 

To reach an objective we need a set of acting tools, i.e., a method allowing us 
to achieve channelled and precise acting. The Stanislavsky system provides 
such a set of tools in which one element complements another, producing 
a coherent whole aimed at achieving a transformation through the creative 
process. The system’s structure is very complex and can be divided into  
various phases:
–	 the analytical phase, in which the director and actors “break down” the 

contents of the play in order to get to know every detail of the character’s 
lives and circumstances as intended by the author and to establish the 
supreme objective;

–	 the technique phase, which encompasses exercises for improving muscle 
relaxation, body flexibility, contact with a partner, attentiveness on stage, 
improvisations about given subjects, activating the actors’ imagination, 
etc., as well as situational rehearsals during which actors try to apply the 
analytical material gathered and evoke suitable emotions and feelings, 
i.e., discover the life of the human spirit on stage by applying the so-called 
magical if, i.e., putting themselves in their character’s shoes and fully 
believing in that character. Consequently, they maintain the appropriate 
onstage condition, the same as in offstage life, in order to create realistic  
situations;

–	 the staging phase, in which the actors focus on rehearsing the entire play, 
their characters’ emotional experiences, playing the role in a defined 
personality frame, costume, makeup, internal tempo-rhythm, etc.



a dispute over acting methods� 11

Stanislavsky’s legacy is a direction, in which the actor should head to create a 
stage persona that is not a separate “artificial, mechanical being” but the out-
come of the actor’s onstage emotional experiences, a certain extension of the  
personality of the actor who finds in himself or herself the required qualities and 
takes them out into the open while remaining himself or herself. Stanislavsky 
made it clear that the core idea of his system is the achievement of complete 
organicism of the actor, succumbing to internal impulses, as well as emotional 
and external reflexes resulting from the onstage behaviour of their partner.

The phrase organic body-mind captures the essence of Stanislavsky’s explo-
rations. “The organic body-mind is a body which responds to the demands 
made by the mind in a way that is neither “redundant,” “defaulting” nor “inco-
herent,” that is when:
–	 the body responds only to the demands made by the mind;
–	 the body responds to all the demands of the mind;
–	 reacting to those demands only, the body adapts to them, seeks to satisfy 

them (Barba & Savarese, 2005, p. 99).

The organic body-mind is “the most normal human condition”, the kind we 
can observe in everyday life. However, the artificial conditions on stage restrict 
our perception, block it and hinder the emotional experience (perezhivanie). This 
most normal human condition, everyday life kind, becomes distorted. What 
distorts it is our fear of being judged, disbelief in what I am doing, a superficial  
reception of the play, imprecise action due to stage fright, ignorance and con-
sequently a lack of suitable feelings and emotions. Obviously, the actor contin-
ues to experience all kinds of feelings and external stimuli. They are, however, 
remote from the author’s and director’s intentions, thus to achieve the relevant 
emotional state of the character, we should use a subtle assortment of psy-
chophysical activities developed during rehearsals. This creates an illusion of 
everyday life where the artificiality of the stage does not constrain the actors or 
block out their reactions. The actor becomes the character, both physically and 
spiritually. He/she believes in what is happening on stage and what they feel 
as if it were happening in real life. The stage action is purposeful with nothing 
left to chance and the actors’ actions are precise, resulting in a narrative, which 
makes the audience forget that they are watching a carefully rehearsed per-
formance, leading them to believe in the authenticity of the play. The precise 
physical actions discovered by the actors enable them to harness the contents 
coming directly from their subconscious to their acting. The actor’s acting is 
no longer volitional and becomes more involuntary. This has an effect on the 
actor. The actor surrenders to it as a dancer surrenders to music or a canoeist 
to the current of the river. However, we are not dealing here with any kind of 
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trans-technique. Emotional experiencing sharpens the senses and harmonises 
the physical and spiritual aspects of ourselves. The emotional experiencing 
causes us to perceive reality the way we do in real life, without the mental bar-
riers caused by being on stage in front of an audience.

Stanislavsky’s explorations were to transform acting, which had earlier been 
perceived as make-believe, into something truthful.

3	 Simplicity: Mamet Speaks Out against Stanislavsky 

David Mamet (2014), who passionately rejects Stanislavsky’s ideas is on the 
opposite end of the acting dispute. He completely negates the need for analysing 
the text and claims that the knowledge coming out of it is useless to the actor 
and can only be an obstacle and barrier to a spontaneous being on stage. The  
actor does not have to ‘become’ the character, in fact, Mamet does not acknowl-
edge the very existence of the term “character”. A character is only letters on paper.  
The actors must speak their lines clearly to achieve more or less what the author 
intended, and the audience will view them as ‘an illusion of the character’ on 
stage. Mamet dismisses emotional experiencing ‘of the character’s tragedy on 
stage’ and claims that it is impossible to make oneself experience any other 
feelings than those that he/she has at the moment of being on stage in front of 
the audience. He ridicules Stanislavsky’s method which has the actor think of a 
memory, reaction or feeling for each moment of the play and remain faithful to 
it on stage. He claims that such behaviour cuts off the actor’s stage awareness 
and spontaneity. Instead of engaging in dialogues with their onstage partner, the 
actors are absorbed by checking whether they have activated the emotion “pre-
pared” beforehand. Mamet asserts that the emotional and psychological nature 
causes a person to rebel against any instruction to experience a feeling. “If a 
person could really command its subconscious to evoke certain emotions when  
he/she so wishes, there would be no neuroses, psychoses, psychoanalysis – there 
would be no sadness” (Mamet, 2014, pp. 24–25). Since we cannot control our 
thoughts, can we control our emotions?

Stanislavsky’s method instructs the actor to think up vicarious stories, 
called emotional experiencing, with which the actors torture themselves in 
an attempt to program their mind to experience those emotions. In Mamet’s 
opinion, the actor does not need to experience anything – all they need to do is 
appear on stage and open their mind and spirit to what happens there, which 
will trigger the truest and most honest emotions. The actors have their own 
tragedies. Actors are filled to the brim with stories from their own lives, which 
make up the emotional load needed to create the role. Stanislavsky’s magical 
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if, i.e. “what I would do in that situation” (Mamet, 2014, p. 22) is an empty and 
pointless deliberation because the very idea of a hypothetical situation – such 
as one that requires frenzied courage or overcoming oneself, as in Hamlet – 
must be rejected. We cannot foresee what we would do if our mother together 
with our uncle murdered our father in order to take over the kingdom. “Only a 
fool or a liar can claim he knows what he would do in circumstances requiring 
courageous behaviour” (Mamet, 2014, p. 50).

It is the director who builds the meaning of the staging through context and 
it is he/she who is responsible for structuring the staging in such a way as to 
provoke the matters included in the play. The actor should under no circum-
stances be bothered with the meaning of his/her acting and the issues that it 
conveys. The context and the order of scenes, as well as the simple aim that 
each scene serves, make up a score that the actor should follow. Let us take a 
look at a simple example: an actress is sitting on a chair on stage. For the audi-
ence, this may mean waiting. The actress is sitting on a chair, holding a water-
ing can and in front of her there is a flower pot with flowers. For the audience, 
this may mean the intention to water the flowers. The actress is sitting on a 
chair and in front of her hangs a noose. For the audience, this may mean hesi-
tation before committing suicide. In all the above cases the actress’s behaviour 
is the same. She is relaxed and contemplative while sitting on the chair. She is 
not trying to imagine or feel anything, she responds to the circumstances of 
the empty stage, watering can, flower pot and noose. In all those cases she feels 
the same way. It is the audience who, using their imagination, will make a dif-
ferent interpretation of each of those situations. They do not need to be helped 
with artificially programmed emotional experiencing. Acting – that fleeting 
moment – happens when the actors accept all that is going on inside them 
and around them and combine their own struggles with uncertainty, with the 
picture sketched by the playwright in the form of the dialogue spoken at that 
exceptional moment. This creates an illusion of the character, which will be 
authentic for the audience. The experience of being on stage in front of the 
audience and the acceptance of that experience is enough to experience the 
character. It carries a sufficient emotional load.

Mamet compares the actor to an athlete who should have a relaxed, supple 
and trained body and the courage to overcome obstacles (Mamet, 2014, p. 36). 
Those obstacles are found on the stage. The most prominent one is our own 
fear that fills us at the moment we step out of the wings onto the stage. Acting 
has characteristics of heroism. An actor needs courage, concentration and self- 
acceptance for the creative moment to take place on stage in front of the audience.  
The actors, whether they like it or not, stand naked in front of the audience. They 
do not need to hide behind magic formulae, the character’s experiences and 
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history, redundant ideology or ideas for the role. Once the actors accept them-
selves, they will not fake anything or impose anything on themselves and will 
open up to the flow of the moment, true acting will become possible.

In summary, Mamet proposes the following: learn the lines, prepare simple 
onstage actions together with the director (rehearsals should not take longer 
than a few weeks), set the simplest possible goal to achieve, go on stage and 
accept your current condition as well as fear and uncertainty, overcome that 
fear with courage and speak your lines to your partner loudly, clearly and with 
determination. Ignore your emotions, do not force yourself to feel or imag-
ine anything, be constantly focused on your stage partner. The actor should 
not hold on to any emotional stirs and fantasies but should resolutely work 
towards the goal he/she had set. Do not prepare anything redundant, surren-
der to impulses, be open and humble. That is all. Is it a lot?

Mamet reduces the acting method to a few simple tenets in order to cap-
ture its most crucial elements. For that reason he rejects the complexity of  
Stanislavsky’s system, ignoring the fact that at the end of his life, Stanislavsky 
did a similar thing. He combined all his previous ideas in a new, basic one, 
which he called the method of physical actions, which was to crown his previous 
explorations. He claimed that there is no system that the working name ‘sys-
tem’ embraces only a few basic rules and exercises (see above) and there can 
be no single recipe for playing a role. The method of physical actions teaches 
that all the processes occurring in the actor – starting from breathing and 
going all the way to subtle movements of imagination – come down to exactly 
that – physical actions. Why, then, does Mamet not discuss the last stage of 
Stanislavsky’s research? Because it is not commonly known and sufficiently 
described. Mamet makes references to general and superficial opinions about 
Stanislavsky’s work, most of which are inaccurate, erroneous or downright 
false. Mamet makes numerous remarks about acting being relatively simple 
while it is academics and all kinds of teachers who come up with quack ideas 
based on the Stanislavsky system in order to sustain the illusion of possessing 
“covert knowledge”. Mamet tries to dispel that illusion and believes common 
sense will allow actors to get rid of complexes, making acting simple, compre-
hensible and tangible. Is it really the case?

4	 Acting Practice 

Our deliberations are useful only inasmuch as we can identify their practical 
aspect. Both Mamet and Stanislavsky are in agreement as to the objective of 
the action and the action itself. Without them, it is impossible to even initiate 
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acting. The key difference lies in the onstage condition. ‘The natural human 
condition’ is the stage condition that Stanislavsky recommends to actors. 
Everything here is subordinated to the truth. Master your technique to the 
point where the audience does not see acting, by human emotional experienc-
ing, as they do in daily life. However, Mamet encourages the actors to accept 
their condition of “today”, of the “here and now”, to let go of any hypotheti-
cal experiences of the character. This leads us outside the dramatic theatre 
into the realm of modern post-dramatic theatre. Hans-Thies Lehman (2009) 
defines this means of theatrical expression as an invasion of reality. What has 
heretofore been a secret, hidden from the audiences’ eyes – what the actor 
feels privately – can become the pivotal point of acting due to the invasion of 
reality. The line between reality and fiction becomes blurred. Mamet does not 
notice the trap that the actor may fall into. By accepting their private emotions, 
they leave their acting to chance. What if the actors feel bored or discouraged, 
what will be their source of energy to act? What if the dramatic action requires 
joy and the actors are immersed in their private sadness? By rejecting work on 
the emotional experiences of the characters, the actor may lose control over 
the events on stage. Let us try to paraphrase Mamet – what remains is the pur-
pose of the action, the action itself and the stage partner. Focus your attention 
and involvement on what you are doing and not on how you feel. Who cares 
about how you feel? Your task is to convey the contents of the play through 
your actions. Action is what matters the most!

5	� From the Simplicity of Action to the Complexity of Emotional 
Experiencing: An Attempt at Implementing Mamet’s Tenets 

In 2013, together with two students who were members of the Academic Asso-
ciation at the Acting Division of the fourth year of the Wrocław Branch of the 
Kraków Theatre School, we did research on Stage Condition in Daily Situations. 
We tried to utilise Mamet’s simple tenets. The results of our research were shown 
in a stage play we titled An Everyday Situation. O. The play was based on David 
Mamet’s text titled Oleanna (1993; hence the O in the title). The project took about 
six months. The students focussed only on memorising their lines. We forewent 
the analysis and only signaled such simple physical actions as: coming up to a 
locker, taking out books, packing a briefcase, coming up to the window, moving a 
chair, walking out through the door, etc. Our place of work was a lecture hall with 
a desk and a board in the middle, to give as much credence to the scene from the 
play, in which a student meets her professor. Additionally, we wanted to do away 
with all the theatricality of the place. The actors were asked to completely forego 
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their search for any emotionality or oral interpretation of the text, their inter-
nal reactions and the purpose of their actions. Instead, they were instructed to 
focus on speaking their lines in the simplest manner possible (in theatre jargon, 
“in white”), in a neutral rhythm while performing the aforementioned actions. 
Our endeavours were accompanied by loose conversations about the themes of 
the play. Therefore, a rehearsal would look like this: text work – repeating lines 
while performing simple actions, intertwined by conversations about Mamet’s 
play. The actors did not attempt to act. We did not try to figure out whether in a 
given moment we needed anger or sarcasm, request or command, joy or sadness. 
We did not assume one interpretation of the play and remained open to various 
interpretations. Neither did we set any goals for our actions, in order to free up 
our endeavours from an imposed direction.

The effects of our work came as a surprise, because feelings began to emerge 
spontaneously in the actors. The pace of our conversations became dynamic 
and changeable. Additionally, clear intentions started to emerge and the actors 
actually transformed into the characters from the play. The preparations 
came down to buying costumes (ordinary casual clothes) in a local mall. Did 
Mamet’s assumptions work? In my opinion, this simple approach to acting is 
not sufficient. It is not enough to arrange “choreographed” moves to replace 
the complex process of emotional experiencing. It takes more than that, 
namely the conversations we had during rehearsals, which took more than 
half of the time. The rehearsals resembled a social event, a loose exchange of 
opinions rather than the ‘table work’ on text practised commonly in many the-
atres. After exhausting subjects contained in the play, we swiftly moved on to 
personal issues – and when done with those – we went home without feeling 
guilty about wasting time on “useless talk”. What purpose do these conversa-
tions serve? Firstly, to build an atmosphere of trust and freedom and remove 
all obstacles which may stand in the way of the creative act. Secondly, to cre-
ate a mental plane for the emergence of the broadened mind. Franco Ruffi (in:  
Barba and Savarese, 2005, pp. 162–165) uses this term to describe an actor  
who – by the conscious application of Stanislavsky’s method – begins to expe-
rience the play. This happens as a consequence of arousing or awakening the 
mind through questions and answers, enquiries and fantasies, rejecting and 
accepting views, approval and negation and the magical if (Barba and Savarese, 
2005). What would happen if somebody treated me like the character from the 
play? What would I do if I were to face the same dilemma? The process of 
looking for the answer is far more important that the answer itself. It is thanks 
to this process that cool opinions transform into intense feelings, dry defini-
tions become heated emotions. The energy coming from this process leads to 
involvement. This process gives rise to internal emotional experiencing. When 
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– as in platonic dialogues – the actor surprises himself/herself with questions 
for which there is not one answer or it is very difficult to find. They escape 
clichés and stereotypes in their way of thinking. They genuinely endeavour to 
get to the bottom of the character’s behaviour. What takes place is an unno-
ticeable process of identifying with the role. Every day the mind becomes filled 
with the author’s ideas. These ideas are no longer distant words on paper. They 
become the actors’ feelings, their life and eventually the actors themselves.

6	 Conclusions 

In order for drama to occur in front of the audience, the stage partners should 
– within reason – interact with each other and provoke each other. While ana-
lysing the conclusions of our work, the actors said things like: I really wanted 
to hit him; I really hated you at times; Your attitude towards me was really dis-
gusting. The transformation became a fact. The actors did not say: My charac-
ter felt this; or: I felt it while I was acting. They used the first person I and thus 
identified their emotions with the emotions of their character. Mamet is right 
about many things. Building stage action requires the simplest approach pos-
sible. A painstaking analysis of the play in terms of the characters’ emotions 
is often unnecessary. One does not need to bring on “faith”, which has more 
to do with tradition and social conditioning than our will. There is no need to 
plan every detail of being on stage. Neither is the past of the stage character an 
important issue for the actor to consider. The content overload that directors 
often throw at us may hinder the creative process. However, this process does 
need “intellectual fuel”. Without it, one finds it hard to activate one’s imagina-
tion and consequently to experience emotions on stage. Experiencing emo-
tions is not equal to exhibitionism. The actor’s reactions are always a priority. 
They must, however, be related to the play and it is from them that the actor 
derives impulses that activate the imagination and that become “the motor 
of emotions”. The actor’s imagination gives rise to the emotionality of his/her 
character. It is this emotionality that lifts the barrier between the character 
and the actor. There is a person and his/her feelings and they are the essence 
of everything that happens on stage.
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CHAPTER 3

V(D)J Recombination
How Simple Elements Lead to a Complex System for Antigen Recognition 

Małgorzata Cebrat

	 Abstract

One of the most fascinating features of the vertebrate immune system is its ability 
to combat never-before-known “aliens”. This complex process is made simple by the 
creation of new gene variants that encode antibodies and T-lymphocyte receptors 
in B and T lymphocytes. These variants are generated by randomly cutting and reas-
sembling specific DNA fragments, allowing the immune system to potentially recog-
nize an almost limitless array of foreign molecules. This randomness, however, can 
lead to errors, so the receptors undergo stringent testing to ensure they can iden-
tify threats while ignoring the body’s own cells. Interestingly, vertebrates gained the 
ability to cleave DNA to produce these receptors by “infecting” their genome with 
foreign genes (RAG s). These genes were later adapted to help combat other “aliens”. 
We believe that the NWC gene, a host gene located at the site of RAG gene invasion, 
played a crucial role in simplifying this genetic assimilation process despite its  
complexity.

	 Keywords

immune system – adaptive immune system – antigen recognition – V(D)J recombination 
– T-cell receptor – RAG1 – RAG2

1	 Introduction 

The key to a properly functioning immune system is its ability to reliably 
distinguish between its own and alien elements. The nonspecific response 
of the immune system involves the recognition of the characteristic parts of 
invading pathogens and forms the body’s first line of defence against infec-
tion. The constantly evolving relationship between the host and the pathogen 
and the resulting on-going change in the structure of pathogens that could be 
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recognised by the immune system often makes a non-specific response insuf-
ficient. Thus, the immune system faces a considerable issue: it must recognise 
something that the body has never encountered before and prepare itself for 
pathogens that will appear in the biosphere in the future. It seems that the 
only possible solution is to prepare in advance a vast range of recognising ele-
ments (receptors) that could later serve to recognise alien structures (non-self 
antigens), even those that have not yet evolved. Since receptors are made of 
proteins, and proteins are coded by genes in the genome, the genome (with 
its tens of thousands of genes) would be too small to code enough receptor 
protein variants. Hence, a vast diversity of receptors can be created through 
the process of V(D)J recombination. The process draws from a limited num-
ber of simple  constituents to create a complex system for antigen recognition. 
Thus, V(D)J recombination forms the basis for the functioning of an adaptive 
immune system, which is characteristic of vertebrates. The aim of this chapter 
is to follow the stages of V(D)J recombination, the subsequent selection of 
receptors and the evolutionary processes that may have led to the develop-
ment of this seemingly simple yet complex system.

2	 Recombination of the Genes of T and B Cell Receptors

The cells that perform a key role in the functioning of the adaptive immune 
system are T and B lymphocytes. Generally speaking, T and B cells are respon-
sible for the body’s second line of defence. They respond precisely to particu-
lar antigens by producing antibodies, creating substances that activate other 
types of cells to combat the invading pathogens and directly killing virus- 
infected cells and tumorous cells. An important feature of the adaptive immune  
system is its immunological memory, which enables a quick response once the 
body comes in repeated contact with a given antigen. B and T cells produce 
antibodies and TCR molecules, respectively, i.e. antigen receptors (Figure 3.1). 
Both types of cells consist of the constant domain, which anchors the receptor 
in the cellular membrane, interacts with other molecules and transmits signals 
into the cell, and the variable domain, which is responsible for the specific 
recognition of antigens. A key characteristic of T and B cells is that each cell 
produces only one type of receptor for a specific antigen. Therefore, the diver-
sity of antigen receptors is due to a large number of lymphocytes, each with a 
unique receptor.

The variable parts of protein chains in antibodies (Ig) and TCR molecules 
are coded in the genome of a foetus by noncontinuous gene segments which 
appear in many variants, called V, D and J minigenes. Genes encoding the 
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variable domains of Ig (κ or λ) and TCR (α and γ) light chains are coded by 
one V minigene and one J minigene, and the variable domains of Ig and TCR 
(β and δ) heavy chains are coded with one V minigene, one D minigene and 
one J minigene. In most vertebrate species, the minigenes of each type (V, D or 
J) are grouped together, with each group neighbouring one another (Bengtén 
et al., 2000; Litman et al., 1999). For a functional receptor-coding gene to be 
created, the individual minigenes must become connected in a process called 
V(D)J recombination, which takes place during the maturation of T and B lym-
phocytes (Bassing et al., 2002; Tonegawa, 1983). The receptors created through  
V(D)J recombination owe their variation to combinatorial diversity, which 
results from the random selection of V, D and J minigene variants, and to joint 
diversity, which results from the insertion of additional nucleotides when the 
selected minigenes are joined together (see below) (Lewis, 1994). Each mini-
gene is surrounded by signal sequences composed of conserved parts divided 
by a 12- or 23-nucleotide spacer (Ramsden et al., 1994; Sakano et al., 1979). Each 
group of minigenes has a spacer of a characteristic length. For instance, in 
the locus coding the Ig heavy chain (IgH) in mice, the V minigenes contain 
sequences with a 23-nucleotide spacer, D minigenes contain a 12-nucleotide 
spacer and J minigenes contain a 23-nucleotide spacer. During recombina-
tion, only minigenes with different lengths of signal sequences join together. 
This prevents minigenes belonging to the same family (e.g., two or more Vs) 
from joining together, and also prevents minigenes from joining together in 

Figure 3.1 Structure of a T cell receptor (based on TCRαβ) and an antibody



22� Cebrat

the wrong order (e.g., a V and a J without a D) (Eastman et al., 1996; Ramsden 
et al., 1994).

V(D)J recombination (Figure 3.2) can be divided into two phases: the DNA 
cleavage phase and the DNA repair phase. In the first phase, the RAG-1 and 
RAG-2 proteins (McBlane et al., 1995) recognise signal sequences and form a 

Figure 3.2 Course of V(D)J recombination
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complex in which two minigenes with different lengths of signal sequences 
are placed directly next to each other. The RAG-1/RAG-2 proteins then introduce 
cuts into the genomic DNA at the boundary between the signal sequences and 
the minigenes through a reaction comprising several stages. The outcome of  
the process is the formation of two types of DNA ends: the blunt ends of the sig-
nal parts and the hairpin-like ends of the coding parts (Roth et al., 1992; Schlissel  
et al., 1993). In turn, DNA repair engages another group of proteins that are 
responsible for the process of non-homologous end joining (NHEJ). The Ku70/
Ku80 protein heterodimer (Gu et al., 1997; Nussenzweig et al., 1996) interacts 
with the RAG-1/RAG-2 complex to bind to the coding ends. The catalytic subunit 
of DNA-dependent protein kinase (DNA-PKcs) binds with Ku70/Ku80 and other 
proteins of the NHEJ pathway. DNA-PKcs activates the Artemis endonuclease, 
which opens the hairpin structures located at the ends of the coding parts (Ma 
et al., 2002). Because the cuts are rarely symmetrical, the reaction yields DNA 
ends which contain single-strand segments that are either degraded by exonu-
cleases or filled by polymerase through the addition of palindromic (P) nucle-
otides (Lafaille et al., 1989). Additional nucleotides (N) may be added to the 
coding sequences without the use of a matrix (i.e., without the use of a second 
strand of DNA as a model) (Alt & Baltimore, 1982) through a reaction catalysed 
by terminal deoxynucleotidyl transferase (TdT). At the end of the recombina-
tion process, the XRCC4-XLF proteins-DNA ligase 4 complex binds together the 
coding ends, thus restoring the continuity of genomic DNA (Ahnesorg et al., 
2006). The signal ends are also joined together by the proteins of the NHEJ 
pathway to form a circular structure containing both signal sequences and the 
DNA segment that initially divided the minigenes which were bound during 
recombination.

To better understand the extraordinary efficiency of V(D)J recombination 
in generating the diversity of genes that encode antigen receptors, let us briefly 
analyse the case of genes coding TCRαβ. The α chain of this receptor is coded 
by the V and J minigenes. The two minigenes occur in the genome in ~45 and 
~55 variants, respectively. Thus, about 2,475 (45 × 55) different TCRα genes can 
theoretically be created. The TCRβ chain is coded by the V, D and J minigenes 
occurring in ~50, 2 and 12 variants, respectively, which means that 1,200 dif-
ferent β chains can be created. Therefore, the combinatorial diversity alone 
allows for the creation of about 3 × 106 different TCRαβs (2,475 TCRα × 1,200 
TCRβ), i.e. about 100 times more than all other genes put together. The addi-
tion of Ps and Ns to the coding ends is part of the mechanism of the aforemen-
tioned joint diversity, which, along with combinatorial diversity, allows for the 
creation of about 1015 different TCRαβs – 10,000 more than the number of stars 
in our galaxy.
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3	 Selection of the Receptor Repertoire: V(D)J Recombination Control 

The method for obtaining a wide variety of receptors has a significant draw-
back: the same mechanism that allows for the random joining of minigenes 
and the addition of random nucleotides also creates the risk of producing 
nonfunctional receptors or, even worse, receptors that target the body’s own 
antigens (autoantigens), leading to autoimmunity. To prevent the formation 
of cells with dysfunctional or autoaggressive receptors, the maturation of T 
and B cells uses selection mechanisms. Let us analyse the development of lym-
phocytes based on T cells of the αβ line (Figure 3.3). At the stage of DN2 and 
DN3 cells (with the phenotypes CD4-8-CD25+CD44+ and CD4-8-CD25+CD44-) 
during the development of Tαβ cells in the thymus, the locus coding TCRβ 
undergoes recombination: the Dβ and Jβ minigenes are joined together first, 
followed by the Vβ and DβJβ minigenes (Cobb et al., 2006; Krangel, 2003). If 
the recombination is successful, the newly-created TCRβ chain is expressed 
and, along with the pre-Tα chain (with which it creates a pre-TCR molecule) 
(Groettrup et al., 1993), sends a signal that saves cells from death and causes 
their rapid proliferation. This allows for the selection of cells in which the gene 
coding TCRβ was rearranged correctly and encodes a functional protein, i.e. 
a protein that can bind with pre-Tα, can be exported onto the surface of the 
cell and is able to send a signal inside the cell. The signal from the pre-TCR also 
shuts down recombination, preventing the recombination of the minigenes of 
the other allele and ensuring that only one β chain of TCR is produced in the 
cell (Löffert et al., 1996). The recombination of the TCRα locus, during which 
the Vα and Jα minigenes are joined together, takes place in double-positive cells 
(CD4+CD8+). The TCRαβ molecule can already be created at this stage, and the 
cells where the molecule is expressed undergo selection to test for the poten-
tial usefulness or harmfulness of the receptor. During the selection, autoanti-
gens are presented to lymphocytes in the context of an MHC molecule, i.e., the 
same process is as it is later when non-self antigens are recognised during the 
immune system’s normal response. A lack of interaction between TCR and the 
MHC/autoantigen complex blocks the death-preventing signal from entering 
the lymphocyte, which dies as a result (Kisielow, Teh, et al., 1988). Thus, lym-
phocytes with a useless receptor, i.e. one that is unable to recognise any antigen 
in the context of the MHC molecule or transmit the signal, are eliminated. A 
very strong signal resulting from a strong interaction between the lymphocyte 
and the presenting cell also leads to the death of the lymphocyte as it indicates 
that the receptor has recognised the autoantigen.1 About 2% of lymphocytes 
survive both types of selection (positive and negative), i.e. those that, following 
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interaction with the antigen-presenting cell, produce a moderate signal which 
is indicative of their ability to recognise antigens in the context of the MHC 
molecule, but not indicative of autoantigen recognition (Kisielow, Blüthmann, 
et al., 1988).

Another issue with V(D)J recombination is the potential harm of the pro-
cess itself. Compromised DNA integrity during recombination, which involves 
cutting and combining DNA, carries the risk of errors that can lead to DNA 
translocation and neoplastic transformations. Thus, V(D)J recombination is 
controlled by many factors: the availability of DNA for RAG-1/RAG-2 recombi-
nase, tissue specificity, timing, the number of cells involved, and, most impor-
tantly, precise control over the expression and activity of RAG-1 and RAG-2. The 
final section of this paper will discuss the evolutionary origin of RAG-1 and 
RAG-2 genes and the hypotheses explaining the mechanisms controlling their 
expression.

Figure 3.3 �Maturation of Tαβ cells in the thymus and the selection of the TCR repertoire
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4	 Evolution of Transposase 

The adaptive immune system that takes advantage of T and B cells, which show 
a vast diversity of antigen-recognising receptors created during V(D)J recom-
bination, is unique to jawed vertebrates (Gnathostomata). This means that all 
key elements of the system must have evolved between 450 and 500 million 
years ago (between the divergence period of the Agnatha and the Chondrich-
thyes). Researchers who have attempted to find the reason for the immuno-
logical “big bang”, as it is referred to, have proposed the hypothesis that RAG-1 
and RAG-2, i.e., the genes which code the enzymes required for recombina-
tion, entered the genome of a common ancestor of jawed vertebrates through 
a horizontal transfer as a mobile genetic element, i.e. a transposon (Schatz, 
2004). The hypothesis is supported by the fact that in biochemical terms, V(D)J  
recombination resembles transposition, the signal sequences (which flank 
the minigenes) resemble the sequences that flank transposons (Cowell et 
al., 2004) and the RAG-1 and RAG-2 proteins themselves are able to perform a 
transposition, i.e. to cut away a DNA fragment and insert it somewhere else in 
the genome (in vitro, but also, though very rarely, in vivo) (Agrawal et al., 1998; 
Hiom et al., 1998; Messier et al., 2003). Furthermore, RAG-1 and RAG-2 genes 
are located directly next to each other, and their protein-coding segments are 
enclosed within single exons (Oettinger et al., 1990). This compact structure 
resembles that of transposases (enzymes coded by transposons). The hypothe-
sis concerning the transposon origin of RAG recombinase has been reinforced 
by the discovery of transposases from the Transib family in many species of 
invertebrates whose structures resemble fragments of the RAG-1 protein (Kap-
itonov & Jurka, 2005). Thus, the evolution of the whole system would be as 
follows (Figure 3.4): a transposon coding RAG transposase was integrated with 
the genome of a common ancestor of jawed vertebrates, and a DNA fragment 
that contained only signal sequences and whose mobility likely still depended 
on the enzymatic activity of transposase was created.2 The transposition of 
such a fragment into the coding part of the pre-receptor gene would make 
the expression of a functional version of the receptor fully dependent on the 
activity of RAG transposase, which in turn would be the only enzyme able to 
restore the continuity of the open reading frame. A series of duplications and 
mutations of the pre-receptor gene would lead to the creation of the mini-
genes and all loci coding the antigen receptors known today. The integration of 
the RAG transposon, in addition to the potential benefit of diversifying antigen 
recognition receptors, must have enforced the evolution of mechanisms for 
preventing threats to genome stability arising from the activity of transposase. 
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These mechanisms would include changes to the biochemical properties of 
the RAG-1/RAG-2 complex that would limit its ability to catalyse transposi-
tion to a minimum while maintaining its ability to cleave DNA. These changes 
would also enable interaction with the proteins of the DNA repair system and 
the evolution of mechanisms for limiting the expression of RAG recombinase 
to particular types of cells.

Let us, however, go back to the very beginning when the RAG transposon was 
introduced into the genome of a common ancestor of jawed vertebrates. One 
should bear in mind that genomes are quite literally “littered” with the remains 
of many transposons that, throughout evolution, “infected” the genetic mate-
rial of their hosts. The integration of transposons with the host genome is 
(from the host’s point of view) harmful, primarily due to the danger caused 
by the uncontrolled ability of the transposon to move within the genome, 
potentially damaging the host’s genes. Consequently, organisms have evolved 
defense mechanisms that help hamper the activity of transposons, mainly by 
silencing their expression through epigenetic changes in DNA structure (DNA 
methylation and/or histone modifications). How, then, can the fact that the 
transposon containing the RAG-1 and RAG-2 pre-genes was not silenced be 
explained? Analysis of the few cases where genes originating from transposons 

Figure 3.4 �The scenario of the transposon hypothesis for the origin of RAG-1 and RAG-2
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are still active showed that these transposons have integrated with the genome 
in very specific locations (Kalitsis & Saffery, 2009; Figure 3.5).

One such location is a DNA fragment located directly downstream of an 
existing gene. In such a case, later changes create a hybrid gene coding a 
protein with a modified function (compared to that of transposase and the 
original host protein). Another characteristic location is the head-to-head 
arrangement, whereby the transposon integrates itself above an existing gene 
and the directions of the host gene and transposase expression are opposite 
(Kalitsis & Saffery, 2009). It has been shown that in such cases, the host’s genes 
have a constitutionally active two-directional promoter that may trigger the 
expression of both the host’s gene and the sequences located above it. From 
the viewpoint of the transposon, the second option is more beneficial, as after 
integrating with the genome, the transposase gene will have a guaranteed 
mechanism of expression and any attempts at silencing it would also hamper 
the expression of the host’s gene. Furthermore, the structure of the host’s gene 
and the transposase gene is left intact (in contrast to the first option), which 
allows both genes to perform their original functions. There are very good rea-
sons to conclude that the integration of the RAG transposon involved the sec-
ond of the aforementioned mechanisms and the properties of the host’s NWC 
gene enabled the integration and survival of the RAG transposon.

The NWC gene (Cebrat et al., 2005) is the third gene in the locus contain-
ing RAG-1 and RAG-2. The location of the locus is conserved in all species of 
jawed vertebrates (Figure 3.6). The orthologs of the NWC gene are also present 

Figure 3.5 �Characteristic locations of genes originating from transposons that still function 
in their hosts’ genomes. Blue rectangles mark the exons of the host’s gene, green 
ones mark its promoter and red ones mark transposase genes. Arrows indicate 
the direction of transcription
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in many invertebrate species, which indicates that the NWC locus may have 
been where the integration of the RAG transposon took place. Further indica-
tion supporting this hypothesis is the fact that the coding part of RAG-2 gene is 
located immediately upstream of the NWC gene (Cebrat et al., 2005), RAG-2 and 
NWC genes undergo convergent transcription, the promoter of the NWC gene 
shows constitutional activity (Cebrat et al., 2008) and, most importantly, the 
NWC promoter shows bidirectional activity (Laszkiewicz et al., 2012).

As it has been stated in previous sections of this chapter, the expression 
of RAG-1 and RAG-2 falls under very precise control: it is well-coordinated and 
takes part in specific moments of T and B cell development. The elements 
responsible for this control are cis-regulatory elements. These are sequences 
located predominantly on the 5' side of the RAG-2 gene which, once the appro-
priate transcription factors are attached, interact with RAG-1 and RAG-2 promot-
ers, leading to their activation in the maturing lymphocytes (Figure 3.6) (Hsu 
et al., 2003; Wei et al., 2002; Yannoutsos et al., 2004; Yu et al., 1999). The control 
elements for the expression of RAG s (both the cis-regulatory elements and the 
promoters) are considered a later evolutionary acquisition. The promoter of 
the NWC gene, in contrast to the RAG s, is active in non-lymphoid cells (Cebrat 
et al., 2005, 2008). The constitutive activity of the NWC promoter originated 
from its other properties which, as mentioned above, were found to have been 
key during the first stages of coexistence between the RAG transposon and the 
genome of the common ancestor of jawed vertebrates. However, this activity 
could have been harmful to the correct functioning of the control mechanisms 
for the expression of RAG s during lymphocyte maturation. This may stem from 
the fact that the transcription of the NWC gene, involving the area with cis-reg-
ulatory elements that activate RAG promoters, could interfere with the binding 

Figure 3.6 �Structure of the RAG/NWC locus. The green rectangles mark the exons of the  
NWC genes, the blue rectangles mark RAG-2 and the red rectangles mark RAG-1. 
Horizontal arrows show the directions and range of transcription. Vertical 
arrows show the effect of cis-regulatory elements (yellow ovals) on the  
promoters of RAG-1 and RAG-2
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of transcriptional factors to these sequences in the process known as transcrip-
tional interference (Shearwin et al., 2005). However, such interference does 
not occur thanks to the silencing of the NWC gene in lymphocytes (Cebrat et 
al., 2008) by means of lymphocyte-specific transcription repressors and the 
transcription of RAG-2, which is complementary to the transcription of NWC 
and causes the methylation of the NWC promoter (Laszkiewicz et al., 2014).

It is fascinating that the activity of what in essence constitutes a molecular 
pathogen, i.e., the RAG transposon, ultimately led to the development of a seem-
ingly simple, yet complex system that is very effective at combating other patho-
gens and determines the body’s molecular “self-awareness”. However, one should 
remember that the evolution of this system also depended on the interaction 
between the RAG transposon and the host’s genome. A complete characterisation 
of the mutual relationships in the control mechanisms for the expression of RAG 
and NWC genes, an investigation into the control mechanisms for the expression 
of NWC genes in invertebrates, and the characterization of the NWC protein func-
tion should improve our future understanding of the evolutionary processes that 
have led to the emergence of the adaptive immune system.

	 Notes

1	 Some of the lymphocytes that survive the strong signal resulting from the recognition of the 
autoantigen constitute the exceptional CD4+8- subpopulation of T cells, called regulatory 
lymphocytes (Wojciech et al., 2014), which are later used to control the action of conven-
tional lymphocytes, e.g. when the immune response is silenced, and which constitute the 
second line of defence (after the selection in the thymus) against autoaggresive lymphocytes.

2	 Perhaps this occurred as a result of the duplication of the RAG transposon and the incom-
plete transposition of the duplicate into another location in the genome.
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CHAPTER 4

Degrees of Complexity in the Recognition of 
Substrates by Proteolytic Enzymes

Marcin Drąg

	 Abstract 

Proteases constitute a group of approximately 700 enzymes in humans, and are 
responsible for the regulation of almost all metabolic pathways. Disturbance of their 
activity leads to serious diseases, the so-called “diseases of civilization”, including 
diabetes, cancers and neurodegenerative disorders. A defining feature of proteases is 
their ability to bind protein substrates. Exopeptidases exhibit a comparatively simple 
substrate-binding mechanism, whereas endoproteases employ a complex process for 
substrate recognition and binding. This chapter highlights characteristic examples of 
both types of proteases illustrating the spectrum of mechanisms employed by these 
enzymes.

	 Keywords 

protease – substrate specificity – combinatorial chemistry – unnatural amino acids – 
natural amino acids

1	 Introduction

Proteolytic enzymes, i.e., proteases, are among the most important enzymes 
active in the processes of monitoring metabolic pathways in living organisms 
(Drag & Salvesen, 2010; Turk, 2006). Hydrolysis of the peptide binding of the 
protein and peptide substrates catalyzed by them is considered the key irre-
versible post-translational modification. Substrate hydrolysis by proteases 
is strictly controlled, and any imbalance in this system leads to disorders in 
their functioning (Drag & Salvesen, 2010). An apt example is the process of 
controlled cell death, known as apoptosis. It is strictly controlled by prote-
ases from the group of caspases (G. S. Salvesen & Dixit, 1997). Disorders of 
the activity of caspases may lead to two types of diseases depending on the 
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grade of their activity. Excessive apoptosis leads to uncontrolled cellular atro-
phy, which fundamentally influences the development of neurodegenerative 
diseases. Conversely, insufficient apoptosis eliminating damaged cells leads 
to their uncontrolled proliferation, which causes cancer development (Pop & 
Salvesen, 2009).

Proteases are classified according to their mechanism of action and the loca-
tion of hydrolysis (Drag & Salvesen, 2010). In the latter classification, proteases 
from the group of exopeptidases hydrolyze amino acids from the N-terminus 
(aminopeptidases) or C-terminus (carboxypeptidases) of the substrate, while 
a very large group of proteases hydrolyzing substrates in the middle of the pep-
tide chain constitute the group of endopeptidases. Recognition of substrates 
is based on the specific fit of the twenty amino acid residues encoded by DNA 
into the binding pocket of the protease. These amino acids can be bound to the 
C-terminus of the protein substrate, counting from the site of hydrolysis, and 
then depending on the pocket they are referred to as P1′, P2′ and Pn′. Amino 
acids that are bound to the N-terminus of the protein substrate are termed P1, 
P2 and Pn (Deu et al., 2012; M. Poreba & Drag, 2010).

2	� From Simplicity to Complexity of Proteases and Their Binding 
Mechanisms 

Depending on the type of protease, the mechanism of binding substrates 
can be relatively simple or complex. Therefore, for example, the simplest 
system can be distinguished in the case of the proteolytic enzymes from 
the group of aminopeptidases or carboxypeptidases, which hydrolyze single 
amino acids from the ends of the peptide chain (Drag & Salvesen, 2010). For 
instance, in the case of aminopeptidases, which hydrolyze amino acids from 
the N-terminus of the peptide, the key is to recognize first of all the amino 
acid binding in the S1 pocket (i.e., enzyme’s subsite/binding site), because 
only this one is hydrolyzed. Of course, in the aspect of the mechanism of 
binding of the whole substrate, a certain role may also be played by the S1′ 
or S2′ pocket, but it is considered that the determinant of the specificity is 
precisely the binding of the amino acid to the S1 pocket. This is confirmed 
by numerous studies on the substrate specificity of aminopeptidases apply-
ing fluorogenic substrate libraries consisting of natural as well as unnatural 
(not coded by DNA) amino acids and reporter groups in the form of a fluo-
rophore (Kasperkiewicz et al., 2012). Moreover, considering the preferences 
of aminopeptidases, we can carry out further analysis and distinguish those 
proteases that are characterized by high simplicity in the aspect of substrate 
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specificity from those that are able to recognize a complex palette of amino 
acids of varied structural characteristics.

The simplest proteases undoubtedly include methionine aminopeptidases. 
An analysis of the substrate specificity of these enzymes showed that among 
all natural amino acids, they practically exclusively recognize methionine, 
while among the unnatural ones, only a few are structural analogs of methi-
onine (Marcin Poreba, Gajda, et al., 2012). This is not particularly surprising, 
as the role of methionine aminopeptidases is the hydrolysis of N-terminal 
methionine with freshly expressed proteins in ribosomes. A considerably 
more complex system can be observed in the case of such aminopeptidases 
as leukotriene aminopeptidase (LT4AH), aminopeptidase N (APN) or for exam-
ple leucyl aminopeptidase (Byzia et al., 2014; Drag et al., 2010; Marcin Poreba, 
McGowan, et al., 2012; Węglarz-Tomczak et al., 2013). These enzymes demon-
strate great tolerance for natural amino acids and unnatural amino acids. For 
example, leukotriene aminopeptidase shows several dozen times greater affin-
ity towards selected unnatural amino acids (e.g., benzyl esters of aspartic acid 
and glutamic acid, homoarginine) compared to its best natural amino acid, 
which is arginine (Byzia et al., 2014). The increased specificity and simulta-
neous complexity of recognized structures result from the function of these 
enzymes that are not as specialized as methionine aminopeptidases. All ami-
nopeptidases with broad substrate specificity are responsible for processing 
numerous types of protein substrates and peptides, necessitating their ability 
to recognize many types of structural amino acids.

A somewhat more complex system is observed in the case of dipeptidyl 
aminopeptidases, which hydrolyze the dipeptide fragment from the substrate 
N-terminus. A classic example is cathepsin C, a lysosomal cysteine protease 
belonging to the papain protease family that participates in the activation of 
numerous other proteases, and is also involved in the development of diseases 
such as Haim-Munk syndrome and Papillon-Lefèvre syndrome (Mohamed & 
Sloane, 2006; Yuan et al., 2006). The multitasking ability of this enzyme impli-
cates almost automatically its broad substrate specificity, and in consequence 
structural complexity of recognized amino acids (Wang et al., 2011). Moreover, 
this enzyme is also more complex in terms of the number of amino acids that 
it binds to and recognizes in order to function correctly. Therefore, cathepsin 
C has very well-defined pockets binding S1 and S2, and also the pockets S1′ 
and S2′. Studies on substrate specificity using a targeted fluorogenic substrate 
library towards the S1 and S2 pockets applying human, bovine and malaria 
orthologs showed that in the S1 pocket, mammalian orthologs present a much 
more complex palette of recognized natural and unnatural amino acids. The 
most active amino acid in the case of all three enzymes was L-Nle(O-Bzl), while 
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L-Bpa was only recognized by mammalian orthologs and not by malaria. Then 
in the S2 pocket, great differentiation between the human and bovine cathep-
sin C and its malaria ortholog was visible. Mammalian orthologs preferred in 
this position L-Abu, which is an alanine analog longer by one methylene group, 
while malaria cathepsin C definitely preferred in this position L-Pip, which is 
a proline analog longer by one methylene group. L-Pip also stood out as being 
very well recognizable by malaria enzymes but very poorly recognizable by 
mammalian orthologs of cathepsin C (Marcin Poreba et al., 2014).

Certainly, the most complex system for recognizing specific amino acids in 
peptide and protein substrates is that of proteolytic enzymes from the group of 
endopeptidases. These enzymes constitute the largest group of proteases and 
are involved in key processes controlling metabolic pathways. One of the more 
important groups within this category is caspases, which are involved in apop-
tosis (Pop & Salvesen, 2009).It is a very complex system of enzymes that are 
divided into initiator caspases (caspase 2, 8, 9 and 10) and executioner caspases 
(caspase 3, 6 and 7). For the apoptosis to proceed correctly, initiator caspases 
have to be activated by activating factors, and then active initiator caspases 
activate executioner procaspases into active enzymes (Riedl & Salvesen, 2007; 
Guy S. Salvesen & Riedl, 2008).

The whole process involves activation by hydrolysis of executioner caspases, 
which subsequently hydrolyze protein substrates inside the cell. A key aspect 
is the ability of individual caspases to recognize specific peptide sequences. 
Notably, all caspases have the specificity to exclusively recognize aspartic acid 
in position P1, while positions P2-P4 are somewhat more complex. Practically 
all caspases recognize the most natural amino acids in these positions. This 
confirms the broad range of substrates processed by them. Interestingly, many 
caspases have very similar profiles of substrate specificity. This was shown by 
the studies on the substrate specificity of all caspases using a tetrapeptide com-
binatorial library of fluorogenic substrates (Thornberry et al., 1997). Examples 
of such caspases include caspases 4 and 5, caspases 3 and 7, and caspases 6 and 
8. This interesting example shows that even a complicated palette of 20 natural 
amino acids is not sufficient to differentiate similar enzymes in the three binding 
pockets (S2–S4). Interestingly, many of these sequences were used in key bio-
logical studies concerning caspases, with researchers carrying out these studies 
often unaware that the substrates they used were recognized by more than one 
enzyme. The complexity of an apoptotic system caused several caspases to be 
active simultaneously, and the activity registered using fluorogenic or chromo-
genic substrates reflects the combined activity of these caspases. A few years 
ago, the groups of Salvesen and Green showed for the first time that this is a 
major problem while interpreting results, and proved at the same time that in 
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the direct comparative analysis, substrates based on these sequences cannot 
be used for individual caspases (McStay et al., 2008). These studies were inde-
pendently confirmed by the group of Bogyo, who used inhibitors and small mol-
ecule chemical markers based on these sequences (Berger et al., 2006). Thus, it 
was unquestionably demonstrated that the system consisting of 20 amino acids 
is too simple to recognize similar endoproteases. This problem was solved to a 
large extent by using a more complex combination of amino acids in the stud-
ies, that is natural amino acids and a very large group (about 100) of unnatural 
amino acids (M. Poreba et al., 2014). The created tetrapeptide hybrid combinato-
rial library of fluorogenic substrates was used to profile the substrate specificity 
of all apoptotic caspases. The studies showed that using unnatural amino acids 
increases the chance to find many more specific sequences of amino acids than 
those, which exclusively consist of natural amino acids. The grade of specificity 
of some sequences was so great that they were successfully used to clarify the 
processes of procaspase 9 activation to caspase 9, and then to the activation of 
procaspase 3. This example clearly shows that some apparently complex systems 
have a simple system, and much more complicated and advanced solutions are 
necessary for their differentiation.

The next interesting example is that of neutrophil serine proteases, which 
include neutrophil elastase, cathepsin G, proteinase 3 and NSP4 (Perera et al., 
2013; Pham, 2006). These enzymes occur in neutrophils and are responsible for 
their correct functioning. However, the disturbance of their activity, for instance, 
in the case of neutrophil elastase may lead to the development of lung cancer and 
other lung diseases (Moroy et al., 2012). Moreover, these enzymes are involved 
in the process of creating active neutrophil extracellular traps responsible for 
combating pathogens (Brinkmann et al., 2004; O’Donoghue et al., 2013). These 
proteases were very well characterized and described. The substrate specificity 
towards natural amino acids of all these proteases is also known (Perera et al., 
2013; Rawlings et al., 2014; Schilling & Overall, 2008). However, the greatest prob-
lem was creating specific chemical tools for their study. Similarly, as in the case of 
caspases, these enzymes recognized similar sequences, which prevented effec-
tive studies of their functions in the biological system. Particularly difficult here 
were neutrophil elastase and proteinase 3, which showed a very similar profile of 
substrate specificity (Kasperkiewicz et al., 2014). What is more, the existing sub-
strates and inhibitors based on simple natural amino acids were not sufficiently 
active in biological systems.To address this issue the solution was to replace sim-
ple substrate libraries with much more complex hybrid fluorogenic substrate 
libraries containing natural amino acids as well as an extensive collection of 
unnatural amino acids. The performed studies on substrate specificity allowed 
the selection of a substrate that was several hundred times more selective 
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towards neutrophil elastase than proteinase 3, and, what is more, this substrate 
was several thousand times more active compared to the commercially avail-
able sequence consisting of natural amino acids. These properties also enabled 
the creation of a small molecule chemical marker with the help of which it was 
possible to visualize without difficulty the activity of human neutrophil elastase 
in the process of neutrophil extracellular traps. It was also shown here that it is 
possible to obtain substrates with a relatively simple structure (compared to the 
protein substrates) and at the same time complex enough to obtain a desired 
grade of specificity and activity.

Another interesting example of such simplicity and simultaneous complexity 
is that comprising the whole group of deubiquitinating endoproteases (DUB pro-
teases), whose function is the activation and processing of ubiquitin (Russell & 
Wilkinson, 2005). The complexity of this system is such that to date over a hun-
dred enzymes belonging to this family have successfully been characterized and 
identified. Its simplicity, on the other hand, consists in the fact that practically 
all these enzymes recognize only one substrate, the small protein ubiquitin. This 
phenomenon is fascinating in that many of these enzymes act at the same time 
and in the same place, and it is very difficult to understand their co-dependence 
in the processing of ubiquitin (Eletr & Wilkinson, 2014). What is more, the latest 
studies prove that many of these enzymes specialize in processing specific chain 
forms of polyubiquitin (Reyes-Turcu et al., 2009). Analogical to this are desu-
moylating proteases (SENP s) which process SUMO protein substrates structur-
ally similar to ubiquitin (SUMO-1, 2 and 3) (Mikolajczyk et al., 2007). Also in this 
case it is not fully known at present which mechanisms direct this whole system. 
It is certainly known that deubiquitinating proteases as well as desumoylating 
proteases have substrate specificity determined with the help of combinatorial 
fluorogenic substrate libraries in the S1-S4 pockets very similar to those occurring 
in their natural substrates, that is LRGG for ubiquitin and QTGG for SUMO (Drag, 
Mikolajczyk, Bekes, et al., 2008; Drag, Mikolajczyk, Krishnakumar, et al., 2008). 
One of the greatest challenges at present is to investigate these systems, particu-
larly taking into consideration the great medical value of these enzymes which 
participate in the development processes of cancers and neurodegenerative dis-
eases (Lim & Baek, 2013).

3	 Conclusions 

In summary, it can be concluded that proteolytic enzymes, regardless of their 
classification based on the site of hydrolysis of peptide bonds, can have either 
straightforward substrate specificity or, what is more often observed, a highly 
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complex mechanism for substrate recognition. Research in this field is cur-
rently advanced, yet hundreds of proteases still remain to be studied and sys-
tematized, which makes this research subject unusually fascinating.
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CHAPTER 5

Shocking Harmony

Magda Dubińska-Magiera and Ewa Błaszczak

	 Abstract

Harmony is the essence of life. To live, a uni- or multicellular organism must follow a sim-
ple rule: maintain a dynamic equilibrium. This means that a cell has to perform all of life’s 
processes, carried out in response to environmental stimuli using various molecules, 
with proteins being the key players. Under particular environmental conditions, each 
cell possesses a unique collection of proteins called the proteome. The process whereby 
a cell controls the synthesis and processing of the proteome is known as proteostasis. A 
significant feature of proteostasis is harmony – the maintenance of a proteome consist-
ing of correctly folded proteins present at a precise time and place inside the cell. Loss 
of harmony, or undermining of the cell’s dynamic equilibrium, causes problems related 
to ageing, lack of stress resistance, cancer immunity, and immunity to infections. Due 
to environmental changes, proteostasis can easily be disturbed. This is why organisms 
have developed complex mechanisms to carry out one simple requirement: namely, the 
maintenance of intracellular order. This machinery is referred to as the protein quality 
control system (PQC). Its basic components are heat-shock proteins (classified as belong-
ing to the group of molecular chaperones), which guard the proteome’s integrity.

	 Keywords 

proteome – proteostasis – protein folding – disease states – protein quality control – 
ubiquitin-proteasome system – heat-shock proteins

…
“Harmony”– that’s the word that’s stuck in my mind. Harmony. It’s not 
about what’s lasting or permanent, it’s about individual voices coming 
together for a moment… And that moment lasts the length of a breath.

Francis J. Underwood (House of Cards, Season 1, Episode 8)

∵
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1	 Introduction

In 1972, Christian B. Anfinsen, along with Stanford Moore and William H. 
Stein, received the Nobel Prize in Chemistry for research on the folding (i.e., 
formation of the spatial structure) of ribonuclease A, an enzyme responsible 
for the degradation of RNA, one of the nucleic acids. This research concerned 
the relationship between the activity of a protein and its amino acid sequence 
and conformation (spatial structure). The outstanding American biochemist 
proved that a denatured ribonuclease, a ribonuclease with an altered spatial 
structure, may return to its appropriate conformation and maintain its enzy-
matic activity. Anfinsen’s studies have led to what is referred to as the ther-
modynamic hypothesis, also known as Anfinsen’s dogma, which states that 
the amino acid sequence of a protein defines its spatial structure. Anfinsen’s 
dogma postulates that in particular conditions needed for proteins to fold, 
depending, among other requirements, on temperature, solvent compo-
sition, and solvent concentration, the native structure of a protein (i.e., the 
spatial structure that allows the protein to perform its biological functions) 
is unique and stable. It, however, may be lost due to protein denaturation  
(Anfinsen, 1973).
Studies focusing on protein folding that have been carried out over many 

years have confirmed this dogma. However, many exceptions have been discov-
ered that do not meet the criteria of the dogma, e.g., prions and other proteins 
involved in the formation of pathogenic aggregates (precipitated ‘agglomer-
ations’ of abnormal proteins) that are related to the development of various 
neurodegenerative disorders, such as, Alzheimer’s disease, Parkinson’s disease 
and Huntington’s disease. Furthermore, it has been discovered that, during 
folding, many polypeptides require the presence of other assisting proteins, 
called chaperones, to reach their native structure. One of the tasks that chap-
erones carry out is preventing proteins from aggregating (‘sticking together’) 
before reaching their native state (Cox et al., 2020; Hetz & Mollereau, 2014; 
Higuchi-Sanabria et al., 2018).
How does a protein ‘know’ how to change a linear sequence of amino acids 

into a functional structure with a specific spatial orientation? How long does it 
take for a protein to attain native conformation? These questions have already 
given biochemists many sleepless nights over the past several decades. The ris-
ing interest in protein folding inspired a researcher named Cyrus Levinthal to 
carry out a thought experiment, now commonly known as Levinthal’s paradox. 
The paradox relates to a considerable discrepancy between the theoretical 
time needed for a protein to be folded correctly (determined using a mathe-
matical model) and the real-time for a protein to reach its native conformation 
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(Levinthal, 1969). Assuming that the process takes place through a random 
sampling of all possible conformations and estimating it using a mathemat-
ical model, we can calculate the theoretical amount of time that a protein 
requires to attain its stable native conformation. The total theoretical time is 
longer than the supposed age of the Universe! The real-time of folding ranges 
from milliseconds to seconds. This is because folding is not a linear process; 
it results from a progressing stabilization of transition forms (Rooman et al., 
2002). Protein folding is described with a physical model depicting the con-
cept of minimizing free energy, a theory known as the folding funnel (Dill & 
Chan, 1997; Sali et al., 1994).

2	 Protein: Structure and Functions

Proteins are key components of cells. Alongside nucleic acids, carbohydrates 
and lipids, they belong to one of the main four classes of macromolecules that 
constitute the biochemical basis of life. Structurally speaking, proteins are also 
the most complex and diverse macromolecules. They can be thought of as the 
‘driving force’ of each organism. Their importance is proven by the fact that 
they directly or indirectly participate in all biological processes (Berg et al., 
2002).
The spatial structure of a protein, i.e., protein conformation, depends on the 

arrangement of amino acids in a polypeptide chain and the chain’s manner 
of folding. A few organization levels can be distinguished in the structure of a 
protein: primary, secondary, tertiary and quaternary (Figure 5.1). It should be 
emphasized that despite a strictly determined spatial structure, proteins main-
tain relative structural flexibility. Thanks to this, they can perform biological 
functions requiring, for example, local deformations that are necessary for the 
binding of another molecule (Berg et al., 2002).

3	 Proteome: The Protein Pool of a Cell 

The set of proteins inside every cell, the proteome, is constantly changing. 
Maintaining biological equilibrium (homeostasis) requires precise control of 
the processes that take part in the protein cycle, e.g., the synthesis and degra-
dation of proteins. The state of this equilibrium can be regarded as dynamic. 
The total pool of proteins at the disposal of a cell may change, for instance, in 
response to different external signals or due to an illness. These changes cause 
a new equilibrium to be established (Hinkson & Elias, 2011).
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Proteostasis, i.e., protein homeostasis, is the state of equilibrium of the pro-
teome. It encompasses mechanisms responsible for both stabilizing proteins 
in physiological and stress conditions (mostly involving the participation of 
chaperone proteins) as well as the mechanisms responsible for the degrada-
tion of proteins (involving specialized structures, such as proteasomes and 
lysosomes, which also engage various chaperone proteins). The protein qual-
ity control system (PQC) is responsible for maintaining the integrity of the 
proteome. The inability to maintain proteostasis causes disorders involving 
an excessive production, degradation, and accumulation of proteins with an 
incorrect conformation (Powers & Gierasch, 2021).

4	 HSP s: The Basic Elements of the Protein Quality Control System 

In 1962, an Italian geneticist, Ferruccio Ritossa, discovered that raising the body 
temperature of a common fruit fly (Drosophila melanogaster) increases the 

Figure 5.1 �The types of protein structure. Proteins have four levels of 
organization: primary, secondary, tertiary, and quaternary 
structures. The primary structure is a linear sequence of amino 
acids. The secondary structure refers to three-dimensional forms 
like alpha-helices or beta-sheets, shaped by weak interactions 
like hydrogen bonds. The tertiary structure describes the folding 
of secondary elements into a spatial arrangement through 
interactions such as hydrogen bonds and disulfide bridges. 
Quaternary structure arises when multiple folded polypeptide 
chains combine, though not all proteins have this level
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synthesis of numerous proteins. The result of this observation was the very first 
identification of heat shock proteins (HSP  s, in 1974), the name of which refers  
to the circumstances surrounding their discovery (Ritossa, 1996). Because of 
their function, they are called assisting proteins or chaperones, and they are 
‘molecular guardians’ for the cell. HSP  s are a family of proteins produced by 
cells in response to exposure to stress conditions. In non-stress conditions, 
these proteins take part in the regulation of fundamental cellular functions, 
namely housekeeping. HSP  s were first described in the context of the thermal 
shock that increased their synthesis. However, as it was soon discovered, they 
may be synthesized through other stress factors, such as free radicals, UV radi-
ation, infections, inflammation and hypoxia (Dubrez et al., 2020; Kregel, 2002; 
Niforou et al., 2014).
The most popular classification of the family of HSP  s was conducted based 

on their mass, expressed in kilodaltons (kDa). According to this criterion, the 
family can be divided into six main classes: small heat shock proteins (sHSP  s), 
with a mass between 15 and 30 kDa (Jagla et al., 2018), and HSP40, HSP60, 
HSP70, HSP90 and HSP100, the names of which denote that the mass of the 
proteins from these classes equals 40, 60, 70, 90 and 100 kDa, respectively. Cells 
are usually equipped with many representatives of each class of chaperones 
(Kampinga et al., 2009).
Chaperones usually work in cycles that involve binding and releasing a 

substrate, i.e., a protein requiring ‘guardianship’. They are regulated by var-
ious cofactors, i.e., chemical substances supporting the functioning of pro-
teins. The characteristic feature of most representatives of the HSP family 
is their activity involving the hydrolysis of high-energy bonds present in 
adenosine triphosphate (ATP), the substance that ‘fuels’ most life processes. 
Thanks to this activity, HSP  s obtain the energy necessary to perform their 
main function, namely, taking part in the folding of other proteins (Martin 
Vabulas et al., 2010). For example, HSP70 (Figure 5.2) is switched between 
two states in its cycle: a closed state, with a high affinity for a protein ‘client’, 
and an open state, with a low affinity for a protein substrate. The ‘client’  
may be an unfolded or partially folded polypeptide, and the nucleotide 
exchange factor (NEF) is a cofactor. The NEF takes part in the exchange of 
adenosine diphosphate (ADP), i.e., ATP after it has been used to obtain energy 
(Rosenzweig et al., 2019). The HSP70 cycle aims to form the correct struc-
ture of proteins belonging to the fast-folding proteins. Polypeptides, which 
require more time to attain native conformation, use an additional folding 
system based on HSP60  or HSP90 (Figure 5.3). For them, the HSP70 cycle is a 
safe transition state, which ensures conditions that prevent potentially toxic 
aggregation (Saibil, 2013).
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Figure 5.2 �A simplified diagram of the HSP70 protein’s reaction cycle. 
A. HSP70 binds the substracte, an unfolded or misfolded 
polypeptide, delivered by an HSP40 chaperone. HSP70 remins in 
an open state. B. After binding the substrate, HSP40 is released, 
and ATP is hydrolyzed, providing energy for HSP70 to transition 
to a closed state. C. The HSP70-ADP-substrate complex binds to 
a nucleotide exchange factor (NEF), which facilitates the release 
of ADP and its replacement with ATP, causing HSP70 to return 
to an open state. D. The folded substrate and NEF are released, 
allowing the cycle to begin again

Systems based on proteins from the HSP family do not act independently. 
Instead, they are interconnected and assisted by other proteins that also 
belong to the family of chaperone proteins. For example, a protein sub-
strate is delivered to the HSP70 system through a protein belonging to the 
HSP40 class (Rosenzweig et al., 2019). In turn, the repair of damaged poly-
peptides requires collaboration between the HSP70 and HSP100 or sHSP s 
systems, depending on the type of damage (Barends et al., 2010; Dubińska- 
Magiera et al., 2014).

5	 The Life Cycle of a Protein 

The life cycle of a protein begins with the expression of the gene that encodes 
the protein, while the degradation of the protein marks the endpoint of its 
cycle (Figure 5.4). Gene expression is understood as reading the information 
contained in a gene and transcribing it first into mRNA (messenger RNA) and 
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Figure 5.3 �A simplified diagram of the network of HSP family proteins, the 
main component of the protein quality control system (PQC). 
Heat shock proteins (HSP s) are produced by all organisms to 
maintain proteostasis, with expression levels increased by stress 
factors. Their main function is to assist in the folding of newly 
synthesized and denatured polypeptides. HSP70, the primary 
protein in folding system, collaborates with other chaperone 
systems like HSP60 and HSP90, mediated by specialized 
factors not shown in the diagram. Repair systems, such as 
HSP100, remove protein aggregates and help refold damaged 
proteins. Small heat shock proteins (s  HSP s) prevent irreversible 
aggregation, directing proteins to repair pathways. Black arrows 
show protein folding, while red arrows indicate pathways for 
unfolding, repair, and aggregation triggered by stress factors

then translating it into a protein. Other processes connected with this cycle 
also encompass folding and transport to cellular compartments and the mod-
ification of a protein involving, for example, the addition of a chemical group 
or the addition of another protein. The appropriate time coordination of these 
processes is carried out by the elements of the PQC system, primarily the pro-
teins of the HSP family. It is of fundamental importance for the functioning of 
a cell (Berg et al., 2002).
Translation involves the synthesis of a protein on a ribosome, which decodes 

information hidden in mRNA and, based on this information, adds specific 
amino acids, one after another, creating a linear, unbranched polypeptide 
chain. Folding begins during translation and primarily concerns the forma-
tion of secondary structures (Berg et al., 2002; Buchan & Stansfield, 2007). The 
majority of chaperone proteins that assist other polypeptides in assembling 
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Figure 5.4 �A simplified diagram of a protein life cycle. During its life cycle, a protein under-
goes various processes encompassing the translation of mRNA on a ribosome, 
folding assisted by chaperones, transport to cellular compartments (such as 
e.g., a mitochondrion), post-translational modifications and degradation (solid 
lines). However, under stress conditions (e.g., increased temperature), additional 
scenarios are possible, e.g., denaturation (the loss of native conformation) and 
then either repair by re-folding, aggregation, or degradation (dashed lines). 
The diagram does not include all the aspects of the functioning of chaperone 
systems and possible degradation pathways. For the sake of clarity, this diagram 
does not include all PQC systems and the other possible pathways of protein 
degradation

or disassembling their chains mainly function during the post-translational 
stages of the protein life cycle. However, specific chaperones begin their work 
immediately after a sufficiently long fragment of a new polypeptide chain; usu-
ally, longer than 60 amino acids, leaves a ribosome. Their involvement mainly 
concerns promoting interactions between amino acids and between the atoms 
of a peptide bond. The task of these and many other chaperones also involves 
binding to, and shielding, hydrophobic amino acids exposed on the surface of 
the produced protein (Martin Vabulas et al., 2010).
It should be emphasized that the duration of the life cycles of various proteins 

may be different. Some proteins are physiologically short-lived molecules, and 
their half-life is measured in minutes. They include regulatory proteins, e.g., p53, 
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which is a transcription factor with the properties of a tumour suppressor. These 
proteins are rapidly released and rapidly degraded, which is significant for the 
regulation of key processes, including transcription, translation and cell growth. 
In turn, other proteins are characterized by a much longer half-life, expressed 
in days, for instance, the structural proteins of muscles, including myosin and 
actin. Others, such as collagen and elastin, the proteins responsible for skin elas-
ticity or crystallin, a protein present in the lens of the eye, have their half-lives 
expressed in years (Glickman & Ciechanover, 2002; Toyama & Hetzer, 2012).

6	 Folding 

Protein folding is a physical process that involves the folding of a polypeptide 
chain. As a result of this process, the protein gains a highly organized, stable 
spatial structure. The correct spatial structure of each protein determines its 
functions (Berg et al., 2002). It should be emphasized that folding is a com-
plex process prone to errors. Disturbances during the adaptation of the correct 
spatial structure by a protein usually lead to the synthesis of a molecule with 
altered properties. These, in extreme cases, might be toxic for the organism 
and cause, for example, neurodegenerative diseases resulting from the accu-
mulation of incorrect polypeptides (Berg et al., 2002).
Despite the fact that folding is determined mainly by the primary struc-

ture of a protein, the process depends on many different factors, such as the 
presence of water in the environment where folding occurs (cytosol in a cell). 
Water causes hydrophobic amino acids to display a tendency to ‘hide’ inside the 
synthesized protein; in turn, hydrophilic amino acids are located on the pro-
tein’s surface, where they can interact with surface molecules. As a result, the 
polypeptide produced is very unstable and requires additional help to arrive at 
and maintain its native conformation. For many proteins, the requirement for 
the correct folding of a polypeptide chain is the presence of chaperone pro-
teins, which assist in this process. The folding times of different proteins vary. 
Usually, small proteins attain their three-dimensional structure very quickly. 
However, larger molecules require more time and additional assistance from 
chaperones to reach their native conformation (Hartl & Hayer-Hartl, 2009).

7	 Aggregation: Disastrous Consequences for the Cell 

The relative structural flexibility of proteins in performing their biological 
functions also causes their main weakness. Due to various stress factors (e.g., 
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oxidative stress, high temperatures, chemical substances), proteins can easily 
lose their native conformation (the polypeptide chain gets unfolded). Therefore, 
proteins also lose their physical, chemical and biological properties. As a result, 
this leads to the formation of protein aggregates in the cell. An essential and 
simultaneously dangerous (when speaking of the maintenance of proteostasis) 
feature of incorrectly folded proteins is their ability to disturb polypeptides with 
correct conformation. This may lead to the elimination of theoretically func-
tional proteins from the total pool of the proteome by ‘trapping’ them in toxic 
aggregates (Ross & Poirier, 2004). Considering the fact that the cellular environ-
ment is very ‘crowded’, it seems justified that a cell decidedly tries to avoid the 
accumulation of incorrectly folded proteins with a tendency for aggregation. 
An excess of protein aggregates in the cell is toxic and may lead to cell death 
and even the death of the entire organism. In humans, over 30 diseases associ-
ated with protein aggregation have now been described (Ciechanover & Kwon, 
2017). These include neurodegenerative disorders, such as Alzheimer’s disease, 
Parkinson’s disease and Huntington’s disease, familial amyloid polyneuropathy 
and amyotrophic lateral sclerosis. Aggregates created by incorrect proteins may 
be deposited both inside and outside the cell. The latter is often observed in 
patients with advanced neurodegenerative disorders (Ulrich Hartl, 2017).
The first and most straightforward method of defence against the forma-

tion of toxic deposits is the prevention of undesirable aggregation. This is why 
organisms have developed a complex network of molecular chaperones. Such 
a network can ‘catch’ the aggregation-prone transition forms that are created 
during protein folding and unfolding. Chaperones, including the HSP70 pro-
tein can recognize proteins, which due to the unfolding of the polypeptide 
chain, expose previously ‘hidden’ hydrophobic amino acids. In the case of fail-
ure, organisms have another line of defence that, apart from proteolytic degra-
dation, uses a system based on HSP100 and allows aggregates to be reactivated 
without the destruction of proteins (Figure 5.3). The HSP100 system temporar-
ily dissolves deactivated proteins through collaboration with the system based 
on HSP70 (Barends et al., 2010).
Even though cells have developed effective mechanisms that are responsible 

for both the repair and the removal of damaged proteins, these mechanisms 
may sometimes fail, e.g., during prolonged stress conditions. In such cases, an 
option to protect the integrity of the proteome is the sequestration (i.e., cap-
turing and isolating) of inappropriately folded proteins in the spatially sepa-
rated structures. ‘Capturing’ incorrectly folded proteins prevents their harmful 
interference in the biogenesis of newly synthesized polypeptides, which are 
susceptible to disturbances, thus ‘maintaining the order’ in the cellular envi-
ronment (Escusa-Toret et al., 2013; Sontag et al., 2014).
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8	 Machinery Responsible for the Degradation of Proteins 

The machinery responsible for the degradation of proteins encompasses a few 
different components. The elimination of proteins often results from a cell’s 
response to stress stimuli and leads to reduced protein content in a cell and 
the release of amino acids. These amino acids may be used again by cells, e.g., 
during translation (Figure 5.4). Thus, another protein’s life cycle, administered 
by chaperones, may begin. Substrates intended for degradation include, for 
example, unnecessary proteins that have already fulfilled their biological func-
tions, non-functional proteins, inappropriately folded or unfolded proteins, 
and protein aggregates. Their degradation occurs with the use of specialized 
cellular structures, such as proteasomes and lysosomes, which perform the 
function of ‘molecular shredders’. Degradation may occur in several ways, 
including proteasomal degradation, ER-associated degradation and lysosomal 
degradation (Ciechanover & Kwon, 2017; Lemberg & Strisovsky, 2021; Soto & 
Estrada, 2008).
The ubiquitin-proteasome system (UPS) plays a key role in regulating the 

protein cycle in eukaryotic organisms and thus supports intracellular homeo-
stasis. Its main role involves eliminating incorrectly folded and damaged 
polypeptides (Figure 5.4) (Toyama & Hetzer, 2012). It is the main system for 
the degradation of most proteins, particularly proteins with a short half-life  
(Lilienbaum, 2013). For the protein to be degraded via this system, the polypep-
tide must be ubiquitylated, which involves attaching ubiquitin molecules to this  
protein to be recognized by a proteasome (a protein complex with a cylindri-
cal structure comprising many subunits) (Hartl & Hayer-Hartl, 2009). Many 
structurally related enzymes are involved in the ubiquitylation process, which 
are specific to various cellular compartments, for instance, the cell nucleus. 
These enzymes recognize and selectively ubiquitylate particular proteins, the 
so-called substrates (Glickman & Ciechanover, 2002; Natoli & Chiocca, 2008; 
Varshavsky, 2012).
Lysosomal degradation encompasses various pathways and involves the 

degradation of macromolecules in lysosomes, i.e., specialized structures 
containing numerous hydrolytic enzymes. One such pathway is chaperone- 
mediated autophagy (CMA) (Figure 5.4) (Kaushik & Cuervo, 2018; Kettern  
et al., 2010). The CMA is mostly activated as a result of oxidative stress. 
This pathway contributes to the degradation of soluble proteins, which 
are equipped with a specific protein motif. This motif is recognized by 
the heat shock cognate protein 70 (Hsc70), a chaperone that, along with 
its partners, transports the protein ‘client’ to the surface of a lysosome. 
The complex binds to a lysosomal membrane receptor, which allows the 
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complex to be transported inside the lysosome, where the protein sub-
strate is degraded (Bandyopadhyay et al., 2008).

9	 PQC System: Collaboration between Components 

Eukaryotic cells are divided into various regions that specialize in particular 
cellular processes. These regions include the cytoplasm, cell nucleus, endo-
plasmic reticulum, mitochondria and others. For instance, translation, i.e., the 
process of translating the information contained in a genome into a protein 
sequence, takes place in the cytoplasm, while other processes related to stor-
ing this information and making it available to the cell at the appropriate time 
occur in the nucleus.
Each cellular compartment also has specific and individual elements of the 

PQC system (Goldberg, 2003). However, it should be emphasized that despite 
spatial separation, these systems collaborate closely with one another (Haynes 
& Ron, 2010; Shibata & Morimoto, 2014). This phenomenon can be easily illus-
trated using the cell nucleus as an example. The cell nucleus constitutes the 
isolated but not hermetically closed, ‘command centre’ of a cell. Due to its 
physical separation, the nuclear proteome is to a certain extent protected from 
changes resulting from the conformation disorders of cytoplasmic proteins. 
The machinery responsible for the protection of the cell’s nucleus comprises 
the components of nuclear PQC (Foresti et al., 2014; Khmelinskii et al., 2014), 
which form this permanent equipment of this compartment, and also contain 
some elements of PQC systems that are characteristic of other cellular com-
partments (Shibata & Morimoto, 2014).
Protein folding disorders are identified by ‘detectors’ that are specific to the 

cellular compartment in which they occur. Apart from functioning autono-
mously, these systems can extend their influence outside the cell, protecting 
the entire organism from the harmful consequences of proteotoxic stress. The 
signals that warn against stress may be sent by the cells of other tissues, which 
can thus participate in protecting other cells located in remote regions of the 
organism. For instance, stress induced in neurons can protect muscle cells 
from the consequences of chronic proteotoxicity (Taylor et al., 2014).
The aging of an organism leads to the insufficient functioning of the PQC 

systems and, consequently, the inappropriately folded or entirely unfolded pro-
teins and the formation of intracellular and extracellular toxic deposits con-
taining ‘clustered’ proteins and aggregates (Koga et al., 2011). These deposits are 
manifested in many age-related disorders, such as Alzheimer’s disease, Parkin-
son’s disease and cataracts (Ciechanover & Kwon, 2017; Moreau & King, 2012).
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10	 Conclusions 

The Greek origin of the word proteostasis contains the notion of stasis. How-
ever, ‘stasis’ is not used here in the sense of invariability. The term can be con-
sidered to mean the dynamic maintenance of equilibrium, i.e., harmony. A 
cell can maintain its integrity (appearing to remain unchanged) through the 
numerous perfectly collaborating elements that react to various stimuli from 
the constantly changing environment. Under the guise of stasis, a fierce fight 
for the maintenance of equilibrium takes place. To deal with this challenge, 
cells have to be flexible and systematically verify the quantity and quality of 
their components, including proteins. This is why keeping the proteome’s 
composition of correctly folded proteins, which are present at a precise time 
and place inside the cell, is so important for maintaining proteostasis. Broadly 
defined, stress involves a disturbance to the equilibrium and shifts the internal 
conditions away from the optimal state. In other words, it causes the loss of 
harmony. The maintenance of proteostasis is ensured by a complex system of 
biological pathways where components such as heat shock proteins play the 
leading role. These proteins supervise the quality and circulation of all poly-
peptides present in the cell. Thanks to the fact that all of these ‘instruments’ 
are perfectly tuned up, the melody of life can be heard in this ‘orchestra’.
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CHAPTER 6

Can Consonance Be Explained with Mathematical 
Proportions?
The Simplicity and Complexity of Harmonic Relations in Music 

Adrian Foltyn

	 Abstract

The article focuses on the ideas of simplicity and complexity used to explain musical 
consonance and dissonance. Selected historical philosophical and mathematical con-
cepts are compared with experimental research on the perception of music intervals. 
Multiple explanations of these phenomena in the scientific literature are not fully con-
sistent with music practice. The author outlines a novel model based on synchroniza-
tion of the cognitive system’s response with the frequency of incoming sounds. The 
model utilises concepts of harmonic and prime numbers to represent the cognitive 
simplicity and stability of musical interval proportions.

	 Keywords 

neurocognitive science – ratio – proportion – consonance – dissonance – harmony – 
harmonic entropy

1	 Introduction

According to available records, the relations between music pitches have been 
the subject of keen interest to philosophers and mathematicians for the past 
two and a half thousand years (Tenney, 1988). The Pythagoreans sought refer-
ences to the harmony of spheres in those relations, manifesting in the perfect, 
inaudible music of the celestial bodies. The secret of perfect proportions has 
since then inspired researchers looking for a simple and consistent explana-
tion of the world around us, a kind of theory of everything.
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Numerous speculative theories have been proposed, combining musical 
harmony with mathematical proportions. The common theme of these the-
ories is the simplicity of ratios corresponding to the perception of musical 
intervals. In this article, selected definitions of proportion simplicity will be 
confronted with music practice. The aim is to answer the question of whether 
the simplicity or complexity of mathematical ratios between pitches could be 
a determinant of their consonance degree.

2	 Definitions 

In the following discussion, pitch is referred to as the attribute of auditory sen-
sation by which sounds are ordered on the scale used for melody in music (ASA, 
2023). Hence, the relation of two pitches, represented by the frequency ratio 
of two or more tones played on musical instruments, denotes a mathematical 
proportion. The pitches can interact in a vertical or horizontal relation, corre-
sponding to harmonic or melodic intervals, respectively.

Importantly, the proportions are derived from the so-called just tuning 
of musical intervals, an integer-ratio system described by Claudius Ptolemy 
in the 2nd century BC. Over the recent three centuries, the adjusted ‘equally 
tempered’ tuning has become widely used, however small deviations from 
just intervals do not change the perception of consonance, as already postu-
lated by Aristoxenus in the 3rd century BC. Further, I will ignore phenomena 
related to the irregular (non-harmonic) spectrum of frequencies, as well as 
effects observed for very low or very high sounds, i.e., natural roughness or 
the decreasing accuracy of pitch perception above 2500 Hz (Langner, 2007), 
respectively. To exemplify the argument, I will only consider the proportions 
within one octave, i.e., between the ratios of 1:1 and 2:1.

Consonance will be herewith defined as a sound of two or more pitches 
that listeners consider to be in concordance with each other, evoking the 
sensations of fusion and stability. The opposite of consonance is dissonance, 
denoting an unconcordant, rough and unstable sound, the accumulation of 
which is regarded as less pleasant to listen to. Studies on human perception 
of musical intervals (e.g., Malmberg, 1918; Bowling et al., 2018) agree in this 
regard with the theory of the counterpoint, or the art of combining musical 
voices (Tinctoris, 1477), which assumes the following classification of musi-
cal intervals:
–	 consonances are considered to include the octave (12 semitones), perfect 

fifth (7), perfect fourth (5), major and minor third (4 and 3), major and 
minor sixth (9 and 8);
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–	 dissonances are considered to include major and minor seconds (2 and 1), 
major and minor sevenths (11 and 10) and the tritone (6). 

3	 Historical Context 

The Pythagoreans defined simplicity of proportions as the relation between 
the smallest natural numbers that formed the so-called tetraktys – the Arch-
Four. The resulting proportions determined perfect consonances: 2:1 (octave), 
3:2 (perfect fifth) and 4:3 (perfect fourth). All other proportions were consid-
ered dissonances.

Medieval and Renaissance theorists, starting with an anonymous thir-
teenth-century theorist and followed by Johannes de Garlandia, Walter Odington  
and Bartolomeo Ramis de Pareia, gradually acknowledged the role of thirds 
and even sixths as consonances. Thus, not only the proportions formed by the 
first four but also by further small natural numbers, came to be treated as con-
sonances. The tetraktys ceased to be the determinant of proportion simplicity, 
replaced by the so-called senario (Zarlino, 1558), i.e. a series of natural num-
bers up to 6. Consequently, with the development of musical harmony and 
growing composer preference towards the major triad (4:5:6), consonances 
were extended to the major sixth (5:3) as well as the major and minor third 
(5:4 and 6:5).

Over time, the progress of the major-minor system meant that the minor 
sixth was added to the consonances, even though it did not fit into the senario 
with its 8:5 ratio. The inclusion of this interval, however, was natural as the 
minor sixth is an inversion (complement of the octave) of another interval 
already regarded as a consonance, i.e. the major third (Table 6.1).

TABLE 6.1 Musical intervals and their corresponding simple ratios in just intonation

Interval Number of 
semitones 

Ratio Interval Number of 
semitones

Ratio

Minor second 1 16:15 Perfect fifth 7 3:2
Major second 2 9:8 Minor sixth 8 8:5
Minor third 3 6:5 Major sixth 9 5:3
Major third 4 5:4 Minor seventh 10 9:5
Perfect fifth 5 4:3 Major seventh 11 15:8
Tritone 6 7:5 Perfect octave 12 2:1
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Descartes attempted to represent the known musical intervals using geo-
metrical proportions to explain proportion simplicity and consonance  
(Sepper, 1996) (Figure 6.1).

The points C, D, E and F bisect (divide in half) sections AB, BC, CD and CE, 
respectively. According to Descartes, only the proportions resulting from 
points A to E create consonances, while proportions containing point F form 
dissonances. This theory, however, suffers from inconsistencies, as it does not 
explain the major sixth’s 5:3 ratio, being one of the key consonances, while 
point F can also be included in the consonant proportion of AD:AF (4:3).

Benedetti (1585) suggested that the acoustic properties of harmonic sounds 
and the total period duration of musical intervals formed by them are related 
to simple natural number ratios and thereby constitute an explanation of 
consonance. According to Benedetti, the total period of an interval’s acous-
tic representation was proportional to the product of the numerator and the 
denominator of the corresponding ratio, expressed as an irreducible fraction. 
However, the minor sixth (8:5) remained a problem, because there exists a 
‘simpler’ proportion – composed of smaller natural numbers – evoking a dis-
sonance sensation. The problematic ratio is 7:5, equal approximately to the 
tritone, one of the strongest dissonances, dubbed ‘the devil in music” by coun-
terpoint theorists. In conclusion, proportions formed by the smallest natural 
numbers cannot be directly equated with consonance.

A further innovative concept was put forth by the famous mathemati-
cian Leonard Euler and termed gradus suavitatis (Latin: degree of softness;  
Bailhache, 1997). Euler proposed a mathematical formula for the simplicity of 
proportions, based on the factorisation of the product of numbers represent-
ing a proportion. The formula was:

	 � (1)

where p stood for the factor, and k for its power.
For example, the factorisation of the minor sixth’s ratio (8:5) is 23 * 51, which, 

based on (1), results in the gradus suavitatis: G = 1 + 3 (2 − 1) + 1 (5 − 1) = 8.
Notably, it was the first known theory that tackled the abovementioned 

problem of the tritone and the minor sixth (cf. Table 6.2). Unfortunately, the 
concept displays other shortcomings, such as a similar consonance degree of 
the minor third (6:5), the minor sixth (8:5) and the minor second (9:8). All 

G �� ��� �� �i i i
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Figure 6.1 Geometric representation of simple ratios by Descartes
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of them are placed in the eighth gradus, which is at odds with the dominant 
perception of the first two intervals as consonances and the third one as a dis-
sonance. Therefore, the simplicity of ratios proposed by Euler cannot be con-
sidered as an exhaustive explanation of consonance.

In the following centuries, studies in acoustics and signal processing by the 
human auditory system led to a better understanding of consonance and dis-
sonance rooted in physical phenomena (von Helmholtz, 1863). Bohlen (1978) 
attempted to combine the simplicity of ratios with the phenomenon of com-
bination tones, but the resulting consonance measures showed the same prob-
lem that had already manifested itself in Benedetti’s work.

An intriguing and consistent mathematical concept of consonance, based 
on the Farey series, was proposed by Erlich (1997). The Farey series of the F-th 
order includes all fractions with the numerator and denominator not larger 
than F. Using terms from the information theory, Erlich postulates that the 
dissonance sensation increases with the so-called harmonic entropy, defined 
as the cumulative probability of perceiving a musical interval as a mistuned 
version of another interval (ratio). The Farey series proves useful in this case, 
as one of its properties is a larger distance between its neighbouring terms for 
small-number ratios. This demonstrates lower ‘uncertainty’ of the cognitive 
system when dealing with simple, consonant intervals (Figure 6.2).

Figure 6.2 �Measure of harmonic entropy of order F = 64 for intervals between the unison 
and the octave + major third. Common intervals from ‘deeps’ in the graph and 
are marked accordingly. Notation of intervals: m – minor, M – major, P – perfect, 
Trt – tritone, Oct – octave. Cents (c) denote the proportion reflecting an interval 
as 2 c/1200: 1
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Closer analysis reveals that the harmonic entropy of the tritone (7:5) is 
quite low compared to the remaining intervals, including those commonly 
perceived as consonances. Yet, the hypothesis, that there is a certain cognitive 
complexity associated with the sensation of dissonance, is likely reasonable 
and reflects not only in the perceived degree of simplicity (ease) but also the 
stability of music intervals.

4	 Hypothesis 

Recent evidence suggests that the human cognitive system responds to the fre-
quency of the incoming signal in a synchronised manner. This phenomenon 
has been observed at different stages of the so-called auditory pathway, i.e. the 
route of nerve impulses representing acoustic stimuli in the brain (Langner, 
2007). Assuming that the cognitive system synchronises with the incoming sig-
nal, each period of the sound wave generates a (generalized) impulse, or dis-
charge.1 Importantly, there appears to be a separate cognitive axis responding 
to pitch (as an aggregate of incoming frequencies of a harmonic tone), on top of 
known responses to individual frequencies. Moreover, there exist ‘specialized’ 
units of the system, responding only to a particular pitch and its corresponding 
frequency. The mathematics of periodic signals provides an important obser-
vation here: a signal with the period (inverse of frequency) of p also ‘contains’ 
the periods of 2p, 3p, etc. Therefore, the signal with a particular period elicits 
responses of cognitive units (neuron groups) tuned to that period as well as to 
its integer multiples (Figure 6.3).

With regard to the conditions presented above, I have proposed the follow-
ing mechanism:

	– When two or more harmonic tones are heard simultaneously, the impulses 
(i.e., the model responses) form a specific pattern that can be analysed by 
the cognitive system.

	– This pattern is repeated (or repeated approximately) in periods called 
pattern windows and the cognitive system is able to measure the duration of 
those periods by analysing the time between repeating patterns.

	– Following Euler’s and Erlich’s intuitions, the perceived consonance degree 
is a result of pattern simplicity and stability. Both metrics represent the 
ease of processing a given pattern, and in turn, the corresponding ratio and 
musical interval, by the human cognitive system.

Pattern simplicity is naturally connected with the volume of model 
responses in a pattern. Its formal representation is the reciprocal of the aver-
age number of model responses in a pattern window. It can be conveniently 
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expressed using so-called harmonic numbers, i.e., sums of reciprocals of nat-
ural numbers.

	 � (2)

where p:q is the initial ratio and Hk is the sum of reciprocals of natural num-
bers up to k.

Pattern stability describes the similarity degree of successive pattern repe-
titions. The most stable components of a pattern are formed by responses of 
units tuned to periods equal to integer divisions of the pattern window length. 
In the case of Figure 6.3 and the pattern window length of 20 ms, these are 
units tuned to periods of 4 ms, 5 ms and 10 ms. Formally:

	
� (3)

where LCM is the least common multiple.
Consequently, for a given mathematical proportion p:q, representing the 

respective musical interval, the product of pattern simplicity and stability 
forms the measure of consonance degree.
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Figure 6.3 �Pattern window of model responses to two signals with periods of 4 ms and 5 ms 
(250 Hz and 200 Hz), forming the major third interval. The window length is 20 
ms, and it approximately repeats every 20 ms. Note the responses of cognitive 
units (neuron groups) ‘tuned’ to multiples of the signal periods
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5	 Discussion 

It is worth noting that for intervals within one octave, the proposed metric is 
consistent with musical practice and theoretical intuition. It is the only con-
cept among the described measures that makes a clear and appropriate dis-
tinction between consonances and dissonances (Table 6.2).

A further meta-analysis was conducted to quantify and confirm differ-
ences of presented measures in their discriminatory power between con-
sonances and dissonances. Using ranking values as classifier inputs, we 
can calculate sensitivity, i.e., the share of correctly identified consonances, 
and precision, i.e. share of correct consonance indications, both com-
puted with regard to a given ranking threshold. The F1 score, i.e., the har-
monic mean of precision and sensitivity, was used as a unified measure of  
discriminatory power.

Results confirm that the proposed measure was the only one out of the 
examined metrics that – in alignment with experimental results – achieved an 
F1 score equal to 1 (Figure 6.4).

TABLE 6.2 �Comparison of selected measures of consonance in terms of distinction between consonances 
and dissonances

Interval Musical/
theoretical 
classification

Ranking by 
Benedetti’s 
measure

Ranking 
by Euler’s 
measure

Ranking 
by Erlich’s 
measure

Ranking by 
the author’s 
measure

Ranking from 
experimental 
results

Minor third Consonance 6 6 8 6 6
Major third Consonance 5 4 5 4 3
Perfect fourth Consonance 3 3 3 3 5
Perfect fifth Consonance 2 2 2 2 2
Minor sixth Consonance 8 6 9 7 6
Major sixth Consonance 4 4 4 5 4
Perfect octave Consonance 1 1 1 1 1
Minor second Dissonance 12 11 12 12 12
Major second Dissonance 10 6 10 8 9
Tritone Dissonance 7 11 6 9 8
Minor seventh Dissonance 9 9 7 10 9
Major seventh Dissonance 11 10 11 11 11

Note: Red markings denote misalignment with musical practice. Experimental results were obtained as the 
average rank from Malmberg (1918) and Bowling et al. (2018).
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This value denotes perfect discrimination between consonances and dis-
sonances within one octave. We can therefore conclude that the suggested 
mechanism could potentially contribute to the formation of consonance and 
dissonance sensation.

As a further noteworthy fact, the measures of consonance/dissonance 
selected for this study represent only a small fraction of to-date mathemat-
ical, musical, psychoacoustic and neurophysiological concepts explaining 
consonance and dissonance (Foltyn, 2012). Curiously, however, multiple the-
ories result in the same rank order of intervals as in the presented concepts. 
For example, interval orderings based on Kuile (1914), Bohlen (1978), Ebeling 
(2007), Gill & Purves (2009) and Trulla et al. (2018) coincide exactly with Bene-
detti’s ranking, thereby displaying the same advantages and shortcomings.

Reverting to the original idea of cognitive simplicity, there is only partial 
correspondence between small natural numbers constituting proportions of 
musical intervals and their perception as consonances. Further factors can 
impact perceived interval stability, for instance primeness of numbers forming 
a ratio. In line with (3), higher prime numbers result in larger LCM s, lower pat-
tern stability, and so, lower consonance degree. This might explain why the 7:6 
ratio (minor third reduced by approximately a quartertone, producing the blue 
note popularized by jazz music) is perceived as more consonant than the 7:5 

Figure 6.4 �The F1 score computed for four described measures and experimental results, 
based on ranking thresholds discriminating dissonances and consonances  
(see Table 6.2)
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tritone, a smaller-number ratio, but consisting of two highest primes among 
one-digit natural numbers.

It appears then that the simplicity of a musical interval’s proportion is only a 
prerequisite and not a sufficient condition for the consonance sensation to occur. 
Computational complexity associated with processing signals and their corre-
sponding ratios depends on the pattern of neural responses it elicits, turning our 
attention to other mathematical concepts like harmonic or prime numbers. This 
idea sheds new light on the past and future quests of mathematicians and music 
theorists for an objective measure of consonance. Clearly, without understanding 
the mechanisms of processing pitch information by the human cognitive system 
it is difficult to speculate about generalised mathematical principles underlying 
these processes. However, tempting the vision of a single simple formula explain-
ing the entire perception of consonance and dissonance might be, it is becoming 
increasingly evident that reality is at least partially more complex.

	 Note

1	 This is not true for single auditory nerve fibres or neurons in further parts of the auditory 
pathway, however, neurons respond in groups and synchronise partly independently of each 
other. Hence, the final information available to the auditory cortex probably includes regular 
neural firings synchronised with each signal period.

	 References

ASA: Acoustical Society of America. (2023). Pitch. Retrieved October 15, 2023, from 
https://asastandards.org/terms/pitch

Bailhache, P. (1997). Music translated into mathematics: Leonhard Euler. Retrieved June 
10, 2023, from http://www.tonalsoft.com/sonic-arts/monzo/euler/euler-en.htm

Benedetti, G. B. (1585). Diversarum Speculationum mathematicarum et physicarum 
liber. Taurini: apud haeredem N. Bévilaquae.

Bohlen, H. (1978). 13 Tonstufen in der Duodezime. Acustica, 39, 76–86.
Bowling, D. L., Purves, D., & Gill, K. Z. (2018). Vocal similarity predicts the relative 

attraction of musical chords. Proceedings of the National Academy of Sciences of the 
United States of America, 115, 216–221.

Ebeling, M. (2007). Verschmelzung und neuronale Autokorrelation als Grundlage einer 
Konsonanztheorie. Frankfurt: Peter Lang.

Erlich, P. (2004). On harmonic entropy. In J. Monzo (Ed.), Encyclopedia of tuning. 
Retrieved June 10, 2023, from http://www.tonalsoft.com/enc/e/erlich/harmonic- 
entropy_with-commentary.aspx

https://asastandards.org/terms/pitch
http://www.tonalsoft.com/sonic-arts/monzo/euler/euler-en.htm
http://www.tonalsoft.com/enc/e/erlich/harmonic-entropy_with-commentary.aspx
http://www.tonalsoft.com/enc/e/erlich/harmonic-entropy_with-commentary.aspx


Can Consonance Be Explained with Mathematical Proportions?� 69

Foltyn, A. (2012). Neuroscientific measure of consonance. Materials from the 2012 ICMPC 
in Thessaloniki.

von Helmholtz, H. (1863). Die Lehre von den Tonempfindungen als physiologische Grun-
dlage fuer die Theorie der Musik. Braunschweig: F. Vieweg & Sohn.

Kuile, T. E. ter. (1914). Konsonanz und einfaches Zahlenverhältnis. European Journal of 
Physiology, 159(1–3), 35–50.

Langner, G. (2007). Die zeitliche Verarbeitung periodischer Signale im Hörsystem: 
Neuronale Repräsentation von Tonhöhe, Klang und Harmonizität. Zeitschrift Audi-
ologie, 46(1), 8–21.

Malmberg, C. F. (1918). The perception of consonance and dissonance. Psychological 
Monographs, 25(2), 93–133.

Sepper, D. L. (1996). Descartes’s imagination: Proportion, images, and the activity of 
thinking. Berkeley, CA: University of California Press.

Tenney, J. (1988). A history of ‘consonance’ and ‘dissonance’. New York, NY: Excelsior 
Publishing Company.

Tinctoris, J. (1477). The art of counterpoint (A. Seay, Trans.). American Institute of Musi-
cology.

Trulla, L. L., Di Stefano, N., & Giuliani, A. (2018). Computational approach to musical 
consonance and dissonance. Frontiers in psychology, 9, 381.

Zarlino, G. (1558) Istituzioni armoniche (Book 3). In O. Strunk (Ed.), Source readings in 
music history. New York, NY: Norton.



©	 dorota frydecka and jarosław drapała, 2025 | DOI:10.1163/9789004714540_007
This is an open access chapter distributed under the terms of the CC BY-NC-ND 4.0 license.

CHAPTER 7

Reinforcement Learning Tasks
From Complexity to Simplicity

Dorota Frydecka and Jarosław Drapała

	 Abstract

In the field of computational psychiatry, reinforcement learning tasks aim to mea-
sure a subject’s sensitivity to rewards and punishments. The analysis of behavioral 
data acquired from human subjects undergoing the task may give an insight into 
the decision-making process. Despite the complexity of the process, very simple 
computational models can deliver a concise summary of the subject’s performance, 
this being reduced to a few numbers representing such measures as sensitivity to 
rewards and punishments or the inclination to explore and exploit. On the other 
hand, researchers employ complex models, such as biologically plausible neural net-
works, to furnish a mechanistic account of the experimental data by mimicking the 
neural circuits involved in decision-making. Hence, the starting point is a piece of 
complex brain machinery performing a series of decisions, with the time-series data 
from this simplified to a few parameters pertaining to the computational models 
used to understand the process “under the hood” – and, finally, the artificial neural 
network is used to simulate the complex process of decision-making that takes place 
in the human brain.

	 Keywords 

computational psychiatry – reinforcement learning tasks – neural network model – 
computational model

1	 Introduction

The world around us is full of complex processes that we used to classify as 
physical, biological, psychological, social, and so on. The key point is that if 
we take a closer, analytical look, we may find simple rules driving these pro-
cesses at a lower level of organization. For instance, the complex behaviour 
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of physical objects can be driven by a few simple principles of Newtonian 
dynamics. The complex universe of chemical reactions may be explained in 
great part by a very basic description of the interaction between an electron 
and a photon. The fundamental principles of dynamics in chaotic systems 
lead to complex behavior in these systems, such as fluid movement, pop-
ulation growth and decay, or weather changes. Another example is the evo-
lution process, which can be reduced to a few simple principles, resulting in 
the so-called directed random walk. Evolution can generate extremely intri-
cate and organized creations: biological creatures or artificial “organisms” in 
computer memory (such as artificial animals in the Framsticks project (3D 
Simulation and Evolution, n.d.)). The basic rules of the “Prisoner’s Dilemma” 
game are simple, yet they can explain complex social behavior, such as 
the spontaneous emergence of altruistic behavior in a society of egoists  
(Ridley, 1994).

In computational neuroscience, scientists aim to understand the neurobi-
ological foundation of human psychological functioning by constructing and 
analyzing models from two general categories: mathematical computational 
models and biologically inspired neural networks. These approaches bridge the 
gap between the biophysical level of analyzing the features of individual neu-
rons and their networks (morphological structure of individual neurons, per-
meability of ion channels, intracellular signalling cascades, synaptic plasticity) 
and the level of mental phenomena (perception, learning, decision-making, 
executive or linguistic functions). In this article, we will look at how simplified 
mathematical models may help us comprehend processes like learning and 
decision-making.

The term understand has two different meanings when studying a complex 
system. The first might be thought of as a bottom-up perspective: given a set of 
underlying rules governing a certain degree of system organization, deduce the 
higher-level implications of these rules. In contrast, a top-down perspective 
would be: guess the lower-lever rules that operate behind the curtain based on 
higher-level observations of system behavior. We emphasize the word guess 
because that is primarily what the computational neuroscience community 
does. Researchers take behavioral data from people doing a cognitive task (for 
example, learning from rewards and punishment), and combine it with expert 
knowledge of how brain processes deal with cognitive tasks to try to establish 
the principles that the nervous system follows to complete the tasks. The rules 
are represented by mathematical models, some of which are simple while oth-
ers are quite intricate. The simpler the model, the easier it is to understand. 
The more sophisticated the model, the more chance that it fits to the data. 
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This is the dilemma that the scientific community has been struggling with for 
centuries.

The goal of our research is to investigate the interplay between the con-
scious/implicit level of brain processing and the explicit/unconscious level. As 
a test bed, we employ a computer game that allows us to collect behavioral 
data of people’s making decisions under uncertainty. Mathematical models 
account for the explicit level. The game is described in detail in the section 
that follows. Then, we outline two modeling approaches: one using a complex 
neural network model and the other using a simple computational model.

2	 Probabilistic Learning Task 

In brief, a subject is asked to choose between two options: one is better, one is 
worse. When the game begins, the subject does not know which one is better. 
Every choice may be rewarded or punished, no matter which option is chosen, 
but it is more likely to get a reward for picking a better option. The task is to 
learn which one is better during the trial-and-error process. If a subject’s abil-
ity to learn from experience and his decision-making skills are not impaired, 
he will tend to choose the option that gives us rewards more often. Figure 7.1 
depicts a single trial pass. The game is referred to as a probabilistic learning 
task due to randomized payouts (Doll et al., 2009).

There is also a variation of the game, when a subject is given a misleading 
hint regarding which option is better (Doll et al., 2009). This is an example of 
information being processed on a direct/conscious level. The rate at which a 
person unlearns a misleading cue provides some insight into the relationship 
between the explicit and implicit levels of information processing in the brain.

Now we will go through the game details, where options are symbols dis-
played on a computer screen. The symbols are Japanese Hiragana characters, 
which most players are unlikely to have encountered before and – as a result 
– are equally difficult for anyone to remember and no one should have any pre-
vious associations with these characters. The presentation of a pair of symbols 
is preceded by the display of a green circle for a random time between 1 and 3 
seconds. During the presentation of the symbols, the player has 3 seconds to 
make a choice. She/he then gets a feedback message of ‘Good or ‘Bad’. Approx-
imately two hundred trials are passed per test.

A probability of receiving a reward p, with a probability of receiving a pen-
alty equal to 1 – p is associated with each symbol. The p probabilities are not 
known to the player. One learning element is estimating their value from the 
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rewards and penalties received during trials. In the game in question, we have 
3 pairs of symbols with different values of probabilities p, for example, pair one 
(0.8 – the probability of receiving a reward when choosing the first symbol, 
0.2 – the probability of receiving a reward when choosing the second symbol), 
pair two (0.7, 0.3) and pair three (0.6, 0.4). The pairs are presented in random 
order. The easiest pair to learn is the first pair with extremely different reward 
probabilities, while the hardest pair to learn is the third pair. Because the 
rewards are given in a probabilistic manner, and because of the complexity of 
the symbols, knowledge of the hierarchy from most to least rewarded symbols 
is stored in implicit memory, i.e., the patient has only an intuition that certain 
symbols are better than others.

In addition, before starting this test, the player is informed that one sym-
bol is better than the others. This symbol is presented, so that the subject can 
remember this symbol in explicit memory (this symbol is called an instruc-
tion). This information is false, and on subsequent trials, it is observed that the 
player’s tendency to abandon the false instruction is in favour of the symbols 
that are most often rewarded during the game. This modification enables the 
recognition of the activity of additional brain structures involved in the pro-
cessing of information provided at the conscious/implicit level.

During the implementation of the test, data is collected on the successive 
decisions made, the rewards and punishments received in subsequent tri-
als. This information is called behavioral data. Once the test subject has per-
formed the test, an appropriate model can be fitted to the collected data, and 

Figure 7.1 The flow of a single trial in the test
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by estimating the parameters of a given model, it is possible to characterise 
the test subject using variables such as sensitivity to punishments and rewards, 
exploration drive (a tendency to make a risky decision) or the effect of instruc-
tion on learning. In the next sections, we will present neural network models 
and computational models.

3	 Biologically Plausible Neural Networks 

For the first time in 1941, John von Neumann, a mathematician and physicist, 
developed the automata theory, in which the brain can be modelled as a net-
work composed of nodes that are individual nerve cells. A description of such 
a network includes various cell states, the formulation of a rule for processing 
impulses reaching a specific cell from other cells, and connections between 
cells (Neumann, 1956). In 1943, the neuropsychiatrist Warren McCulloch and 
the mathematician Walter Pitts proposed a relatively simple computational 
model of a single nerve cell and proved that a network composed of such neu-
rons has the computational capabilities of a Turing machine (McCulloch & 
Pitts, 1943). This means that any computable function can be evaluated using 
a neural network containing a sufficient number of neurons connected in a 
proper way (Hornik et al., 1989). Although the theorem asserts that it is feasi-
ble, it provides no guidance on how to accomplish the goal. As a result, neural 
network design is based on trial-and-error. Nowadays, engineers create neural 
networks with billions of parameters that can do tasks like classification, predic-
tion, categorization, adaptive process control, language processing, and so on  
(Sarker, 2021).

However, artificial neural networks employed in commercial artificial intel-
ligence (AI) solutions must be distinguished from biologically plausible neural 
networks. Contrary to the common belief of most computer scientists, the for-
mer has nothing to do with biological neural cells. The latter, however, are pre-
cise models of the electrical activity of brain cell networks. Commonly used in 
AI deep networks are a lengthy sequence of alternating matrix multiplication 
followed by a nonlinear operation (Chollet & Chollet, 2021). The total number 
of elements in all matrices representing neural network parameters can reach 
hundreds of billions (GPT-4, n.d.).

3.1	 Modelling the Neuron 
Neural networks used as detailed models of brain processes mirror the dynam-
ics of real neurons, brain structures and neural networks in many aspects. 
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Figure 7.2 depicts a model of a neuron, together with equations describing how 
its various sections work, proposed by C. O’Reilly (O’Reilly, 1998). From the 
equations, the action potential appearing at the neuron’s output in response 
to excitations at all inputs of the neuron can be calculated. The model shown 
is part of Leabra’s framework (O’Reilly & Munakata, 2000), which defines the 
behaviour of artificial neurons to stimuli, how they are connected and the 
detailed algorithms for changing the synaptic weights that enable the net-
work to learn. In this case, the network learning algorithm is a variation of the 
so-called Hebb’s rule. In the above-mentioned work, a full set of eighteen equa-
tions of the Leabra mathematical framework is given, three of which describe 
the operation of the neurons, three of which relate to Hebb’s rule, two of which 
are used to control the learning rate, and the rest that play a supporting role 
(e.g., determine the equilibrium state of the neuron).

The main advantage of the Leabra framework is the speed of computer sim-
ulation of the neural network. However, this comes at the cost of some simplifi-
cations. The neurons described cannot model many of the dynamic behaviours 
of real neurons. Nowadays, developments in computer technology and meth-
ods for simulating dynamic systems make it possible to execute more realistic 
models by computer. A gold standard in the field are Spiking Neural Networks 
(E. M. Izhikevich, 2003). Izhikevich lists all classes of the behaviour of biolog-
ical neurons and shows that the neurons he proposes can reproduce the basic 
properties of their functioning once properly configured (E. M. Izhikevich,  
2004). The Izhikevich model of a single neuron reduces to two differential 
equations:

	�  (1)�t � �t �2 5 �t � �  �� 0� .04 �� � 140� � �t �� � �I t

Figure 7.2 �Description of the neuron model proposed within the Leabra framework 
(adapted from O’Reilly & Munakata, 2000)
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	 � (2)

and one conditional rule: whenever

	

for some time instant τ, apply the following substitutions:

	 � (3)

The membrane potential is v, u stands for the regenerative variable and I 
denotes the current flowing into the neuron. The parameters a,b,c,d determine 
the dynamic characteristics of the neuron. The Izhikevich model was devel-
oped as a simplification of the four-dimensional Hodgkin-Huxley model to 
two dimensions (E. Izhikevich, 2006).

3.2	 Modelling the Network of Neurons 
A neural model is a realization of a specific hypothesis about the organisa-
tion in the brain of the learning process, starting with how neurons process 
information, their connection in the neural network layers and the structure 
of selected brain areas. The design of a biologically plausible neural network 
model comprises the mathematical model of a single neuron (as shown above) 
as well as the connections between these neural units. Behavioral data from 
various neuropsychological tests and brain function data from measurement 
tools such as electroencephalgoraf (EEG), functional magnetic resonance imag-
ing (fMRI) or structural magnetic resonance imaging (MRI) may be used to 
determine the connections between brain structures of interest. These mod-
ern brain imaging tools and the development of mathematical modelling 
techniques make it possible to develop increasingly detailed and biologically 
realistic neural network models that describe the operation of specific parts of 
the brain. A prominent example of a computer framework for building large-
scale simulation models of brain functions is NENGO, which focuses mainly 
on mimicking the cognitive functions of a human brain (Bekolay et al., 2014; 
DeWolf et al., 2020).

In our studies (Drapała et al., 2021; Drapała & Frydecka, 2022; Frydecka et 
al., 2016), we choose a medium-scale Leabra model introduced by O’Reilly 
(O’Reilly & Frank, 2006; O’Reilly & Munakata, 2000), and used by many groups 
of researchers (Baladron & Hamker, 2015; Gerstner et al., 2014; Humphries et 
al., 2006; Morrison et al., 2008; Schroll et al., 2014). It consists of layers made 
up of several groups of neurons. Each group of neurons in a layer contains a 

′(υ t ) = (a b (t ) −υ υ(t ))  

�� � �� �� 30

(υ τ ) ← ,c u(τ ) u(← +τ ) d



reinforcement learning tasks� 77

number of neurons that transmit signals to other layers, or inhibit the activ-
ity of neighbouring neurons within the layer (implementing, for example, 
the kWTA algorithm). Figure 7.3 panel A shows a diagram of the connections 
between the layers, while Figure 7.3 panel B illustrates the model in the form 
of the corresponding neural network (Frank, 2005, 2006).

3.3	 Modelling the Learning Process 
To grasp the essence of the learning process that occurs in a neural network, it 
is best to follow the flow of signals in the situation of reward and punishment. 
The Leabra framework specifies two phases of a neural network’s learning 
process: the minus phase and plus phase. In short, the minus phase relies on 
processing the information about provided options throughout the whole net-
work to determine which option is picked. The plus phase begins immediately 
after the feedback (reward or punishment) is received. The network performs 
the identical computations as in the previous phase, except for the activity 
of dopaminergic neurons being affected by the feedback signal. The learning 
process makes use of the changes in neuron activity in both phases. Let us now 
get into the details of the minus and plus phases.

In the minus phase, a coded pair of symbols appears at the input of the net-
work. The input layer stimulates the striatum (striatum) and premotor cortex 

Figure 7.3 �Conceptual model of basal ganglia with corresponding neural model (after: 
(Samson et al., 2010)). PMC – premotor cortex, SNc – substantia nigra – pars com-
pacta, GPe – globus pallidus external segment, GPi/SNr – globus pallidus internal 
segment/substantia nigra – pars reticulata, Go, NoGo – two distinct types of 
striatal neurons
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(premotor cortex). The differential activity of the premotor cortex neurons is 
sufficient to decide which symbol should be selected. This will only actually be 
noticed, once a signal arrives at the premotor cortex from the thalamus (thal-
amus). The thalamus thus acts as a decision “gate”, accepting or rejecting the 
decision pre-determined by the premotor cortex. The striatum is made up of 
two groups of neurons: the Go group and the NoGo group. Go neurons inhibit 
the activity of the globus pallidus internal segment/substantia nigra – pars retic-
ulata (GPi/SNr) complex, which in turn inhibits the activity of the thalamus. 
Eventually, Go neurons unblock the thalamus from inhibiting. Signals from 
NoGo neurons of the striatum additionally have the globus pallidus external 
segment (GPe) bound to the striatum and GPi/SNr by inhibitory connections 
in their path, which ultimately inhibits thalamic activity. Thus, Go and NoGo 
neurons exert opposing effects on the thalamus, stimulating the selection of 
the appropriate symbol. In the minus phase, dopaminergic neurons located 
within the grey matter (substantia nigra – pars compacta, SNc) show average 
activity. Go neurons receive signals from dopaminergic neurons via D1 dopa-
mine receptors, resulting in additional stimulation, while NoGo neurons have 
D2 receptors, which – in response to the appearance of dopamine – produce 
an inhibitory effect.

Network learning takes place in the plus phase. Generally, the same signals 
are given to the input of the network and are processed in the same way, but 
this time the activity of dopaminergic neurons in the SNc changes. If a reward is 
given for a choice made in the minus phase, the activity increases significantly 
above average. If a punishment is received, the opposite effect appears – the 
activity of dopaminergic neurons decreases significantly. Then, the strengths 
of synaptic connections in selected parts of the network (connections between 
input, striatum and premotor cortex) change according to the differences in 
neuronal activity in the minus and plus phases. The process of changing syn-
aptic connection strength is assumed to follow either version of Hebb’s rule.

It should be noted that there is an ongoing debate over the biological plau-
sibility of contemporary frameworks that characterise the neural foundation 
of cognitive abilities of the human brain (Fernández et al., 2021; Jeon & Kim, 
2023). The framework presented here is not the only one in the area.

Neural networks fall into the category of high-complexity mathematical 
models and allow for the representation and validation of precise hypothe-
ses at the brain circuitry level. Understanding cognitive abilities, however, is 
not the same as reducing everything to neural dynamics. We instead wonder 
if complex brain dynamics may be conceived as following some simple princi-
ples that define the learning process that we directly observe. To put it another 
way, can we define a simple model that operates at the level of mental func-
tions rather than its low-level neural foundation? Similarly, to understand the 
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behavior of gases under different conditions, we do not need to track individ-
ual molecules’ motions, but may simplify the model to a few parameters: pres-
sure, volume, and temperature. In the field of computational neuroscience, 
such simplified models are known as computational models.

4	 Computational Models 

A computational model is a set of equations that directly express the simple 
rules governing learning and decision-making (Doll et al., 2009; Niv, 2009). The 
most relevant in the context of probabilistic learning tasks are the so-called 
reinforcement learning models (Sutton & Barto, 2021). We present the Q-learning  
model, which is the most prevalent kind of this class (Samson et al., 2010). 
Assume there is just one pair of symbols (A, B) in the game to keep equations 
short. The computational model must account for two stages of brain activity 
in the subject: decision-making and adaptation/learning.

4.1	 Decision-Making 
According to brain imaging studies (Lee et al., 2012), the neural system of a 
participant playing a reinforcement learning game represents the expected 
rewards of selecting an option as the level of activity of a group of neurons 
linked with this choice throughout the duration of the game (Doll et al., 
2009; Samson et al., 2010). The expected rewards for selecting symbols A and 
B are represented as QA and QB, respectively. These are real-valued numbers 
that are often scaled down to fall between 0 and 1. It is reasonable to assume 
that a subject prefers the symbol associated with the greater Q-value. How-
ever, people differ in how much of a difference between two Q-values affects 
their choices. These individual differences are accounted for by the model 
parameter T. In other words, T represents the propensity of a person to make  
risky decisions.

A mathematical model representing decision-making is a formula for p(A), 
which is the probability that a subject with the T parameter selects the symbol 
A, given the difference between QA and QB:

	 � (4)

Obviously, 

	

because the probabilities must add up to 1.
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Figure 7.4 illustrates the key properties of formula (4), known as sigmoid 
function.

If the subject expects a similar reward for both symbols A and B (the expres-
sion QA – QB takes a value close to zero), then the odds of selecting both sym-
bols are identical. This is exactly what happens at the beginning of the game, 
when no feedback has yet been provided. We expect a rational player to be less 
inclined to pick symbol A if the expected payoff for doing so is smaller than the 
expected value for choosing symbol B (the expression QA – QB takes a negative 
value). However, the rate at which these odds decrease as the advantage of 
symbol B over A increases is determined by the magnitude of the parameter T. 
A person with a high T value will be more likely to take risks by picking a sym-
bol for which she/he has received fewer rewards in the past. This is reasonable 
to some extent, since a subject may receive a series of punishments despite 
selecting the better symbol.

4.2	 Learning 
The game consists of a series of “trials and errors” in which a subject is asked to 
make a decision and then receives feedback. The variable r will represent the 
feedback information, with r = 1 representing the reward and r = 0 represent-
ing the punishment. Before the game begins, each Q-value is set to 0.5. After 
completing each trial, the subject can use the feedback information to update 
the Q-values:

Figure 7.4 Graphical interpretation of formula (4)
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where

	

This equation runs only for the Q-value that represents the symbol that was chosen 
during the current trial. The parameter α is known as the learning rate and it con-
trols the amount of updates taken by Q-values. It can take two values: αGain when 
the subject receives a reward and αLose when the subject receives a punishment.

The update formula (5) is easy to follow. When a reward is received, the r–Q 
is positive and the Q-value of a chosen symbol increases. When a punishment 
is given, r–Q becomes negative, and the Q-value decreases.

4.3	 Interpretation of Behavioral Data 
Because of its simplicity, the computational model gives a short summary of 
behavioral data pertaining to the subject’s performance on a probabilistic learning 
task. The behavioral data contains detailed information on all events that occurred 
throughout the game’s trials. This is a list of symbols that show on the screen, a 
subject’s choices, and the rewards/punishments that follow from those choices.

The governing formulas of the computational model require only three 
parameters to be determined: αGain, αLose and T. This implies that only three 
numbers are sufficient to characterize every subject. The maximum likeli-
hood method may be used to estimate the values of model parameters using 
behavioral data, as demonstrated in (Częstochowska et al., 2019). This method 
condenses a lot of raw data regarding game-related events into three figures 
that might serve as the foundation for a story: what motivates a subject more, 
reward or punishment, and what are their propensities to make risky deci-
sions? A complex model like a neural network could not accomplish this. 
Finally, the parameters of computational models can be correlated with the 
data from other sources, including genetic data, neuroimaging data parame-
ters (MRI, fMRI), neurotransmitter level data, and others.

5	� Relationship between the Computational Model and the Neural 
Network 

The quantity r–Q that appeared in the computational model has an import-
ant equivalent in neurology. Mathematically, it is the difference between 

Q ← +Q α (r Q− )

Gain

Lose r
α for r = 1

α
for = 0α


= 



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the actual and predicted value of the reward for a particular decision. At 
the neurological level, it is closely connected with the activation of dopa-
minergic neurons in the subcortical nuclei. The decision-making process 
is concisely described by formula (4), which also masks the complexity 
of the network in which many neurons collaborate to get a final decision 
on which symbol to choose. The simplicity of equation (4) emerges from 
the complexity seen at the neuronal level. Formula (5) similarly captures 
the complexity of the interactions between the striatum and thalamus in a  
simple manner.

6	 Concluding Remarks 

Computational models and neural networks are complementary in that they 
offer viewpoints on learning from opposite ends of the complexity spectrum. 
Current neuron models in the literature are so physiologically convincing that 
even experts may struggle to tell the difference between a measured and sim-
ulated signal (Baladron & Hamker, 2015; Gerstner et al., 2014; E. M. Izhikevich, 
2004). Biologically plausible neural networks designed to mimic subnetworks 
of a certain portion of the brain exhibit similar dynamics and can perform 
comparable tasks. Furthermore, there are known cases of explaining some 
cognitive disorders in humans by simulating damage in an artificial neural 
network based on understanding the impact of a given disease on the brain. 
It is also possible to examine the effects of certain psychotropic drugs on cog-
nitive performance by modelling their effects on the functioning of the neural 
network (Geana et al., 2022).

However, the goal of computer simulations is to understand the causes and 
effects of events rather than just mimicking them. The extraction of high-
level rules that a complex neural network follows is a challenging process. The 
problem is that the complexity of an artificial neural network is still too large, 
maybe comparable to the complexity of specific parts of the brain that are 
prone to modelling. If the complexity of the model is comparable to that of the 
original process, we lose the opportunity to grasp the modelled phenomena in 
simple terms.

In contrast, computational models are far less flexible and can simulate 
only precisely defined cognitive tasks. They can be provided when researchers 
have succeeded in grasping the underlying principles of a complex process. 
We would like to end by quoting a Romanian sculptor Constantin Brâncuși: 
“Simplicity is complexity resolved”.



reinforcement learning tasks� 83

	 References

3D simulation and evolution. (n.d.). Retrieved June 28, 2024, from  
http://www.framsticks.com/

Baladron, J., & Hamker, F. H. (2015). A spiking neural network based on the basal gan-
glia functional anatomy. Neural Networks: The Official Journal of the International 
Neural Network Society, 67, 1–13.

Bekolay, T., Bergstra, J., Hunsberger, E., Dewolf, T., Stewart, T. C., Rasmussen, D., Choo, 
X., Voelker, A. R., & Eliasmith, C. (2014). Nengo: A Python tool for building large-
scale functional brain models. Frontiers in Neuroinformatics, 7, 48.

Chollet, F., & Chollet, F. (2021). Deep learning with Python (2nd ed.). Simon and Schuster.
Częstochowska, J., Duda, M., & Cwojdzińska, K. (2019). Computational investigation of 

probabilistic learning task with use of machine learning. Proceedings of 39th Inter-
national Conference on Information Systems Architecture and Technology–ISAT 2018: 
Part II. https://link.springer.com/chapter/10.1007/978-3-319-99996-8_30

DeWolf, T., Jaworski, P., & Eliasmith, C. (2020). Nengo and low-power AI hardware for 
robust, embedded neurorobotics. Frontiers in Neurorobotics, 14, 568359.

Doll, B. B., Jacobs, W. J., Sanfey, A. G., & Frank, M. J. (2009). Instructional control of 
reinforcement learning: A behavioral and neurocomputational investigation. Brain 
Research, 1299, 74–94.

Drapała, J., & Frydecka, D. (2022). Coarse-grained neural network model of the Basal 
Ganglia to simulate reinforcement learning tasks. Brain Sciences, 12(2). 

	 https://doi.org/10.3390/brainsci12020262
Drapała, J., Frydecka, D., & Świątek, J. (2021). A simple-units complex-structure neural 

network model of the Basal Ganglia to simulate reinforcement learning tasks. Pro-
cedia Computer Science, 192, 281–290.

Fernández, J. G., Hortal, E., & Mehrkanoon, S. (2021). Towards biologically plausible 
learning in neural networks. 2021 IEEE Symposium Series on Computational Intelli-
gence (SSCI), 1–8.

Frank, M. J. (2005). Dynamic dopamine modulation in the basal ganglia: A neurocom-
putational account of cognitive deficits in medicated and nonmedicated Parkin-
sonism. Journal of Cognitive Neuroscience, 17(1), 51–72.

Frank, M. J. (2006). Hold your horses: A dynamic computational role for the subtha-
lamic nucleus in decision making. Neural Networks: The Official Journal of the Inter-
national Neural Network Society, 19(8), 1120–1136.

Frydecka, D., Drapala, J., Kłosińska, E., Krefft, M., & Misiak, B. (2016). Computational 
modeling of reinforcement learning using probabilistic selection task and instruc-
tional probabilistic selection task. European Psychiatry: The Journal of the Associa-
tion of European Psychiatrists, 33(S1), S138–S138.

http://www.framsticks.com/
https://link.springer.com/chapter/10.1007/978-3-319-99996-8_30
https://doi.org/10.3390/brainsci12020262


84� Frydecka and Drapała

Geana, A., Barch, D. M., Gold, J. M., Carter, C. S., MacDonald, A. W., 3rd, Ragland, J. D., 
Silverstein, S. M., & Frank, M. J. (2022). Using computational modeling to capture 
schizophrenia-specific reinforcement learning differences and their implications 
on patient classification. Biological Psychiatry. Cognitive Neuroscience and Neuroim-
aging, 7(10), 1035–1046.

Gerstner, W., Kistler, W. M., Naud, R., & Paninski, L. (2014). Neuronal dynamics: From 
single neurons to networks and models of cognition. Cambridge University Press.

GPT-4. (n.d.). Retrieved June 29, 2024, from https://openai.com/index/gpt-4-research/
Hornik, K., Stinchcombe, M., & White, H. (1989). Multilayer feedforward networks are 

universal approximators. Neural Networks: The Official Journal of the International 
Neural Network Society, 2, 359–366.

Humphries, M. D., Stewart, R. D., & Gurney, K. N. (2006). A physiologically plausible 
model of action selection and oscillatory activity in the Basal Ganglia. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 26(50), 12921–12942.

Izhikevich, E. M. (2003). Simple model of spiking neurons. IEEE Transactions on Neural 
Networks/a Publication of the IEEE Neural Networks Council, 14(6), 1569–1572.

Izhikevich, E. M. (2004). Which model to use for cortical spiking neurons? IEEE Trans-
actions on Neural Networks/a Publication of the IEEE Neural Networks Council, 15(5), 
1063–1070.

Izhikevich, E. M. (2006). Dynamical systems in neuroscience: The geometry of excitabil-
ity and bursting. https://doi.org/10.7551/mitpress/2526.001.0001

Jeon, I., & Kim, T. (2023). Distinctive properties of biological neural networks and 
recent advances in bottom-up approaches toward a better biologically plausible 
neural network. Frontiers in Computational Neuroscience, 17, 1092185.

Lee, D., Seo, H., & Jung, M. W. (2012). Neural basis of reinforcement learning and deci-
sion making. Annual Review of Neuroscience, 35, 287–308.

McCulloch, W. S., & Pitts, W. (1943). A logical calculus of the ideas immanent in ner-
vous activity. The Bulletin of Mathematical Biophysics, 5(4), 115–133.

Morrison, A., Diesmann, M., & Gerstner, W. (2008). Phenomenological models of syn-
aptic plasticity based on spike timing. Biological Cybernetics, 98(6), 459–478.

Neumann, J. V. (1956). Probabilistic logics and the synthesis of reliable organisms from 
unreliable components. In C. E. Shannon & J. McCarthy (Eds.), Automata studies 
(AM-34) (pp. 43–98). Princeton University Press.

Niv, Y. (2009). Reinforcement learning in the brain. Journal of Mathematical Psychol-
ogy, 53(3), 139–154.

O’Reilly, R. C. (1998). Six principles for biologically based computational models of cor-
tical cognition. Trends in Cognitive Sciences, 2(11), 455–462.

O’Reilly, R. C., & Frank, M. J. (2006). Making working memory work: A computational 
model of learning in the prefrontal cortex and basal ganglia. Neural Computation, 
18(2), 283–328.

https://openai.com/index/gpt-4-research/
https://doi.org/10.7551/mitpress/2526.001.0001


reinforcement learning tasks� 85

O’Reilly, R. C., & Munakata, Y. (2000). Computational explorations in cognitive neurosci-
ence: Understanding the mind by simulating the brain. MIT Press.

Ridley, M. (1994). The Red Queen: Sex and the evolution of human nature. Penguin UK.
Samson, R. D., Frank, M. J., & Fellous, J.-M. (2010). Computational models of reinforce-

ment learning: The role of dopamine as a reward signal. Cognitive Neurodynamics, 
4(2), 91–105.

Sarker, I. H. (2021). Deep learning: A comprehensive overview on techniques, taxon-
omy, applications and research directions. SN Computer Science, 2(6), 420.

Schroll, H., Vitay, J., & Hamker, F. H. (2014). Dysfunctional and compensatory synap-
tic plasticity in Parkinson’s disease. The European Journal of Neuroscience, 39(4), 
688–702.

Sutton, R. S., & Barto, A. G. (2021, December 1). Reinforcement learning. The MIT Press, 
Massachusetts Institute of Technology. 



©	 łukasz huculak, 2025 | DOI:10.1163/9789004714540_008
This is an open access chapter distributed under the terms of the CC BY-NC-ND 4.0 license.

CHAPTER 8

Art
A Particularly Sophisticated Simplicity

Łukasz Huculak

	 Abstract

The perceived simplicity of our visual sensations often masks a profound complexity, 
not necessarily evident in the quantity of connected elements but in the quality of 
their interconnections. By analogy, what appears visually complex may be the result 
of certain primitivism: a simple relation aimed at recreating the illusion of complex-
ity, constructed through mechanical multiplications. This chapter explores simplicity 
and complexity in terms of their interconnectedness within the elements of a picture, 
where simplicity subordinates details to the whole and complexity disregards the 
whole for the sake of details. The constant circulation of simplicity and complexity 
in the process of evolution of the visual arts is emphasized. Taking into consideration 
art history’s progression from simplicity to complexity, (the visual conventionality of 
Lascaux Symbolism to the photographic literalness of 20th-century Hyperrealism, the 
transition from Doric to Corinthian styles, and from Renaissance to Baroque), a ten-
dency emerges to equate simplicity with intellectual sophistication while complexity 
with perceived execution difficulty. Drawing on Immanuel Kant’s theses on the power 
of judgment and Giorgio Vasari’s painterly idealism, the text investigates how sim-
plicity unifies and omits detail, while complexity breaks down as differences emerge. 
Discussing the crisis of form, the text also explores how complexity arises from the 
dissection of visual elements, while simplicity emerges from bold attempts at synthe-
sis and reduction. Examples such as Mannerism (a breakdown of the whole into its 
details), collage (unifying accidental details), informality (the multiplying of details 
as a whole), and academicism (a peculiar “excess of footnotes”) illustrate different 
facets of complexity, while methods like dominanta (subordinating all elements to a 
highlighted area of presentation) and harmony (the favoring of an analogy), exem-
plified by Johannes Vermeer and Georges Seurat, demonstrate approaches to unifica-
tion. Ultimately, complexity is not merely about detailing but about the relationships 
between details, while simplicity arises from unsophisticated relationships, resulting 
in an apparent complexity in the midst of incomprehensible excess. 
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primitivism – simplicity – complication – complexity – whole – fragment – Vasari – 
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I

Simplicity and complexity – with an opposition formulated in this manner, it 
is probably difficult to find a discipline as fortunate as the visual arts. It seems 
that by applying a universal pattern of evolution from simple forms to ever 
more complex ones onto the chronology of our artistic operations, we would 
receive a precise model of its historical development across all schools. Fully 
realistic visualizations come after the strict simplicity of symbolic pictograms, 
the flourishing Corinthian style comes after the ascetic Doric style, the frag-
mented Gothic style comes after the cohesive Romanism, and after the classi-
cism of Renaissance – comes the elaborate Baroque. However, after complex 
analytical Cubism comes simple synthetic Cubism.

That last example shows that the dialectic of simple–complex sets up 
the primeval axis of struggles pertaining to aesthetic preferences; it can-
not entirely be regarded as a vector programming their development. The 
periods in which the exquisite, elaborate, and structurally fragmented forms 
reigned are often only an introduction to reaching for extreme simplicity; 
they mobilize bold reductions. Contrary to what might be inferred from  
Darwinist theory, complexity in the visual arts is not dialectically privileged, 
and in particular the art of the 20th century facilitates multiple examples 
that prove otherwise.

The persistence of modernist concepts, which explicitly favors primitivism, 
or the enduring suspicion of the historians towards an elaborate yet eclectic 
(complex) post-modernism, suggests that the interdependency of both catego-
ries is more ambiguous. In the artistic practice of particular authors, it happens 
that they are equivalent sources and they become not the aim of the activity 
but one of its tools. The universal mechanism of the alternation of simplicity 
with complexity and vice versa descends in this way from the level of historical 
necessity and indicates directions of stylistic ideology to the level of individual 
choices.

What determines these choices? Is simplification an effect of the natural 
limitations of human imagination, unable to fully see the potential of the 
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diversity of forms? Or maybe complexity is only a momentary victory of greed-
iness, a vaccination reinforcing noble discretion? It turns out that contrary to 
intuitive preferences, which locate an admirable executive difficulty in respect, 
the aesthetics with intellectual sophistication rather join simplicity, whereas 
complexity is more often tied to emotional immoderation: ostentation, sen-
sual insatiability, extravagance and splendor. Following the slogan “less is 
more”, what is complex is actually unripe, and reduction would be a peak stage 
of development. Its cumulativeness would consist of the rise of awareness of 
what should be rejected and not what should be added.

To substantiate these beliefs, the discovery of the “judging power” was 
undoubtedly important. The remarkably intricate art of Mannerism, which 
Immanuel Kant viewed as highly susceptible to sensual temptations, was a 
directly criticised due to that particular excess of form. The judging power 
crowning the entire cognitive will, provides the aesthetic judgment with tran-
scendental grounds. Kant’s aesthetics aiming at putting sensual experience in 
brackets and turning art into an object for purely mental reflection, put sen-
sually tempting things in contradiction with sophisticated restraint. However, 
does allure always have to refuse access to speculation and should intellectual 
attractiveness be compensated with sensual bareness?

One of the biggest dangers of simplicity is that for the good of the totality, it 
ignores details that do not fit – it cuts off uneven edges, omits places in which 
separate sets overlap, losing its expressiveness due to the irregularity of bor-
ders. It is an action focused on the ordering experience, basically intellectual 
and yet idealistic. Just like the division of all artistic schools into those that 
pertain to the senses and those that appeal to the intellect seems to be orderly 
but is at the same time arbitrary.

When Duchamp was elevating Conceptualism, he placed both of these 
areas in distinct opposition having had the many centuries of traditional 
Platonism behind him. It minimized the importance of senses to the bene-
fit of the intellect, and dualism sanctified with academic theory: paint stroke 
– line and intuition – speculation. Those were expressed by the rivalry of 
painterly Venice with the sketching of Florence, the fleshy “Rubensists” with 
rational “Poussenists” or reflective geometrical abstraction with unbridled  
taschisme.

The visual richness and mimetics refer easily only to the senses whereas we 
regard the lucid Classicism and aesthetic Minimalism as intellectual, however, 
the complexity of exalted Mannerism or the richness of the persuasive Baroque 
essentially relied on a sophisticated aesthetic theory which was the effect of 
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the dynamic development of optics, Cartesianism and high self-awareness as 
well as relativism (Stoichita, 1997).

One of the gratest dangers of complexity lies in its ability to discernsubse-
quent nuances, multiply countless divisions, and indicate further differences 
within similarities and analogies within oppositions. However, it often pays 
for its insightfulness with the clarity of the entirety. Essentially, speculative-
ness (over-intellectualizing) should be responsible for art following the path 
of complexity, and the main culprit on trial should be Giorgio Vasari – its first 
theoretician. Vasari’s theory aimed at elevating art from the level of crafts 
to the level of subordinate science ratio. It has regarded an artist’s work as 
a materialization of ideas, which meant not only its transcendental sources 
but also the optimization of composition and color-related solutions. A 
painting was supposed to be a “machine”, to which nothing can be added 
or subtracted without harming it. Although there was a chance of reaching 
ideal simplicity, it ended up exactly the opposite – with complication and 
entanglement.

The search for the optimum state is usually done in the cycle thesis – 
anti-thesis often delaying the conclusion ad finitum, burying every synthesis in 
the endlessness of potential solutions. Mannerism also left countless non finito 
abandoned along the way. A work of art, to which nothing can be added or 
taken away without damage is by definition too prone to subjectivism. An art-
ist, polluted with the faith that there’s a possibility to bring such a being to life, 
against the known truth that “the devil is in the details” is often condemned to 
Sisyphean torments.

That is why Vasari had to look for further guidelines and he found them in 
the opinion of the majority: instead of endlessly searching for the one, ideal 
solution, he recommended compiling them out of the Great Masters’ achieve-
ments regarded as eminent: Rafael’s head, Michael Angelo’s musculature,  
Titian’s colors (Vasari, 2003). As a result of that democratization, the extreme 
complication of forms was further compounded by their eclectic recyclability. 
New solutions could only be the sum of the previous ones and the complexity –  
putting things together, that connect many separate fragments until that 
moment – became an academic standard.

Is that the reason why the periods of complexity should be related to the 
escalation of the artistic crisis? Should the domination of simplicity that fol-
lowed after them be associated with overcoming doubts and progress? Essen-
tially, eclectics should be an expression of some lack of faith in one’s own 
abilities, looking for shelter under the wings of authorities honored by Vasari 
in his immortal Lives of Painters. That is however not the end of the academi-
cian’s faults.



90� Huculak

In favor of additional complexity was the crucial role that Vasari in his the-
ory ascribed to the line. In drawing – the intellectual analysis of a form – the 
key method of visualization is setting the boundaries – the division. When 
the “naturalist” Leonardo da Vinci softened the line, which did not exist in 
nature, with his painterly sfumato, and Cézanne (not having other ambitions 
than a maximum approximation to nature) rejected it completely, the effect 
was synthesis and simplification based on the gradual blurring of unambigu-
ous shapes. Through glazes, Leonardo achieved the rejection of strict borders, 
while Cezanne thanks to geometry achieved, the reduction of all the elements 
of painting to a common denominator. Those are tools that allow one to orga-
nize a flat surface not according to analytical variety but according to synthetic 
analogy.

That leads to the conclusion that what essentially differentiates simplicity 
from complexity in the visual arts is not the opposition: senses – intellect, but 
the favoring synthesis or analysis as a compositional rule, which determines 
the paintings’ internal relations between the detail and the whole.

Loose relations between the detail and the whole characterize not only 
Mannerist or Baroque paintings, entering us into perceptional confusion 
by joining groundlessly empty plains with the excess of detail. In particular, 
Dadaism was perfect in juxtaposing fragments primarily devoid of aim with its 
model product – collage, but also with informel, in which the whole is often a 
replication of a fragment.

In all these examples carrying out a synthesis is inhibited: the entirety of 
an artifact is about the dominance of a detail, excess of details or the lack of 
relationship between them that disorganizes the whole. That fact unveils the 
structural similarity of seemingly extremely distant visual schools: realism 
focused on narration and abstract expression, which are not similar in acting 
with relationships but in acting with the mass. In the first instance, that is the 
multitude of descriptive and literal motives and in the second one – the multi-
plication of varicolored splashes.

A domination of detail additionally assumes a composition-related open-
ness and dynamic, making the process of perception disordered, because the 
lack of a dominant factor forced the viewer to a constant shifting of the view 
field. The eye frantically jumps from one detail to another, either attracted by 
the intensity of contrasts or by searching for mutual relationships, with diffi-
culty keeping up with the focus (Arasse, 2013).

Therefore, both realism and abstract expression are bound to nature, which 
similarly to the object with prolificacy and entropy against any inclinations of 
the order setting hierarchizing or reduction. Meanwhile, a painting, which is 
hardly a fragment of reality, but its section (often subjective), at the same time 
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has to constitute an inbred whole. The simplest method of merging its constit-
uent elements is subordinating all of them to one of them – a dominant. The 
simplicity of such constructs is however too obvious and foreseeable, often 
more boring than the primary chaos. Less literal ways have to be used, a sys-
tem that under the pretence of complexity would operate with the infallibil-
ity of simplicity, something which in a way is unclear for the recipient would 
make the synthetic clarity resistant to analysis. The paintings of Johannes  
Vermeer excel at using such a mechanism, they are one and the other: chaotic 
in close-up, but orderly from the distance. Particular elements when subjected 
to scrutiny turn out to be unrecognizable, amorphously painterly, whereas  
synthesized from a distance they reveal themselves with absolute clarity 
(Wheelock, 1995).

That is one of the examples when we do not say appreciatively: look at the 
way it’s done! But instead, we ask astounded: how is it done? Abstract stains, 
which so strongly legitimize the realism of presentation despite its indirect-
ness, show the “phenomenon in which the same painting is not showing the 
same thing from up close as from a distance”.1

The divisionist paintings of Georges Seurat act in a similar, although more 
“mechanical” way. From up close they show a shapeless, chromatic magma but 
from a distance, they create clear and recognizable forms.

The relationship between parts and the whole in Vermeer’s paintings is strict 
although not obvious. If we want to understand what can be seen in them, we 
often move closer trusting that we will see better if we put together a whole out 
of its parts, if we examine it piece by piece.

In the case of Vermeer, we come across a surprise: from up close his paint-
ings turn out even more unrecognizable, we only see another dot describing 
another dot, but treated synthetically the areas still look as if we were watching 
them from a distance, they impact by an indivisible whole. His representations 
reach both the beginning of the painting process – putting together singular, 
meaningless brush strokes into a spatial whole, and the beginning of interpre-
tation – the moment in which the painting is still plainly visual, a phenome-
non devoid of linguistic references to reality (Marin, 2002).

Thanks to this observation it does not lose itself in reading details which inev-
itably becomes a reading out of senses. The viewer avoids another potential com-
plication: contextualization. However if one had to choose between Vermeer and 
let’s say Henryk Siemiradzki, the statistical majority would choose the paintings 
of the latter. This is most likely mainly for his story-telling erudition.

If we want to see Siemiradzki’s painting we are most of all forced to rec-
ognize and then name and think of the thousands of things arranged around 
it, which – along with what Ernst Panofsky observed – causes us to no longer 
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see the shapes nor the things but the story they are telling and even more – 
all the digressions implied by the story. What Siemiradzki extends endlessly 
with delight by adding further details, Vermeer closes in two precise sentences 
and although they do not explain everything they are intriguing at least with 
this understatement. That would be the difference between the condensate of 
poetry and the extravagance of fiction.

Superficial simplicity may then hide an internal complexity, whereas sophis-
tication could be merely an unimaginative multiplication. What seems simple 
from afar, up close may turn out to be an exceedingly complicated machine, 
but also what is complicated from a distance on closer inspection might turn 
out to be just a scenography. The source of these phenomena is the not-so- 
obvious relations connecting the artifact’s particular pieces into a whole and 
for their discovery, it is necessary to employ an essential system of reference – 
the distance which we place ourselves towards the observed object.

The complication of these seemingly simple sets takes place not only 
through working out of particular elements but the subliming of the rela-
tions that connect them, which determine the course of boundaries between 
the objects, the dynamics of gradients and the clarity of lines. They might be 
sometimes gentle and then sharp, sometimes regular and then serrated, or 
they complicate themselves in many different ways. Indicating differences and 
finding relationships, disconnecting or connecting, but mostly: the dynamics 
of those changes, how softness shades into hardness, shadow into light and 
one texture turns into another – that is the secret weapon of a painting.

From the author’s point of view, it is fascinating how relatively small shifts 
in accents, the extraction of one relation or hiding another, completely change 
the visual structure of the entire representation: how thin is the line differenti-
ating an exceptional effect from a trivial one? Sometimes only one additional 
point is enough for the entire work to be “complete”, to gain character. Other 
times such an inconspicuous addition throws back an almost finished artifact 
into an illegible chaos.

The exterior simplicity of visual sensations might be apparent, while essen-
tially it concealsa highly complex mechanism This complexity does not arise 
from the sheer number of connected elements, but rather from the quality 
of those connections – the precisely established relationship between a few, 
selected elements. Analogically, a visible complication might be an effect of 
essentially banal and simple primitivism that constructs an illusion of com-
plexity through mechanical multiplication. Amongst others, this is proven 
by the fact that the effective repetition of ingeniously simple things often is a 
more demanding task than copying a chaos in which precision loses meaning 
to the benefit of the mass.
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A few seemingly uncomplicated parameters might work more intensely 
than an elaborate system, entering into a less obvious relationship, and at the 
same time creating a more infallible mechanism.

Although this rule is not necessarily applied to the term “category” in aes-
thetics, I would distinguish between two kinds of complication (or simplicity): 
a superficial and an evident – primary and deep. The second one which does 
not reveal itself at first sight, it exists in an artifact and makes it work. If we 
assume that things externally complicated may be supported by the structural 
simplicity, whereas lucid ones are often complex, what is more, that their exte-
rior simplicity is often a result of their internal complexity, I might risk dif-
ferentiating the quantitative complexity (which – unfortunately – complicates 
matters) right next to its sisterly qualitative complexity. That would consist of 
refining relations between relatively few elements, arising not from multiplic-
ity but from disintegration and the variety of differences – change of line direc-
tions and divisions in the reference of compositions, or changes of shades in 
terms of color – but out of the way that a limited number of differences is 
composed and mutually matched.

I would look for the reasons of that quality-quantity ambiguousness hidden 
in reality not less than in people’s artifacts: on the one hand, in the features 
of its structure that are composed both out of details and wholes and, on the 
other hand, in the particularity of our senses in which observations are not 
always preceded by conclusions but sometimes exactly the opposite – they 
depend on them.

The simplicity or complexity of paintings is not solely an issue of their 
immanent features, but also a subjectivism in observing the differences and 
two basic ways we acquire impulses: analysis and synthesis. The relation of the 
distinction “simple – complex” with the senses, on the one hand, and intellec-
tual evaluation on the other, in a wider context may even refer to the relation-
ships of complexity with chaos or simplicity with order. The visual arts would 
then constitute an attempt to refer to the issue of the codependency of both 
categories: an ordered whole and complex fragmentation.

The first one, as it appears as simplicity, would hide an internal complexity; 
the second one would owe the apparent complication to the pressure put on a 
fragment, obscuring the recognition of the whole. When we soak up the whole 
we often don’t realize their detailed complication and vice versa: while we are 
lost in the maze of particular parts we see their primary role as richness and 
complexity. Many elements, although they objectively exist in the painting, 
keep them “invisible” both due to the crowding of sensations and the limita-
tions of our perceptive apparatus.
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Visual simplicity is often an effect of adequate coding of complexity in which 
the set of simplexes, independently of the number of its components ensures 
adequate clarity of the whole thanks to a skillful alignment of the properties of 
the artifact with the rules by which the receiver’s perceptive apparatus works. 
In reference to time, which for spatial visual arts is a certain challenge, it pro-
vides a dual effect: complexity extends the time of perception of the artifact, 
and simplicity provides immediate action, thereby eliminating the temporal 
extension of the painting in the meaning in which it exists in music.

What is fascinating in Vermeer’s paintings is that in their case we do not 
need time to get to know the whole but we need that time to soak in the 
unpredictability of spatial relationships, which connect the background with 
the foreground. Simple paintings – with their visual clarity are much more 
resistant to our gaze than visual complication, a mechanism devoid of synergy 
in which the multiplied elements actually act independently without estab-
lishing a mutual relationship. Due to that, they require that perception to be 
extended in time (Didi-Hubermann, 2005).

Nevertheless, it seems that finally, complexity is only a means, a tool to 
achieve simplicity or rather – to achieve an appropriate complication of that 
simplicity. This constant circulation of entanglement and simplification proves 
that overloading one with visual sensations is essential not only to accustom 
the senses of a recipient to simplicity but mostly to enable the artist to retrieve 
appropriately not obvious relationships from the maze of sensations. Formal 
entanglement, which is often an effect of the victory of relativism – the strong 
conviction of the impossibility of selecting just one, optimal version, has an 
essential methodological meaning for art. An unrefined extravagance would 
have a revelatory influence, fertilizing the aesthetics with a dose of new forms, 
combinations and unexpected effects, unachievable with more “calculated” 
and rational methods.

	 Note

1	 Didi-Huberman, 2011, p. 157.
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CHAPTER 9

The Complexity of a Straight Line

Jakub Jernajczyk

	 Abstract

Starting from some reflections on a potentially simple geometric object such as a 
straight line, this article seeks to show how complex the problems are that we become 
entangled in when analysing its structure. If we assume that a straight line is made 
up of points, then it is not obvious how it can be made up of these points, or how we 
can extract individual points from it. Further considerations will lead us to distinguish 
between the concepts of potential and actual infinity, allowing us to draw attention 
to the significant gap between the uncountable complexity of mathematical spaces 
and the presumed structure of physical reality. As a basis, the article assumes certain 
common-sense reflections on the issue at hand, relying mainly on visual intuitions and 
avoiding the formal language of science.

	 Keywords

dimensionless point – straight line – dichotomous division – cutting – actual infinity 
– discrete structures

1	 Visual Intuitions 

One could point to a straight line as a visual equivalent of the concept of sim-
plicity. The straightness of a straight line is, however, not as simple as it seems 
at first. The straight lines familiar from a checkered notebook, drawn according 
to the rules of Euclidean geometry, are only a tiny fraction of the set of all pos-
sible mathematical straight lines. For example, a line drawn in chalk on a road 
running along the equator – assuming that such a road could exist – would 
turn out to be a circle. For there are many different non-Euclidean geometries 
and lines drawn according to their rules most of us would call curves. It turns 
out that the simplicity and straightness of a straight line, understood directly, 



the complexity of a straight line� 97

quickly becomes a troublesome concept. Perhaps less difficulty is encountered 
when we consider the issue of its complexity. 

Let’s start with the well-known assumption that a straight line is composed 
of points. Is it somehow testable since “no one has ever seen or touched a 
point” (Russell 2009, p. 91)? What a straight line and a point are? In what 
sense do these objects exist? In what way would a straight line be composed 
of points? These are the kinds of questions that will be the starting point 
for the considerations in this essay. We will consider mathematical objects 
and terms but in a rather particular way. For our theoretical toolkit will not 
be formal definitions and abstract symbols but intuition and visual imagi-
nation. So our deliberations will be limited to what can be derived from a 
common-sense analysis of visual phenomena, both those perceived by the 
senses and those imagined. The proposed approach is deeply embedded in 
the tradition of European thought. Aristotle pointed out the crucial impor-
tance of visual sensations in the process of cognition in the very first words 
of Metaphysics (2016, p. 980 a). Summing up the ancient philosophy, Sextus 
Empiricus explained that what we come to know is either the effect of direct 
observation or is derived from this observation as a result of inference (2018, 
III 40). At the end of the Middle Ages, Nicholas of Cusa emphasized that “the 
power of the mind […] cannot be stimulated except by the intermediacy of 
perceptual images” (1996, p. 77). Similarly, Descartes claimed that “sight is the 
noblest and most comprehensive of the senses” (1985, p. 81). In more recent 

Figure 9.1 W. Gołuch, Double parabole, 1979
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times, Rudolf Arnheim strongly emphasized the cognitive role of perception 
and visual imagination (1969).

2	 Construction of a Straight Line 

We assumed that a straight line consists of points. But in what sense would it 
be composed of these points, since, according to Euclid’s famous definition, “a 
point is that which has no parts” (Euclid, p. xviii)? In other words, a point has 
neither length nor width or depth; a point has a zero dimension. So how can 
a straight line, which has a length (although it has no width), be composed of 
dimensionless points? It would be like we wanted to get “something” by adding 
up “nothing” (Nicolas of Cusa 2000, p. 9), while it is well known that when we 
add any amount of zeros, we always get a zero. Therefore by connecting points 
of zero dimension, we cannot receive even the shortest section, and all the 
more an infinitely extending straight line.

Sextus Empiricus based his argumentation against the geometers on similar 
doubts (2009, III 34-36). If we assume that a straight line is composed of points 
lying in a row, these points will be or will not be touching one another. If the 
points do not touch each other, there are gaps between them, so this arrange-
ment does not form a coherent line. If the points touch each other, there are 
again two possibilities: they can touch each other in their entirety or with their 
parts. However, if points touch with their parts, it means that they do have 
parts, and therefore they are not indivisible, which directly contradicts the 
assumed definition of a point. Whereas if points touch as a whole, they must 
be contained within each other, occupying the same place, and as a result, they 
create a single point, not a straight line. Therefore, regardless of which path our 
thought would follow, according to Sextus, the conclusion is one: we cannot 
build a straight line out of dimensionless points.

Ancient scholars also considered another way of forming a straight line: it 
would be created by a flowing point. However, this explanation was also entan-
gled in logical contradictions, which were pointed out by Sextus Empiricus 
(2007, III 31-33). Moreover, such a dynamic approach spoke more about how 
the line can be drawn than its internal structure.

3	 Divisions of a Straight Line 

If we cannot easily build a straight line out of dimensionless points, let’s 
assume the opposite direction and look inside the structure of the existing 
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straight line, trying to reach the single points. This approach seems even more 
legitimate since it is easier to imagine a straight line than a dimensionless 
point. Although the perfect mathematical straight line is never observed in 
nature, numerous natural phenomena – plant stems or rays of light – as well as 
products of a human hand – stretched strings or folded sheets of paper – shape 
up in our minds the basic intuition of line (Davis & Hersh 1981, pp. 126, 158).

So with a straight line in our imagination, let’s try to penetrate its structure. 
The first idea that may come to our mind is separating a section (fragment of a 
straight line) and then its consequent division. Perhaps by dividing the section 
into smaller and smaller parts, we will manage to reach a single point. The geo-
metric method of symmetrical divisions of line sections was called by Greek 
mathematicians dichotomy (Euclid, p. 10). Sections obtained as a result of such 
a division can be subjected to further dichotomous divisions, and this process 
may be repeated any number of times.

On the basis of infinite dichotomous divisions, Zeno of Elea built his famous 
argument against the motion, which we know from a short mention by Aristotle. 
It says that motion does not exist because “…that which is in locomotion must 
arrive at the half-way stage before it arrives at the goal” (Aristotle 1930, 239 b). 
Due to the imprecise message, this argument may be interpreted in several ways. 
The most common version seems to be the following (Kirk & Raven 1975, p. 293):

It is impossible to traverse the stadium; because before you reach the far 
end you must first reach the half-way point; before you reach the half-way 
point you must reach the point half way to it;and so on ad infinitum. 

We will not devote much time here to rebutting Zeno’s argumentation.1 Let us 
only mention the solution by Aristotle, who noticed that when Zeno assumed 
endless divisibility of the path, he did not allow for an analogous – infinitely 
divisible – treatment of the time in which this movement takes place (Aristotle 

Figure 9.2 W. Gołuch, Cut out that line, 2011 (parts 0, 9, 10)
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1930, p. 233 a). If this unjustified assumption were removed, the surprising con-
clusions about motion, or rather the lack of it, could not arise.

Returning to the essence of our considerations, one can see that we cannot 
reach single points of a straight line with the help of dichotomous divisions. 
Geometrical divisions of any short section always give us sections twice as 
short but non-zero length. By repeating these divisions even indefinitely, we 
would never reach a dimensionless, indivisible point.

4	 Indicating Points 

Many mathematicians, however, are convinced that dimensionless points on a 
straight line exist, although, as we have already seen, they “are not to be reached 
by successive divisions” (Russell 1917, p. 83). There must be then a different way 
to reach them. Would it be possible to indicate them somehow? But how can one 
indicate something that has no dimension or, more precisely, has zero dimen-
sion? It definitely cannot be done with any material indicator because such an 
indicator, however narrow it may be, will always have some width, infinitely 
exceeding the zero width of a dimensionless point. The width of the narrow-
est pointer will always cover a huge, in fact infinite, number of different points. 
Therefore, we could not consider such an indication to be precise in any case.

There is, however, an indication method that is insensitive to the dimension 
of an indicator. The method is: cutting a straight line at a certain point. When we 
cut through any physical or imaginary object, we split it into two parts, which 
remain on both sides of the blade. There is no part of the cut object at the cutting 
point – the cutting itself does not remove anything from that object. It makes 
the dimensionless indication we were after (Jernajczyk 2015, p. 275). Thus, this 
method allows us to indicate any dimensionless points on a straight line.

For mathematicians, the infinite line provides a model of the set of real 
numbers in which points correspond to rational and irrational numbers. Based 
on the visual intuition of cutting a line, Richard Dedekind developed a for-
mal method of construction of real numbers (1872). Although this method has 
an abstract form, a trace of geometrical references is still present in its name: 
Dedekind cuts.

5	 The Universum of Points 

Accepting the point structure of a straight line requires us to first accept the 
so-called actual infinity; that is, the kind of infinity that actually exists and is 
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given, as it were, at once, as opposed to potential infinity, which is only a possi-
bility, a goal to which one can constantly pursue. Aristotle, who distinguished 
and defined these two kinds of infinity rejected the existence of the actual 
infinity right away (1930, pp. 206 a–207 b). Many centuries had to pass before 
one dared to challenge this categorical decision of the Philosopher.2

The paradox conclusions to which the infinity deliberations led did not 
make that easier. In the fifth century, Proclus Diadochus wrote about a cir-
cle divided by its diameter into two semicircles. If we assumed an infinite 
number of different diameters (plotted at different angles), we would receive 
twice the number of circle slices. But how can there be something twice as 
large as infinity? It cannot since actual infinity is unacceptable (Proclus 1992, 
p. 158).

Twelve centuries later, Galileo Galilei considered two lines of different 
lengths and, assuming that each is built of an infinite number of points, asked 
whether the infinity of the longer one is greater than the infinity of the shorter 
one. Next, he looked at the natural numbers and noticed that each of them 
can be assigned its square (1–1, 2–4, 3–9, 4–16, etc.). It turns out then that there 
must be as many natural numbers (infinitely many) as their squares, although 
the second ones are, after all, the part of the first ones. Finally, Galileo con-
cluded that it is impossible to compare these sets because “the attributes 
‘equal’, ‘greater’, and ‘less’, are not applicable to infinite, but only to finite, quan-
tities” (Galilei 1638/1914, pp. 32–33).

Figure 9.3 W. Gołuch, Falling dot, 1979
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What seemed a paradoxical conclusion to the scholars of antiquity and  
Galileo became, to Bernard Bolzano, the mathematician of the nineteenth 
century, a positive feature that distinguishes infinite sets (1950, p. 96):

When two sets are both infinite, they can stand in such a relation to one 
another that: (1) it is possible to couple each member of the first set with 
some member of the second […]; while at the same time, (2) one of the 
two sets can comprise the other as a mere part of itself .  

Based on Bolzano’s observation, Richard Dedekind formulated the contem-
porary definition of an infinite set: “A system S is said to be infinite when it is  
similar to a proper part of itself” (Dedekind 1888, p. 31). In other words, a set is 
infinite if there is a one-to-one correspondence (bijection) between it and some 
part of it (a subset), which means that we can pair the elements of these sets. 
In that way, the gates to the actual mathematical infinity became wide open.

Fundamental discoveries in the characterization of infinite sets were made 
by Georg Cantor. He proved one of the astonishing properties of the set of real 
numbers: there are “as many” elements in its arbitrarily small interval as in the 
whole set.3 Consequently, he precisely justified what had already been sensed 
before, that even the shortest section, like the entire straight line, consists of 
an uncountable number of points. Cantor also proved that any section has “the 
same” number of points as the square and cube built on it. Finally, an arbi-
trarily small section contains “as many” points as a space with any number of 
dimensions (Cantor 1877).

6	 Discrete Complexity 

A continuum of dimensionless points is, of course, not the only possible vari-
ant of mathematical space. There are many topological models postulating 
its various structures (see Gruszczyński 2016). Understanding them, however, 
requires advanced formal notation, which goes far beyond the framework of 
visual reasoning adopted here. But we can easily imagine a model of discontin-
uous space in which there are the shortest indivisible sections and the smallest 
fields and volumes of space. Concepts of the discrete structure of the physical 
world appeared as early as antiquity. The most famous was undoubtedly the 
atomistic theory of matter developed by Leukipos and Democritus of Abdera. 
However, also in earlier Indian philosophy and later in medieval Arabic philos-
ophy, the existence of atoms was postulated (Jernajczyk 2016, p. 97). And not 
only atoms of matter but also atoms of time and space.
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The concepts of the discrete structure of physical reality returned to the 
mainstream of science after many centuries. The loop quantum gravity is a con-
temporary theory that assumes the discontinuity of physical reality. According 
to that theory, like matter, which is made of elementary particles, space is also 
not infinitely divisible but has the smallest lengths, areas, and volumes, while 
time is made up of elementary, discrete events. Like the apparent continuity 
and smoothness of matter, the continuity and smoothness of time and space 
is only an illusion (Smolin, 2001, pp. 62, 95). Today, it is much easier to accept 
such a concept since we interact daily with illusions that operate on similar 
principles. For example, we observe the apparent smoothness and fluency of 
static and moving digital images, although there are no doubts that their struc-
ture is discontinuous (see Jernajczyk 2013). For it is enough that these small-
est, indivisible, temporal, and spatial elements are below the threshold of our 
perception so that what has a discrete structure can create an impression of 
continuity.

The adoption of a discrete structure may raise doubts about its potential 
complexity. Could such a limited model cope with the variety of phenomena 
we observe in nature? Already the ancient apologists of atomism pointed in 
this context to the alphabet, which allows us to write any conceived content 
using a small set of characters. All the more, an innumerable set of atoms can 
produce the perceived richness of nature (see Lucretius 2001, p. 25). In the 20th 
century, Jorge Luis Borges described a library that would contain all possible 
to write books in a fixed format. The staggering number of volumes in this 
hypothetical collection, resulting from the combinatorial calculation,4 allowed 
the author to call this library the universe (Borges 1964). Even more complex 
is a high-resolution digital image composed of2 073 600 pixels (1920x1080), 
while each pixel can display 16 777 216 different colors (in the True Color stan-
dard). The number of all possible images created on such a matrix equals the 
unimaginable value of 16 777 2162 073 600 (Jernajczyk 2018, p. 216). Thus, it is 
clearly visible that even limited discrete structures make it possible to achieve 
complexity far beyond the limits of our imagination.

7	 The Limits of an Image 

We started our considerations with the most basic objects – a straight line 
and a point – and came to uncountably infinite sets. From an insight into the 
structure of a single section, in a few steps, we came to questions about the 
complexity of the entire universe. However, it should be remembered that at 
a certain stage, the possibilities of pictorially grasping abstract issues exhaust 
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themselves, and our experience-based intuitions do not withstand confronta-
tion with strict logical reasoning. Aporias, similar to those pointed out by Sex-
tus Empiricus in relation to the concept of a point structure of a straight line, 
are also revealed when analyzing other issues discussed in this article:
1.	 We know that dichotomous divisions of a section will never lead us to a 

dimensionless point. But, at the same time, if we take seriously the geomet-
ric principle of infinite divisibility of a line section, we cannot assume that, 
in this way, we could obtain the smallest indivisible parts of a section. This 
is because the possibility of reaching such parts would contradict the basic 
assumption of the accepted principle. Thus, neither a dimensionless point 
nor a spatial “atom” can be the effect of dichotomous divisions.

2.	 The method of indicating points by cutting a straight line, accepted by 
mathematicians, is incompatible with our intuitive understanding of the 
continuity of a straight line, which we identify rather with a certain cohe-
siveness and in no way with fragmentation. Although thanks to the cuts, 
we could theoretically indicate an infinite number of points on a straight 
line and consequently reconstruct the entire straight line from them, it 
seems absurd to say that a continuous straight line would consist only of 
cuts (Łukowski 2011, p. 179).

3.	 The definition of an infinite set was based on the principle of similarity, 
which is rooted in direct experience. However, the very concept of actual 
infinity eludes not only our intuitions but also scientific observations of 
nature. 

Figure 9.4 W. Gołuch, Infinite drawing, 2011
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Therefore, to avoid falling into all sorts of contradictions, it would be most rea-
sonable to agree that we cannot assume complete correspondence between 
the abstract constructions of mathematicians and direct experience, which 
includes both our perceptions and imaginations. Such a thought was expressed 
by Henri Poincaré, who stated that “the real mathematical continuum is quite 
different from that of the physicists and from that of the metaphysicians” 
(1905, p. 18).

Finally, it is worth considering the language and concepts we use to describe 
reality. When analyzing phenomena, we used to make sharp distinctions into 
what is continuous or discrete, single or plural, constant or variable, simple or 
complex. However, such extreme oppositions do not necessarily correspond to 
the objective properties of described things. This is because they may prove a 
simplified and selective way of perceiving reality, resulting from the deficien-
cies of our cognitive apparatus. Thus, they would point not so much to the 
features of the world itself but to the properties and limitations of its non- 
objective observers, which, after all, we are.

	 Notes

1	 A discussion of various proposals for solving this paradox can be found, for example, in: 
(Łukowski, 2011).

2	 Although the concept of the point structure of a straight line was already considered in 
antiquity, it was not widely accepted in mathematics and was also not part of the dominant 
trend in philosophy. A strict mathematical description of the point structure of a line (curve) 
was to appear only in Geometry by Descartes (Błaszczyk & Mrówka, 2014, p. v).

3	 It does not mean, of course, that we know precisely how many of these elements there are 
since there are infinitely many of them. Rather, it is about the same cardinality – a measure 
of the number of the set’s elements.

4	 251 312 000 (Jernajczyk, 2018, p. 215).
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CHAPTER 10

Simplifying Complexity
Copper(I) Complexes with Phosphines Derived from Peptides to Enhance 
Cancer Treatment

Urszula K. Komarnicka and Ewa Błaszczak

	 Abstract 

In the words of Paracelsus, “All things are poison, and nothing is without poison; but 
the dose makes it clear that a thing is not a poison”.1 This concept resonates deeply in 
the field of cancer treatment, where new chemicals hold promise for killing cancer 
cells. However, the complexity arises from their lack of selectivity, affecting healthy 
cells alongside cancerous ones. This non-specificity leads to numerous side effects 
that can severely diminish the patient’s quality of life. To address this issue, there is an 
urgent need for simple systems that can selectively target cancer cells. An approach 
that involves selective transport studies of chemotherapeutic agents is based on spe-
cific tumor cells’ properties, such as the overexpression of various receptors. Cancer 
cells can utilize these receptors to bind drug carriers like carbohydrates, proteins, or 
peptides. By linking peptides known to bind these receptors with, for instance, copper 
complexes, researchers aim to deliver therapeutic compounds selectively to tumors, 
inducing their demise. Recent studies have synthesized phosphine ligands along with 
copper(I) complexes. These compounds were evaluated for their cytotoxic effects on 
various cancer cell lines. In the studied cancer cells, they accumulated predominantly 
in mitochondria and nuclei. This accumulation led to the generation of reactive oxy-
gen species, a critical pathway contributing to their cytotoxic effects. Since cancer 
is a heterogeneous disease, the treatment landscape for cancer is complex and with 
challenges such as non-specificity, side effects, and drug resistance, the development 
of targeted delivery systems using peptide-linked copper complexes, or other organo-
metallic complexes represents a promising step towards more effective and selective 
cancer therapies.
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1	 Introduction 

Mortality from cancer may surpass that from cardiovascular diseases shortly. 
Approximately seven million people die from cancer each year, and it is esti-
mated that there will be more than 18 million new cancer cases annually by 
2025 (Siegel et al., 2021). Cancer, being a complex, heterogeneous disease is 
characterized by uncontrolled cell division. After primary tumor formation, 
cancer cells can further invade other tissues in the process termed metasta-
sis (the spread of cancer to other body parts) (Vogelstein & Kinzler, 2004). To 
date, chemotherapy remains one of the major approaches to treating cancer 
by delivering cytotoxic substances to the cells. However, conventional chemo-
therapy has many disadvantages, such as the inability to deliver the correct 
amount of drug directly to cancer cells without affecting ‘normal’ cells. Drug 
resistance, altered biodistribution, biotransformation, and drug clearance are 
also common problems (Kakde et al., 2011). Hence, targeted chemotherapy 
and drug delivery systems are emerging as powerful methods to address these 
challenges. Such an approach enables selective and efficient delivery of drugs 
to specific targets, such as overexpressed receptors on cancer cells, while min-
imizing exposure to ‘normal’ cells (Aina et al., 2002; Dorsam & Gutkind, 2007; 
Howl et al., 2007; Meng et al., 2012; Zhang et al., 2012). For instance, tumor cells 
often express growth receptors like VEGFR (vascular endothelial growth fac-
tor receptor) and EGFR (epidermal growth factor receptor) exclusively on their 
surface (Padró et al., 2002). Various carriers such as carbohydrates, proteins, 
or peptides can selectively bind to these receptors (Allen, 2002; Duncan et al., 
2005; Haag & Kratz, 2006; Hoskin & Ramamoorthy, 2008; Hynes, 1992; Janin, 
2003; Nazarenko et al., 2013; Vicent, 2007).

2	 Peptide-Mediated Delivery of Therapeutic Agents 

Peptide-mediated delivery of therapeutic agents can be categorized into three 
distinct classes: (a) homing peptides (HP s), which have no internalization 
properties and therefore only deliver their cargo to the cell surface; (b) pep-
tides that are linked to a cell-penetrating peptide (CPP), which enables cargo 
internalization via endocytosis or pore formation; and (c) cell-penetrating 
homing peptides (CPHP s), which can internalize without the aid of external 
agents. Several approaches for generating HP s with affinity for tissue-specific 
markers have been reported (Laakkonen & Vuorinen, 2010; Sugahara et al., 
2010). As our understanding of peptide functionality and therapeutic effects 
continues to advance, peptide-based treatments are expected to play a crucial 
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role in future therapeutic strategies. With ongoing research into the biological 
applications of polymeric materials, methods that involve peptide conjugation 
or physical encapsulation are likely to gain prominence in peptide delivery for 
both disease prevention and treatment (Du & Stenzel, 2014).

Numerous examples from the literature highlight peptide conjugates 
with organic therapeutics. Well-known anticancer drugs such as daunorubi-
cin, doxorubicin, methotrexate, fluorouracil, and paclitaxel are frequently 
linked to carriers such as peptides or proteins (Fuertes et al., 2003; Haag & 
Kratz, 2006; Hudecz et al., 2005). For instance, two peptides that have entered 
clinical trials from the third CPHP group are the tumor-homing peptide RGD 
(Arg-Gly-Asp; the first CPHP that has undergone Phase I and II, and Phase III 
trials have been initiated), and NGR peptide (Asn-Gly-Arg). The latter has been 
tested in Phase I and II trials, targeting human tumor necrosis factor (hTNF) 
and enhancing doxorubicin delivery for refractory or resistant solid tumors 
(Eskens et al., 2003; Lorusso et al., 2012; Zhou et al., 2022). RGD and NGR pep-
tide motifs selectively recognize integrins, i.e., proteins responsible for the 
growth, division, adhesion, and migration of cancer cells. These systems typ-
ically exhibit higher efficacy against tumor cells compared to ‘normal’ cells 
(Buckley et al., 1999; Majumdar & Siahaan, 2012; Sioud & Mobergslien, 2012;  
Zhu et al., 2020).

3	 The Complexity of Inorganic Compounds 

The compounds with transition metal ions offer vast opportunities for design-
ing new therapeutics, beyond the scope of organic chemistry. Metal ions exhibit 
a wide range of geometries, oxidation states, and coordination numbers, allow-
ing for precise tuning of their reactivity. Many transition metal compounds are 
being explored as alternatives to platinum-based chemotherapeutic agents. 
An interesting example of such complexes includes phosphine-diimine cop-
per(I) complexes, known for their robustness and diverse biological properties 
such as anticancer, antibacterial, antiviral, antifungal, and anti-inflammatory 
activities, making them promising candidates for therapeutic applications 
(Bhattacharjee et al., 2021; Bykowska et al., 2014, 2018; Guz-Regner et al., 2020; 
Komarnicka et al., 2016, 2020; Kyzioł et al., 2018). Furthermore, the strong 
bond between the phosphine ligand and copper(I) prevents its oxidation to 
copper(II), a finding supported by previous studies (Bhattacharjee et al., 2021; 
Guz-Regner et al., 2020; Manna et al., 2019). Additionally, phosphine ligands 
can be easily functionalized. Notably, aminomethylphosphines derived from 
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amino acids or prepared from highly water-soluble aliphatic secondary amines 
are promising for forming conjugates with a wide range of biomolecules 
(Komarnicka et al., 2015, 2018, 2021).

In Dr. Komarnicka’s group, a series of stable iodide or thiocyanate copper(I) 
complexes with phosphine ligands derived from fluoroquinolone antibiotics 
such as ciprofloxacin (HCp), norfloxacin (HNr), lomefloxacin (HLm), and spar-
floxacin (HSf) (Figure 10.1) have been synthesized and their physicochemical 
properties and biological activity have been characterized (Komarnicka et al., 
2018, 2020, 2021).

To date, it has been shown that copper(I) complexes with phosphine-fluoro-
quinolone conjugates exhibit much higher cytotoxic activity than unmodified 
fluoroquinolone antibiotics, their phosphine derivatives, and even the well-
known anticancer drug cisplatin (Figure 10.1). These same copper(I) inorganic 
compounds can induce apoptosis predominantly, regardless of cell type and 
incubation time. Additionally, electrochemical studies revealed that copper 
complexes with phosphine ligands derived from fluoroquinolone antibiotics 
could generate reactive oxygen species (ROS), as confirmed in cell culture exper-
iments. The copper(I) complexes’ anticancer activity is attributed to their inter-
actions with DNA, causing breaks in the sugar-phosphate backbone and redox 
reactivity associated with ROS generation. Unfortunately, these compounds 
were toxic to ‘normal’ cells (Bykowska et al., 2018; Komarnicka et al., 2016, 
2018, 2020, 2021). However, after encapsulation in liposomes, the water solu-
bility and therapeutic index of the copper(I) complexes significantly increased  

Figure 10.1 �Copper(I) complexes with phosphines derived from fluoroquinolones
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(Kyzioł et al., 2018). It has also been proven that the cytotoxic effect of the 
described Cu(I) coordination compounds with derivatives of fluoroquinolones 
is dependent on the type of antibiotic. The absence of a methyl group on the pip-
erazine ring and the presence of fluorine atoms in fluoroquinolone structures 
may contribute to the increased activity. Unfortunately, the high toxicity of these 
complexes has been a significant challenge (Bykowska et al., 2014; Komarnicka  
et al., 2020).

To reduce high toxicity towards ‘normal’ cell lines, antibiotic molecules 
were replaced with the water-soluble, simple, small, and inexpensive dipep-
tide motif Sar-Gly (HSG; Figure 10.2). It is worth mentioning that 11C-glycylsar-
cosine (11C-Gly-Sar) has been reported as a PET tracer, which can target H+/
peptide transporters (PEPT s) functionally expressed in some human cancer 
cell lines. Additionally, these peptides offer well-known advantages as drugs, 
including specificity, potency, and low toxicity (Komarnicka et al., 2018,  
2020, 2021).

Dr. Komarnicka’s group also synthesized the diphenylphosphinomethyl 
derivative (P(CH2SG)Ph2; PSG), its oxide (OP(CH2SG)Ph2; OPSG), and the cor-
responding copper(I) complex (1-PSG) with the phosphine-peptide con-
jugate (PSG) (Figure 10.3). Additionally, they obtained a new starting salt 
(p-OCH3-Ph)2P(CH2OH)2Cl(MPOHC), the derived phosphine ligands P(p-OCH3-
Ph)2-CH2-OH (MPOH) and P(p-OCH3-Ph)2-CH2-SarGly-OH (MPSG), and the 
corresponding copper(I) complexes [Cu(I)(dmp)MPOH] (1-MPOH) and [Cu(I)
(dmp)PSG] (1-MPSG) (Figure 10.3). The intention was to increase the cytotox-
icity of the copper(I) complexes with the phosphine-peptide conjugate by 
introducing an –OCH3 group into the phosphine phenyl rings of P(p-OCH3-
Ph)2-CH2-SarGly-OH (MPSG). It is well known that substitution at the 4-posi-
tion of the phenyl ring can significantly enhance the cytotoxicity of several 
therapeutics (Komarnicka et al., 2018, 2020, 2021).

Figure 10.2 �Copper(I) complexes with different phosphine ligands (differences highlighted 
with a circle; description in text)
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Figure 10.3 �Schematic route of phosphine ligands with and without peptide, as well as 
copper(I) complex with phosphine ligands

4	 The Biological Assessment of Synthesized Complexes 

The cytotoxic activity of all presented organic and inorganic compounds, 
as well as cisplatin, was tested against several cancer cell lines: mouse colon 
carcinoma (CT26), human lung adenocarcinoma (A549), human breast ade-
nocarcinoma (MCF7), human pancreatic cancer (PANC-1), and human pros-
tate cancer (DU-145). Additionally, it was tested against several ‘normal’ cell 
lines: primary human pulmonary fibroblasts (MRC-5), human embryonic 
kidney (HEK293T), and human keratinocyte (HaCat). The obtained results 
indicate that the presence of –OCH3 groups in the phenyl rings of the phos-
phine significantly increased the cytotoxic activity of the 1-MPOH and 1-MPSG 
complexes compared to 1-POH and 1-PSG complexes against the selected 
human cancer cell lines (MCF7, PANC-1, and DU-145) (Komarnicka et al., 2018,  
2020, 2021).
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A detailed study elucidated that complex 1-PSG accumulates significantly 
within MCF7 cancer cells, enhancing its cytotoxicity. Importantly, it was demon-
strated that intracellular accumulation of 1-PSG was much higher in cancer cells 
compared to ‘normal’ cells. The attachment of the dipeptide Sar-Gly to the cyto-
toxic copper(I) complex via the phosphine motif increased the selectivity of 
this inorganic compound. Furthermore, 1-PSG induced apoptotic cell death in 
MCF7 cells, accompanied by a decrease in mitochondrial membrane potential 
and an increase in caspase-9 and caspase-3 activity. The complexes’ ability to 
generate reactive oxygen species (ROS) in cells was also examined, confirming 
oxidative DNA damage (Figure 10.4) (Komarnicka et al., 2018, 2020, 2021).

We have begun exploring the antitumor potential of a new class of copper(I) 
complexes containing a diimine (dmp) and phosphine ligands P(p-OCH3-
Ph)2CH2OH and P(p-OCH3-Ph)2CH2SarGly, which feature an –OCH3 group in 
the phenyl rings and the Sar-Gly peptide motif. The steric and electronic prop-
erties of the –OCH3 group significantly influence the cytotoxic activity of these 
copper(I) complexes. Interestingly, the copper complex 1-MPSG exhibited 
increased cytotoxicity against MCF7, PANC-1, and DU-145 cell lines, while show-
ing reduced cytotoxicity against CT26 and 7649 tumor cell lines. This suggests 

Figure 10.4 �Schematic mechanism of cytotoxic action of copper(I) complexes with  
phosphine-peptide conjugate



114� Komarnicka and Błaszczak

activation of different mechanisms compared to the analogous complex 1-PSG 
lacking the –OCH3 motif on the phenyl ring. Importantly, the presence of both 
the Sar-Gly peptide motif and methoxy groups in the structure of copper(I) 
compound 1-MPSG resulted in high specificity and selectivity for MCF7, PANC-1, 
and DU-145 cell lines. Therefore, 1-MPSG can be considered the lead compound 
among all studied complexes due to its potent cytotoxic action, characterized 
by both high specificity and selectivity. Its notable activity is associated with 
multimodal interactions with DNA, primarily involving groove binding (Byko-
wska et al., 2018; Komarnicka et al., 2016, 2018, 2020, 2021).

5	 Conclusions 

This chapter presents a simple concept of using copper(I) complexes and the 
complex nature of their derivation and application in cancer treatment. It is 
evident that substituting fluoroquinolone molecules in copper(I) complexes 
with a simple, lipophilic peptide molecule (Sar-Gly) markedly reduces the tox-
icity of copper(I) complexes towards ‘normal’ cells while enhancing their cyto-
toxicity against cancer cells. This design strategy, involving cytotoxic copper(I) 
complexes with peptides attached via a phosphine linker, holds considerable 
promise for anticancer therapy.

Cancer is a complex and heterogeneous disease, necessitating therapies 
that simplify patients’ lives by reducing side effects. The development of tar-
geted metal complexes, with increased specificity, represents a step towards 
achieving this goal, offering a more selective approach that minimizes harm to 
healthy tissues while effectively combating cancer cells. Notably, metal com-
plexes have shown promise by inducing cancer cell death mechanisms, such 
as, for instance, ferroptosis (Dixon et al., 2012; Dixon & Pratt, 2023). Further 
exploration of these diverse mechanisms broadens the potential avenues for 
innovative treatments. What is more, future research in this direction holds 
promise for refining therapies, enhancing cancer treatment strategies, and 
improving patient outcomes.
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CHAPTER 11

The Complexity of the New Media

Katarzyna Kopecka-Piech

	 Abstract

This paper presents three levels of complexity with regard to the new media: method-
ological complexity, analytical complexity, and complexity of communication prac-
tice. The first of these refers to the diversity and hybridisation of research approaches. 
The second encompasses direct complexity (the application of complex systems the-
ory) and indirect complexity (breaking the analysis down into small elements that fit 
various systems). The third, complexity of communication practice, is analysed using 
an example that illustrates its productive application. One of the research outcomes 
pertaining to this is the impact that the complexity of the new media has had on the 
nature of media studies.

	 Keywords 

new media – media and communication studies – complexity – research methodology

1	 New Media Are Complex

Today, new media are considered digital communication technologies. In the 
past, however, new media was understood to be any channel or platform of 
communication that introduced a qualitatively significant change. Since the 
spread of the Internet, new media has also been identified with the Internet 
itself. Regardless of the definition, the spread of the new media implies signifi-
cant transformations at all stages and levels of communication.

The advances in the area of new media have brought about a time of multi-
level convergence, hybridisation of the communication practice, and con-
sequently more intricate research methods. New media are complex. At the 
macro level, they have a network structure, at the meso level they are char-
acterised by structural complexity and at the micro level they are bound by 
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the diversity of affordances (Hopkins, 2020) and content. This has many con-
sequences. Firstly, monomedia practice is no longer commonplace although 
it still exists. The media now create a converging environment, in which the 
user is immersed. The users live their lives in media and not only with media 
(Deuze, 2012). This not only refers to the classic broadcaster or producer but 
even more so to the recipient or the consumer. Secondly, from the research 
perspective, the analysis escapes mono-disciplinary and mono-methodology 
approaches. The nature of the media and the consequences of its existence are 
too multi-faceted to be explained simply by looking at them from a single per-
spective and applying classic tools. New media call for multi-faceted research 
with regard to the disciplines, methodology, methods and theory as well as to 
day-to-day analytical activities. To research media is to live with the media and 
there are certain consequences to that. 

This study aims to present three aspects of the new media complexity, 
which have been ordered by the level at which the media reality is per-
ceived. It begins with the meta-level of perceiving the world, then moves 
to analytical structures and ends with communication practice. Firstly, this 
study points to methodological complexity, which on the one hand refers 
to the diversity of ways of looking at the same issue and the criss-crossing 
of various approaches, which brings about the emergence of a new dis-
cipline, or rather trans-discipline. Research into new media contributes 
much more greatly to the multidisciplinary character of media and com-
munication studies than research into traditional media. Secondly, this 
study describes the complexity of research into new media resulting from 
their network and algorithmic structure, language and clear distinctive-
ness. Finally, the complexity of the new media communication practice is 
analysed. How is the era of linear monothematic and often single-authored 
communication through words, pictures and sound coming to an end? 
What consequences does it cause? This paper highlights the emergence of 
a new (pre‑)paradigm.

2	 Methodological Complexity 

A handbook might be considered a type of publication, which as a compen-
dium of knowledge, embraces the most relevant issues regarding its subject 
and so gives the reader an overview of a given subject. Even a perfunctory 
look through handbooks on new media makes one realise the complexity 
of the nature of those media and of their tendency to become even more 
complex (particularly through hybridity and convergence). This trend by 
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representatives of multiple disciplines can be illustrated by the evolution of 
new media handbooks.

We can start with Andrew Dewdney and Peter Ride’s 2014 The Digital Media 
Handbook, which is an update on 2006 The New Media Handbook. The change 
in the title itself is significant: it is hard to talk of new media when the old 
and new media have become converged. The handbook exclusively discusses 
digital media but it is worth noting that convergence also applies to analogue 
media, such as the press. The first version of the handbook had four chapters: 
Frames of New Media, New Media Practice, Forms of New Media (including such 
issues as the interface, interactivity and code) and New Media Theory and Prac-
tice (which only included four pages on convergence). The 2014 version has five 
chapters: Networks, Convergent Media, Creative Industries, Digital Media, Media 
Histories and Theories. In only a few years, the media reached a new stage of 
development which resulted in a complete shift in analytical perspective. It is 
this media complexity that now has the most significance – its network struc-
ture and convergence on various levels (whether economic, technological or 
cultural) and interdisciplinary phenomena, such as the expansion of creative 
industries. The media are no longer a synonym for a broadcaster (which was 
the case in classic media concepts, e.g. the role of television). The media are an 
environment in which producers and consumers, or prosumers (Toffler, 1997) 
and producing users (produsers) (Burns, 2008) operate.1

Let us now look at a handbook published a dozen years later, the 2021 Rout-
ledge Handbook of Digital Media and Communication edited by Leah Lievrouw 
and Brian Loader. The table of contents covers 27 chapters in a three-part 
framework: Artifacts, Practices and Arrangements. What we are confronted 
with in attempting this synthesis of key themes, topics and issues is an enor-
mous dispersion and diversity of levels of understanding and analysis. From 
issues emphasising technology (specific infrastructures, mobile media, social 
media), through the main categories characterising contemporary new media 
(big data and algorithms, ubiquity, surveillance, hybridity, mediatization, glo-
balization), to key new media practices (hacking, archiving, identity building) 
and their contexts (democracy, economics and finance, technology, war, gov-
ernment, the public sphere). Understanding new media nowadays requires an 
intersection of orders and a truly interdisciplinary reflection.

There are many indications that the next iterations of technological inno-
vations, such as artificial intelligence, will further expand and fragment new 
media discourse. But at the same time, such a complex phenomenon as new 
media cannot be researched in a single-track fashion as this would result in 
an incomplete explanation of the situation. It is becoming increasingly com-
mon for representatives of multiple disciplines to research one issue (such 
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as privacy and surveillance on the web, blurring distinctions between free 
time and work online, etc.) and confront the results, or for single research-
ers to carry out interdisciplinary projects. The key to media research com-
plexity is the search for new theories and concepts from diverse disciplines, 
which would be applicable in the research into a given issue. Just as mathe-
matic theories were used in the past to create communication models,2 today 
informatics is used to explain the specificity of new media. New media cause 
media studies to branch out in many different directions. Their technological 
background as well as cultural, social, political and economic significance are 
related to notions from such fields of study as psychology, education or linguis-
tics (to name only a few disciplines, which are significant for media studies). 
Formally, in countries such as Poland, it makes media studies a multidiscipline 
or an inter-discipline, which has certain administrative and legal implications 
(Jabłonowski & Gackowski, 2012).

The methodological complexity not only refers to the diversity of dis-
ciplines and research perspectives but also to the very theory of media and 
communication studies. Media studies are of hybrid-like as its history and 
tradition were born at the crossroads between science and the humanities. 
The methodology of new media research is an example of an interdisciplinary 
methodology. It applies IT terminology, humanist, social and economic the-
ory, artistic visualisations as well as quantitative and qualitative methods and 
tools. There are many examples of interdisciplinary methodologies, i.e. Lev 
Manovich’s approach (2006) incorporating elements of poetics, film studies 
and IT; or Henry Jenkins’ (2006), which combines sociology, marketing and 
culture studies. We can therefore claim that due to the application of the com-
plex systems theory, the new media methodology and theory are in themselves 
complex systems which, due to the nature of the research subject, are in a state 
of perpetual emergence, balancing between order and chaos.

3	 Analytical Complexity  

We consider analytical complexity as being indirect or direct. Indirect analyt-
ical complexity means the necessity to ‘break down’ a new medium to basic 
elements and factors for an in-depth analysis of its structure, functionalities, 
content and the impact coming from all those elements melting together. This 
also refers to the examination of processes, such as the production/creation 
and consumption/use of media, which are two basic, but not only, media 
processes. These processes are of a multi-stage character and depending 
on the assumed strategy and the model of value generation they are linear, 
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non-continuous or network-like.3 The multitude of concepts, terminologies 
and in particular typologies, makes it hard to reach a consensus on the termi-
nology and analytical categories to be used. It is particularly the emergence of 
new media phenomena that results in new proposals being put forth.

The analytical complexity results directly from the complex nature of the 
media. On the one hand, a digital medium is a technology with a physical side 
(such as hardware and infrastructure) and a virtual side (such as the interface, 
software and content); on the other, it is a cultural artefact, but it may also be 
treated as an institution, organisation, consumer product, social environment, 
living space, etc. Depending on the notion being examined, different analytical 
categories will be applied but their specificity will remain similar. It is impos-
sible to run an analysis without combining what used to be separate orders. 
Research of new media users analyses produsage (productive usage) (Bruns 
2008), which is an analysis, blending elements of economics (production) and 
technology (usage); or work through play (playbour) (Kücklich, 2005). ‘Clear-
cut’ analytical categories no longer reflect contemporary reality and fail to 
grasp the complexity of new media.

Analytical complexity may also be direct and mean the direct application of 
the complex systems theory, regarding for instance networks. Network theo-
ries perfectly match the specificity of contemporary media. The network struc-
ture is heterarchical (Kontopoulos, 1993). Unlike the hierarchy, the lower levels 
do not contain themselves within the higher levels but intersect with them. 
This is what networks, including communication networks, do. They connect 
the different levels giving flexibility to the whole (Van Dijk, 2006). Such is the 
network structure of e.g. content flow, the presence of media personalities or 
marketing relations between organisations. Additionally, all those networks 
create more complex networks of metarelations.

This makes network tools applied in media and communication studies jus-
tified and effective. Communication studies research stresses the significance 
of interpersonal networks for shaping opinions and relations between social 
networks and so-called mass media. What contributed to the growing interest 
in network phenomena has undoubtedly been the development of computer 
networks. Media and communication studies use the classic network analy-
sis, which focussed on relations between people and market entities although 
it may also be used to analyse relations between IT texts (Schenk, 1995; after: 
Quandt, 2008). The application of network theories for Internet studies seems 
obvious. We have observed illustrating the structure (‘the appearance’) of the 
internet with graphs and sociological studies, including social network analy-
sis, on relations in social media or strict media studies, e.g., research of media 
contents (Kopecka-Piech, 2011, 2013). During the last decade many IT-based 



124� Kopecka-Piech

methods and tools have been developed opening up an unlimited field of 
research not only into the structures of the network, nodes and relations but 
above all into its consequences. Nowadays it is difficult to imagine modern  
media and communication studies without the analysis of big data flow and 
its relationship with communicative actors, which include human and non- 
human subjects. The situation is becoming increasingly complicated putting 
posing the question and the limits of media studies.

While indirect analytical complexity is inevitable and its inclusion seems 
to be a necessity, direct complexity is a matter of choice and like stripping 
each methodology, causes certain effects. Limiting oneself to network analy-
sis involves all kinds of constraints. Network analysis focuses on connections 
and not on what caused a particular configuration and hence needs to be sup-
plemented with another perspective. This is where the issue of the necessary 
methodological complexity returns. A network is a special diagram providing 
topological information on the connected nodes, rather than information 
regarding them (Berry 2008). According to Beery (2008), networks favor syn-
chronous perception at the expense of diachronic perception, level the impor-
tance of the past in favor of the present, and further accentuate what is in the 
network, i.e., what is connected, while somewhat ignoring what is outside the 
network, what is disconnected.

4	 The Complexity of Communication Practice 

New (and traditional) media form networks, not only in the form of the hyper-
textual construction of the Internet but also as network structures shaped by 
the flow of content and discursive, marketing and market practices (Kopecka- 
Piech, 2013). Network formation is an essential form of the cooperation  
strategy, image building carried out by media organisations and – in the era of 
hybridity and datafication (Meijas & Couldry, 2019) – creation and distribution 
of data and content. For professional creators of media content, this means 
converged practices while for the user ‘reception’ becomes a multi-platform, 
transmedia, and often multi-purpose and simultaneous experience (reading, 
listening and watching different media happens (virtually or actually) simulta-
neously, while creating one’s content is a common activity, whether additional 
or primary) (Kopecka-Piech, 2011).

The aforementioned produsage is a good example to illustrate the complex-
ity of communication practices, which requires the application of comprehen-
sive analysis for its research. A good case in point are social media. They are 
means of communication between users as well as a marketing tool, which 
may be applied to such operations as building a brand. A distinctive way of 
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categorising content on social media is the hashtag (#). Aggregating content 
makes it easier to reach the users interested in the subject and increases the 
number of recipients of the content created by the user.

What does productive usage look like for social media users? Let’s take the 
example of Instagram to illustrate this. After downloading the application, the 
user can view the content created by their (added) friends or strangers dissem-
inating their content, including owners of brands, products, services, etc. Pro-
ductive usage already happens at this stage: by viewing content, commenting 
and clicking on the heart icon to show approval the user participates in the 
complex, and in a way ‘massive’ act of producing a platform that is a source of 
income for its owners (e.g., through advertising). Actions taken by ‘ordinary’ 
users are also beneficial to brand owners. This stage and this aspect call for 
research involving such fields of study as economics, management (particu-
larly marketing), sociology, culture studies and sometimes also linguistics and 
psychology. To obtain a complete picture, it should encompass an analysis of 
its technical, textual and visual layer, as well as research into the social, cultural 
and economic significance of the users’ activity.

Noticeably, a more advanced form of productive usage is the creation of 
content. This process is technologically complex because in addition to the 
basic ability to operate the smartphone or tablet (downloading and launching 
the application, using mobile internet, etc.) it requires the user to operate the 
pre-installed camera. To create a message, the user first needs to take a photo 
or make a video, then edit it using available filters, name it and tag the con-
tents. Next, the user may add their location (using the GPS), pinning the photo 
to a place on the map and giving it a geographical aspect. Later, the user may 
tag their friends (to be recognised by other users) and publish the post on Ins-
tagram and possibly elsewhere. At this stage, the user’s activity enters the more 
complex dimension of the interconnectedness of applications. The post may 
be also published on Facebook or X (former Twitter) and then, using the share 
feature, be included in the content ‘created’ by other users.

This exemplifies the network structure of online businesses, relations and 
technological links as well as the practice of stimulating consumption (or 
more precisely, prosumption) and building one’s image through individual 
profiles. The content loses some of its single-authored characters and becomes 
more multi-authored, or even public. Research into this type of phenomenon 
is highly complex as it goes beyond the world of applications, the internet and 
other new media and into the user’s living space, public and business sphere, 
etc. It is then that the effects and consequences of a particular structure and 
content are revealed. If a user starts to run their profile as a business, the 
content is no longer spontaneously created but becomes a methodical strat-
egy. The trend of influencers forming opinions is growing, which has greatly 
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redefined traditional sources of information and led to the emergence of the 
social media opinion leaders, so-called influencers. This shows how layers of 
media technologies, contents and activities overlap and form a variety of net-
works. The main outcome of this is the emergence of a new communication 
paradigm, or preparadigm, of multi-layered, multi-directional, non-linear, 
multi-authored and multi-purpose communication.

5	 Complexity, Hybridisation, Dynamisation  

The complexity of new media can therefore be considered widespread and 
present in many areas of their operation. It is accompanied by a multidimen-
sional hybridisation of both the technology itself (between the online and offline 
worlds, materiality and virtuality) and various aspects of users’ lives. It is increas-
ingly based on balancing processes involving mediated human-to-human com-
munication, human-to-machine communication, and communication with or 
based on artificial intelligence, increasingly becoming the communicative actor.

The activity is complex and complicated by nature, which does not nec-
essarily entail difficulties in its implementation. Communication tools are 
becoming more and more intuitive and suited to people’s needs and senses. 
Touch screens on smartphones, for example, have activated the sense of touch 
much more than hearing and sight. Moreover, new media are undergoing 
permanent dynamic transformation, perpetual evolution. This leads the way 
towards ever greater possibilities and means, e.g. at the technical level, grow-
ing complexity, but on the user’s level more intuitiveness and adaptation to 
a wider range of users’ daily activities. This offers great opportunities, but at 
the same time poses many ethical, ideological and political challenges. The 
nature of new media calls for a complex research methodology and tools from 
other disciplines and theories to fit the new areas of life being embraced by 
new omnipresent media, increasingly based on artificial intelligence. Conse-
quently, media and communication studies will also evolve in new directions, 
resulting permanently in new, evolving (pre-)paradigms.

	 Notes

1	 More on hybrid roles of media users in: K. Kopecka-Piech, 2014.
2	 A classic example is Shanon and Weaver’s model.
3	 Asle Rolland (2009) indicates three strategies of value generation: chain, network and 

shop. 
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CHAPTER 12

The Simplicity and Complexity of Philosophical 
Discourse
Two Different Ways of Reasoning about the Stoic Postulate of Premeditation 
of Evils (Praemeditatio malorum)

Marek Krajewski

	 Abstract

Stoic philosophers (Epictetus, Seneca, Marcus Aurelius, and others) regarded the strat-
egy of premeditatedly brooding on the evil that might befall us, “premeditation of 
evils” (praemeditatio malorum), as one of the ways of safeguarding ourselves against 
evil. Before misfortune strikes – they postulated – imagine it clearly with all its details, 
and then it will be less destructive. In this work, the author presents two methodolog-
ically different ways of justifying the postulate of praemeditatio malorum: a literary- 
persuasive and an analytical one. Both of them are characterized by their simplicity, 
but that very term, in each of these approaches, has a different meaning when taken on 
its own. In the first instance, simplicity means “ease of understanding a philosophical 
text”, whereas in the second it designates “stylistic asceticism”. Which simplicity should 
we choose? Each of the two approaches has its shortcomings: readily understandable 
reasoning is not always the same as logically coherent stylistic asceticism, while a dry, 
quasi-mathematical style limits the potential number of readers a text may have. The 
author, despite all his own objections, implicitly supports the second method.

	 Keywords

stoic philosophy – premeditation of evils – logical agrumentation 

I will present and compare two contemporary ways of reasoning of the Stoic 
postulate of premeditation of evils. One of them by P. Stankiewicz (2014, pp. 
219–235) is of literary-persuasive nature, and the other one (my own) – is an 
attempt at analytical reasoning. I will show the advantages and disadvantages 
of each argumentation separately in the context of the theme question of 
this volume that is complexity and simplicity. I will analyze the meaning of 
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two nominal groups, namely the complexity of the philosophical text and the 
simplicity of the philosophical text. By “simplicity” in this article, I understand 
“the easiness of understanding a philosophical text”, whereas by “complexity” I 
understand “the difficulty in understanding a philosophical text”. I will answer 
the following question: which way of reasoning (literary-persuasive or analytical) 
is simpler/more complex and I will show the price of that simplicity/complexity.

1	 The Premeditation of Evils in Stoic Philosophy 

Ancient Stoic philosophers put ethics at the center of their interests. They 
understood it as theoretical science about “what happiness is” and as “the art 
of living”. They believed that it indicated “by what means it [happiness M.K.] 
can be achieved” (Reale, 2010, p. 394).

In that second practical understanding ethics became a set of advice, didac-
tical examples and spiritual exercises, presented to all those who wanted to 
live happily. One of those exercises was daily meditation which consisted of 
imagining various (also negative) life events. Amongst others, its aim was to 
prepare yourself for “the moment when unexpected circumstances occur, 
maybe dramatic ones” (Hadot, 2003, p. 20).

That was the premeditation of evils (praemeditatio malorum; hereinafter I 
will use the PM abbreviation) recommended by Stoics in order to avoid surprise 
and face difficult situations (Hadot, 2003, p. 148). Let that mental exercise be 
characterized now by one of the most renowned Roman Stoics Lucius Annaeus 
Seneca (Moral Letters to Lucilius 91, 3–4. 8; in: Seneca, 1961, pp. 435–437):

for it is the unexpected  that puts the heaviest load upon us. Strangeness 
adds to the weight of calamities, and every mortal feels the greater pain 
as a result of that which also brings surprise. Therefore, nothing ought 
to be unexpected by us. Our minds should be sent forward in advance to 
meet all problems, and we should consider, not what is wont to happen, 
but what can happen [...] Exile, the torture of disease, wars, shipwreck, 
– we must think on these [...] Let us place before our eyes in its entirety 
the nature of man’s lot, and if we would not be overwhelmed, or even 
dazed, by those unwonted evils, as if they were novel, let us summon to 
our minds beforehand, not as great an evil as oftentimes happens, but the 
very greatest evil that possibly can happen. We must reflect upon fortune 
fully and completely.  (http://www.stoics.com/seneca_epistles_book_ 
2.html. Translated by Richard M. Gummere)

http://www.stoics.com/seneca_epistles_book_2.html
http://www.stoics.com/seneca_epistles_book_2.html
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The result is the feeling of mental power and bravery (Seneka, On Anger 3, 37, 
3; in: Seneka, 1989, p. 388):

Make up your mind that there are many things which you must bear. Is 
any one surprised that he is cold in winter? That he is sick at sea? That he 
is jolted about on the highroad? The mind will meet bravely everything 
for which it has been prepared. (http://www.stoics.com/seneca_essays_
book_1.html#ANGER1. Translated by John W. Basore)

Along with the renaissance of the stoicism of which we are witnesses (com-
pare Becker, 1999; Irvine, 2009, 2013; Fabjański, 2010, 2014; Mazur, 2010, 2014; 
Stankiewicz, 2014), it is desirable, in my opinion, to provide a convincing sub-
stantiation of PM as an appropriate strategy of conduct in everyday life.

That burning need comes from the fact that PM in a natural way contradicts 
the view very popular since the 50s and still advocated on the effectiveness 
of the power of positive thinking – which is the title of a famous psychological 
self-help book by Pastor Norman Vincent Peale. Necessarily, argumentation 
in favor of PM has to take into consideration the main theses of the support-
ers of the competitive idea of positive thinking (which I call here ‘imagined 
premeditation of fortunate events’, praemeditatio bonorum, abbreviated  
to PB).

2	 Literary-Persuasive Substantiation of PM 

The book by P. Stankiewicz (2014) has features of a psychological-philosoph-
ical handbook and it is written in a style adequate for the aim which was for-
mulated expressis verbis in its very beginning: “The book you are holding in 
your hands has a simple yet ambitious aim: to teach you how to live happily” 
(Stankiewicz, 2014, p. 5).

That clear declaration in the Introduction suggests that the reader will, later 
on, be educated and essentially encouraged to carry out appropriate conduct. 
And it actually is that way. The author consistently tends to convince the reader 
about the benefits which come from a stoical way of life and one of the means 
leading to that is subsequent persuasion given in a brilliant, literary form, full 
of various rhetorical tricks. That is why the substantiation of P. Stankiewicz I 
call “literary-persuasive”.

The philosopher devotes an entire chapter to the issue of PM which he 
calls “premeditation of evils” (Stankiewicz, 2014, pp. 219–235). Due to the to 

http://www.stoics.com/seneca_essays_book_1.html#ANGER1
http://www.stoics.com/seneca_essays_book_1.html#ANGER1
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the space limitations, I do not quote the whole text by P. Stankiewicz but I 
limit myself to presenting an argumentation outline (see more on that topic in  
Kisielewicz, 2014, pp. 172–191), presented in schematic narration. It is divided 
into theses (sometimes supported by additional presuppositions) which 
are followed by arguments supporting the theses. Stankiewicz also presents 
anti-theses and counter-arguments by which these anti-theses are overturned. 
The outline is as follows.

Thesis I: We have to foresee each evil or a worse variant of a possible situa-
tion (for example in a ‘win-lose’ situation I chose the second variant, amongst 
many variants I chose the worst one) because

Six arguments to support Thesis I:
1.	 we will not be surprised by evil,
2.	 we will ‘disarm’ evil in advance,
3.	 surprise may only be positive (a black scenario will either come true and 

we will avoid the surprise or it will not come true and we will be pleas-
antly surprised),

4.	 we will avoid the feeling of biting uncertainty and the pain of awaiting 
the finale,

5.	 PM is a passive defense against the predominating forces of fate and 
defense is more effective if we are ready for attack (Additional presump-
tion: life is a battle, the favorite metaphor of ancient stoics), and

6.	 PM is an active defense against the predominating forces of fate, and the 
defense is more effective if we exercise in it often and we use it preven-
tively (Additional presumption: life is a battle; see above).  

Additional thesis I: You should imagine only painful and only probable evil 
because:

Two arguments supporting the additional thesis I:
1.	 it is impossible to imagine all possibilities,
2.	 an unlike (of small likelihood) event does not really worry us that much, 

and if we do not worry in advance that PM will not work ex definitione.  

Additional thesis II: We imagine misfortune by visualizing them ‘concretely and 
in detail’ because only then PM will work.

Additional thesis II is not substantiated by any arguments.
Sub-thesis of the Additional thesis II: The effectiveness of PM is directly propor-
tional to the efforts of imagination.

Sub-thesis of the Additional thesis II is not substantiated by any arguments.
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Additional thesis III: PM also means creating emergency plans (I call it 
‘chess-player’s strategy’). Chess-player’s strategy is effective.

Additional thesis III is not substantiated by any arguments.
Anti-thesis I: PM is being a doomsayer and a pessimist, which infests our lives 
and is an excessive cost of PM.

Argument overthrowing anti-thesis I: being a doomsayer is different than PM 
in (1) the aim (a doomsayer is sad just to be sad and a stoic is sad for mental 
exercise), (2) control (a doomsayer on the contrary to a stoic does not control 
sadness), and (3) time scale of deliberations (a doomsayer unlike a stoic, does 
often, all the time, and one bad projection is driven by another).
Anti-thesis II: PM is ‘speaking of the devil’ and a bad projection can come true.

Argument overthrowing anti-thesis II: There’s no cause-and-effect relation-
ship between the projection and the actual, projected event happening.
Anti-thesis III: If I a misfortune will happen for sure, all I have left is waiting for 
death.

Argument overthrowing anti-thesis III: That belief is a caricature. PM does not 
cancel the rule of rational planning in accordance with the rules of probability. 
If the probability of a positive event is overwhelming, we plan our moves accord-
ingly to that potential positive event, however, we have to remember all the time 
(although without a lot of worries) about its less probable (negative) alternative.
Anti-thesis IV: There are misfortunes of such slight probability that foreseeing 
them in accordance with Additional thesis I is a mistake. Nevertheless, when 
they do happen, we are right to blame PM and we decide that PM has some gaps.

Argument overthrowing anti-thesis IV: Despite everything, let us not forget 
about less probable misfortunes (for example tsunami). It is better than being 
an incurable optimist anyway.  

Piotr Stankiewicz did not avoid two lapses.
First of all, he assumed that in the fifth and the sixth argument for the thesis 

I is an additional presumption (life is a battle) which is very disputable. (What 
justifies it apart from phrasal tradition?). The author supported it only with the 
argument of the particular attachment of the ancient stoics to military meta-
phors (Stankiewicz, 2014, p. 227). That is a typical argument of ipse dixit type.

Secondly, he left his two additional theses (the additional thesis II and the 
additional thesis III) without substantiation.

He did not explain (additional thesis II) why we should “visualize concretely 
and in detail” our potential misfortunes (Stankiewicz, 2014, p. 224). That thesis 
is only supported by the subthesis of the additional thesis II which says: “the 
more  we force our imagination the more effectively we will premeditate the 
misfortune” (Stankiewicz, 2014, p. 224). Once more, that subthesis is left with-
out substantiation.
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The thesis about the chess-player’s strategy is also not supported by any 
argumentation (additional thesis III) unless – following the rule of kindness 
(see Kisielewicz, 2014, pp. 174–176) – I accept that it is a particular case of PM 
and should be added to Thesis I, which then would be more complete:

Thesis I completed: We have to foresee or plan (like a chess-player) each evil 
event or a worse variant of a possible situation (for example in a situation “I 
win–I lose” I chose the second variant).

P. Stankiewicz also did not manage to avoid contradictions between addi-
tional thesis I (we do not take into consideration misfortunes of little possibil-
ity) and the argument overthrowing anti-thesis IV (remember about misfortunes 
of little possibility). The contradiction consists of postulates which preclude 
one another and refer to implausible events (of little plausibility). On the one 
hand, he postulates to not include such events in PM for two reasons

	– it is hard to foresee them (the first argument supporting additional thesis I) 
(Stankiewicz, 2014, p. 223),

	– they do not start the mechanism of PM (the first argument supporting 
additional thesis I) (Stankiewicz, 2014, p. 225), 

and at the same time he states that you mustn’t forget about misfortunes of lit-
tle plausibility (argument overthrowing anti-thesis IV) so despite of everything 
–also in spite of the above two reasons! – these improbable (of little probabil-
ity) events should be included in the PM because it is better than being and 
incurable optimist (Stankiewicz, 2014, pp. 234–235).

The remaining argumentation by P. Stankiewicz is to the point and ade-
quate, although in one place we have to refer to the principle of the charity 
again (Kisielewicz, 2014, pp. 174–176). In the case of an argument overthrow-
ing anti-thesis I, we have to trust the author that he characterized the differ-
ences between a hopeless doomsayer and someone practicing PM accurately 
(Stankiewicz, 2014, p. 230). We must believe him that his synthesizing sen-
tences are based on solid knowledge.

The rest of the argumentation is in my opinion convincing. The strongest 
moment is the third argument supporting Thesis I which is the argument of 
possible surprise which is always positive (Stankiewicz, 2014, p. 226).

The philosophical narration of Piotr Stankiewicz is of literary–persuasive nature 
typical for the genre to which his book belongs. It is written in an approachable way 
and rhetorical and stylistic elements lead us closer to the author’s objective. In that 
sense, the text of The Art of Living According to Stoics [Sztuka życia według stoików] 
is praiseworthy for its simplicity which means it is “easily understandable”.

Nevertheless, there are logical costs of that simplicity. The reader has to 
decide on his/her own whether in the guidebook to a “good living” he or she 
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looks for impeccable logical argumentation or for an imaginative disquisition 
that is not logically coherent at every point. In other words, the reader is facing 
a dilemma: do I build – to quote Pierre Hadot – an “internal fortress”, resistant 
to logical hits of adversaries or to follow the beauty of persuasion at the cost of 
leaving gaps in that fortress.

Now I will present an analytical way of substantiating PM. The adjective 
analytical I understand here as “aiming at clarity, precision and rigorous 
argumentation” (The Philosophical Gourmet Report 2000–2001; in: Prechtl  
2009, p. 11).

3	 Analytical Substantiation of PM 

Thesis: PM (praemeditatio malorum) is a better strategy than PB (praemeditatio 
bonorum).

3.1 I adapt the set of four mental events (=ME) for this study. That set 
includes: imagined suffering (=IS), suffering which is being currently experi-
enced (in short: current suffering =CS), imagined pleasure (=IP) and pleasure 
which is being currently experienced (in short: current pleasure =CP), there-
fore ME = {IS, IP, CS, CP}.

3.2 The ME set will be arranged intuitively and naturally (terminology after 
Kraszewski, 2012, p. 106). It is possible because there is an adequate relation 
ordering each pair of elements, the relation of being preferred by mentally 
healthy people. From each pair of elements of ME, one element will be pre-
ferred by mentally healthy people at the cost of the other. The elements of  
the ME set create six pairs: IS and IP, IS and CS, IS and CP, IP and CS, IP and CP, 
CS and CP.

Statement 3.2: A mentally healthy person when given one element to choose 
instead of the other prefers (chooses): IP from the pair IS and IP, IS from IS and 
CS, CP from IS and CP, IP from IP and CS, CP from IP and CP as well as CP from 
CS and CP.

Substantiation 3.2
a.	 A mentally healthy person – having to choose to imagine a toothache (IS) 

or to imagine resting under the palm trees on an exotic island (IP) – will 
prefer IP over IS.

b.	 A mentally healthy person – having to choose to imagine a toothache (IS) 
or an actual tooth-ache (CS) – will prefer IS over CS.

c.	 A mentally healthy person – having to choose to imagine a toothache (IS) 
or an actual resting under the palm trees on an exotic island (CP) – will 
prefer CP over IS.
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d.	 A mentally healthy person – having to choose an actual toothache (CS) 
or to imagine resting under the palm trees on an exotic island (IP) – will 
prefer IP over CS.

e.	 A mentally healthy person – having to choose to imagine resting under 
the palm trees on an exotic island (IP) or actually resting under the palm 
trees on an exotic island (CP) – will prefer CP over IP.

f.	 A mentally healthy person – having to choose an actual toothache (CS) or 
actual resting under the palm trees on an exotic island (CP) – will prefer 
CP over CS.

3.3 We have six possible relations out of which CP is preferred three times, IP 
– is preferred twice, IS – is preferred once, CS is not preferred at all. It is shown in 
the following recording of the relation P(x, y) “x is preferred over y” (where the 
first argument is the preferred element – which is the ‘winner’ of that relation):

P(CP,IS)
P(CP, IP)
P(CP, CS)
P(IP, IS)
P(IP, CS)
P(IS, CS)

3.4 Depending on how many times a given element was preferred we ascribe 
it a numerical value:

CP = 3
IP = 2
IS = 1

CS = 0
3.4.1	 In accordance with the theory of the empirical meaning of a sentence 

by A. Kisielewicz (2014, p. 119) most users of the English language will agree 
that a mental event of higher value is better than a mental event of a lower 
value. Therefore most speakers of English will agree that CP is better than IP, IS 
and CS, IP is better than IS and CS, and IS is better than CS (see also Examples 
3.2). If the two-element predicate B (a, b) “a is better than b” we present as the 
relation of aLb, we will receive a multiple relations

(CP) B(IP) B(IS) B(CS)
isomorphic to

3>2>1>0.
3.5 The ME set ordered by the relation aLb (see 3.3–3.4.1) is a sequence

(CS, IS, IP, CP)
or – after we substitute numerical values of the mental events from 3.4 – a 

number sequence
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(0, 1, 2, 3).
From now on instead of “mental event of the value of 0, 1, 2 and 3” I will 

say “0, 1, 2, 3” respectively, also, instead of “CS, IS, IP, CP” I will say”0, 1, 2, 3” 
respectively.

3.6 These agreements allow for an analytical definition of PM and PB
Definition 3.6.1

(α)	 PM is a sequence of two different mental events which:
(β)	� do not take place at the same time, one of them takes place in t1 time, and 

the other – in t2 time,
the first of them is 1.
Example 3.6.1
PM, the imagined premeditation of misfortune, assumes an earlier occur-

rence of 1. After 1 three different mental events may occur: 0, 2 and 3. For exam-
ple I first imagine a toothache (1), after the act of imagination the following 
take place: either actual (not imagined) suffering (0), or a more pleasant act of 
imagination (2), or an actual (not imagined) pleasure (3).

Definition 3.6.2
PB is a sequence of two different mental events which:

a.	 do not take place at the same time, one of them takes place in t1 time, and 
the other – in t2 time,

b.	 the first of them is 2.
Example 3.6.2
PB, the imagined premeditation of fortunate events, assumes an earlier 

occurrence of 2. After 2 three different mental events may occur: 0, 1, and 3. For 
example I first imagine resting under palm trees (2), after that act of imagina-
tion the following takes place: either actual (not imagined) suffering for exam-
ple a toothache (0), or an unpleasant act of imagination (1), or an actual (not 
imagined) pleasure (3).

3.6.1 The PM strategy – in accordance with definition 3.6.1 and example  
3.6.1 – may be presented in the form of three different functions: 

f1(x) f2(x) f3(x)

x t1 t2 t1 t2 t1 t2

y 1 0 1 2 1 3

3.6.2 The PB strategy – in accordance with definition 3.6.2 and example 3.6.2 
– may be presented in the form of three different functions:
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f4(x) f5(x) f6(x)

x t1 t2 t1 t2 t1 t2

y 2 0 2 1 2 3

3.7 Amongst the six different functions f1(x)-f6(x) from 3.6.1–3.6.2 three of 
them are increasing functions (where along with the increase of the argument 
the function increases) and three decreasing functions (where along with the 
decrease of the argument the function decreases). The increasing functions 
are: 

f2(x) f3(x) f6(x)

x t1 t2 t1 t2 t1 t2

y 1 2 1 3 2 3

and the decreasing functions are: 

f1(x) f4(x) f5(x)

x t1 t2 t1 t2 t1 t2

y 1 0 2 0 2 1

Definition 3.7.1
The increment of the function value in accordance with 3.4.1 we call mental 

improvement, and the decrement of the function value in accordance with 3.4.1 
we call mental deterioration.

Definition 3.7.2
The value of mental improvement and mental deterioration is (symbol “↑” 

and “↓” respectively) the difference of the higher function value and the lower 
function value.

3.8 After adapting these definitions we state that mental improvement of 
the total value of 4 occurred in:
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f2(x) f3(x) f6(x)

x t1 t2 t1 t2 t1 t2

y 1 2 1 3 2 3
Value↑ 1 2 1
Total 1+2+1=4

whereas deterioration of a mental event of a total value of 4 occurred in:

f1(x) f4(x) f5(x)

x t1 t2 t1 t2 t1 t2

y 1 0 2 0 2 1
Value↓ 1 2 1
Total 1+2+1=4

3.9 In accordance with definition 3.6.1 and definition 3.6.2 we substitute 
fn(x) in tables from 3.8 with PM and PB and we receive a table of improvements

PM PM PB

x t1 t2 t1 t2 t1 t2

y 1 2 1 3 2 3
Value ↑ 1 2 1
Total 1+2=3 1

and a table of deteriorations

PM PB PB

x t1 t2 t1 t2 t1 t2

y 1 0 2 0 2 1
Value ↓ 1 2 1
Total 1 3
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which can be presented in this graph

Conclusion. PM is better than PB, because
a.	  PM (color black) includes two improvements of a total value of 3, whereas 

PB (color grey) – one improvement of a total value of 1,
b.	  PM (color black) includes one deterioration of a total value of 1, whereas 

PB (color grey) has two deteriorations of a total value of 3.
Quod erat demonstrandum

4	 Conclusions 

In this article, I presented two philosophical narrations – the traditional one 
(persuasive-literary) and the analytical one. I correlated them in search for the 
answer to the question: what are the costs of simplicity and complexity (com-
plications) of philosophical discourse? Does a simple philosophical text (easily 
understandable, full of rhetoric tricks and literary panache) have to lose the 
coherence of logical argumentation? Is a complex philosophical text (compli-
cated, difficult to understand, requiring effort during reading, full of internal 
references) deprived of literary charm? These are the conclusions.

The literary persuasion of P. Stankiewicz is fuller than my analysis. The phi-
losopher presents more aspects of PM while I only correlated PM with PB and 
I drew a conclusion from that correlation that PM is superior to its opponent 
PB. The argumentation of P. Stankiewicz might have logical gaps here and 
there, but is beautiful in its literariness, what the readers of his book may see 
for themselves (Stankiewicz, 2014). My explanations have no claims towards 
the literary panache but the argumentation coherence is missing – I hope – 
larger logical breaches. However the essential question is inevitable here: does 
a dry, quasi-mathematical style, deprived of ornaments and rhetorical power, 
have the capability to persuade a person who is looking for a piece of spiritual 
advice, for the answer to the question about decent and quiet life?

I am not able to solve that query. While not hiding my analytical leaning, I 
leave that task to the reader.
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CHAPTER 13

The Complexity and Simplicity of Zinc Proteins
Minimum Form, Maximum Substance

Artur Krężel

	 Abstract 

The proteins present in our bodies are not only properly structured polypeptide chains 
composed of amino acids, but also macromolecules binding a variety of substances 
altering their stability and function. These substances, of which the most popular are 
metal ions, including zinc ions, are called cofactors. It is believed that as many as 10% 
of the proteins in our body (approx. 3,000) are zinc proteins, which form structures 
and functions with a distinctive complexity. Despite such a vast diversity of zinc pro-
teins, their common denominator is the zinc ion, which in all of them is bound by 
only the four amino acid residues in virtually the same, or a very similar, geometry 
reflecting the simplicity and minimalism of these complex molecules. What, then, is 
responsible for the diversification of functions, the stability, and the many physico-
chemical and biochemical characteristics of zinc proteins? I will answer this ques-
tion, presenting three types of zinc proteins: metalloenzymes, proteins in which the 
zinc ion performs functions of a structural kind, and protein complexes, in which 
the zinc ion is responsible for the spatial organization of the complex. The article 
describes the factors affecting the differentiation of the kinetic and thermodynamic 
stability of the zinc complex in proteins which, in consequence, leads to the enor-
mous complexity of these macromolecules in respect of their biological function. 
The aim is to illustrate how nature, using the same simple molecular building blocks, 
creates something that, in its form and function, is complex: namely, the so-called  
zinc metalloproteome.

	 Keywords

protein – zinc – stability – sequence – structure
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1	 Introduction 

Proteins are large molecules formed of building blocks called amino acids. 
Classical biochemistry commonly says that they are composed of 20 dif-
ferent amino acids, differing in structure from each other; however, cur-
rently, this statement is not considered so unequivocally. In addition to 
the amino acid building blocks, proteins are composed, among others, of 
the so-called cofactors, i.e., chemical substances other than amino acids, 
directly bound with proteins that modulate their function. Proteins utilize 
a large number of different cofactors so that to achieve various structures 
and properties. One of the most important of these substances are metal 
ions, which, together with the so-called macromolecules, form metallopro-
teins, such as metalloenzymes, structural proteins containing metal cores, 
proteins accumulating metal ions and transporting them. Of all the metal 
cofactors, transition metal ions play a unique role in the differentiation of 
function and structure of metalloproteins (Maret & Li, 2009). Among them, 
the most abundant metal ion in all domains of life is a zinc ion (formally 
Zn2+), which forms with proteins the enormity of structures serving vari-
ous functions (forming the so-called zinc metalloproteome). Previous stud-
ies as well as bioinformatic analysis of the human genome indicate that 
as many as 10% of the proteins encoded in the genome are zinc proteins 
(Andreini et al., 2006). This in turn converted into numerical values con-
stituting 3,000 various biomolecules (complexity). Bioinformatic analysis is 
largely based on sequence homology (signatures), and does not take into 
account interactions between proteins, which in consequence may mean 
that there are significantly more zinc proteins than we currently believe  
(Maret, 2006).

Proteins binding Zn2+ ions differ significantly from each other in size, spa-
tial structure, organization into larger complexes or eventually biological func-
tion. Despite these differences, the Zn2+ ion is bound by proteins using only 
four amino acid residues, predominantly in the tetrahedral geometry (simplic-
ity). These include cysteine (C), histidine (H), aspartic (D) and glutamic acids 
(E) residues. The diversity of zinc protein function is not based on a simple 
combination of these amino acid residues, as this would not lead to the for-
mation of thousands of different molecular forms. This work describes how 
the zinc enzymes and proteins with zinc ion structural binding sites are mod-
ulated by a series of factors leading to the enormous diversity of their function 
and stability.
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2	 Modulating Metalloproteins’ Properties via Ligands 

Metalloproteins, through specific atom combinations (ligands) involved in the for-
mation of the catalytic or structural site, are able in some way to modulate both 
their properties and affinity for Zn2+. The already classic Pearson’s theory of hard 
and soft acids says that proteins containing sulfur and nitrogen ligands are substan-
tially more stable than those containing Zn2+ ion bound by nitrogen and oxygen 
ligands (Pearson, 1963). However, a comparison of literature data on the stability 
of proteins significantly different in terms of binding mode, e.g., alkaline phospha-
tase (DDHx, DHHx), metallothionein (CCCC) or zinc fingers (CCHH) demonstrates 
a very similar affinity for Zn2+ ions, within the picomolar range (10–11–10–12 M). 
Although the stability of cellular zinc proteins is similar, the thermodynamics of 
Zn2+ binding differs between individual objects (Kochańczyk et al., 2015). Stud-
ies conducted on zinc motives showing variable coordination of CCHH, CCHC and 
CCCC types, with similar affinities, showed different entropic and enthalpic con-
tributions to the free enthalpy of the system (stability). For example, the binding 
of Zn2+ to the CCC motif is driven mainly entropically, which makes this reaction 
more susceptible to changes in factors such as pH or temperature. With fewer sul-
fur donors, entropy becomes less favored and the overall stability of the system 
depends mainly on the enthalpic component (Rich et al., 2012).

On the other hand, proteins containing identical arrangements of ligands 
associated with Zn2+, e.g., HHEx (where x represents a variable exter-
nal ligand) may exhibit very different affinities for, e.g., prolactin (10−5 M), 
angiotensin-converting enzyme inhibitors (10−8 M) and thermolysin (10−11 
M). This proves that the so-called first sphere of coordination (Zn2+ bind-
ing site) is not the main factor affecting the stability of zinc protein. This 
means that the so-called further protein regions play a key role in the sta-
bilization or destabilization of macromolecules through the interaction of 
non-binding amino acid residues with each other. Carbonic anhydrase is an 
example of an extremely thermodynamically and kinetically stable protein, 
in which the Zn2+ ion is bound by three histidine residues (HHHx). Its sta-
bility is enhanced by the simultaneous action of ligands binding Zn2+ with 
other amino acid residues in the further regions of the protein through the 
formation of hydrogen bonds. Mutation of residues involved in the forma-
tion of hydrogen bond network, not directly involved in the coordination of 
Zn2+ ions, causes a decrease in the thermodynamic and kinetic stability of 
the protein (Maret & Li, 2009). Another interesting example of secondary 
interactions affecting the stability of macromolecules is associated with the 
simultaneous interaction of ligands binding Zn2+ with a peptide bond via 
hydrogen bonds (-NH⋅⋅⋅S-). One example is the HIV-1 nucleocapsid protein, NCp7  
(Namuswe & Berg, 2012).
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3	 Structural Diversity and Simplicity of Zinc Finger Proteins 

The so-called classical zinc fingers show unusual characteristics of structural 
diversity and at the same time the simplicity of Zn2+ binding method. There 
have been thousands of them identified in different organisms so far, and they 
are the second class of protein domains in terms of abundance. Despite such a 
great number, they show high sequence similarity – they contain only approx. 
30 amino acids arranged in a highly canonical sequence. The classical zinc fin-
ger sequence is as follows: (F/Y)-X-C-X2-4-C-X3-(F/Y)-X5-L-X2-H-X3-5-H, where X, 
M, Y and L represent any amino acid, phenylalanine residue, tyrosine and leu-
cine, respectively (Miłoch & Krężel, 2014). Zn2+ ion binds to this motif via two 
cysteine and histidine residues, forming a characteristic ββα structure respon-
sible in most cases for specific binding to the correct DNA sequence. The metal 
binding method is identical in thousands of known zinc finger proteins, which 
has been proven by numerous structural studies. One can safely say that the 
simplicity of Zn2+ ion binding is manifested in the diversity of forms playing 
a similar function, although specialized towards different molecular targets. 
Removal of any amino acid responsible for DNA identification in a zinc finger 
loop results in a very marked decline in the stability of the entire system. Sim-
ilarly, interference with the so-called hydrophobic cortex of a finger through 
mutations to less hydrophobic amino acids results in a decrease in stability and 
a tendency to form other, non-functional structures. Substitution of any donor 
in a classical zinc finger, e.g., histidine residue to aspartic acid residue, causes 
dramatic changes in the structure and affinity for Zn2+ ion, which is reflected in 
the functional binding of zinc fingers to DNA (Kochańczyk et al., 2015).

Another relationship between the simplicity and complexity of zinc pro-
teins is exemplified in the presented above stability of zinc domains. The same 
mode of Zn2+ ion binding in the zinc finger domain and a highly conserved 
sequence would suggest almost identical stability. It turns out that natural zinc 
fingers are quite diverse in terms of stability, which is perfectly reflected in the 
so-called consensus zinc finger, being the most representative sequence. The 
consensus zinc finger contains amino acid residues that occur most frequently 
at a given position. Its stability is higher than that of natural fingers by more 
than 1,000 times (Sénèque & Latour, 2010). This is mainly due to a series of 
interactions occurring in the consensus zinc finger itself, which stabilize the 
whole structure. Natural zinc fingers do not have that many stabilizing effects 
within a single structure, which causes a reduction in their stability. Further-
more, the distance between the individual amino acid residues in a sequence of 
zinc finger also has a significant effect on the modulation of the Zn2+ ion affin-
ity. In conclusion, it can be seen that the factually identical metal ion binding 
mode in a very similar spatial structure (sequence and structure simplicity), as 
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a consequence, manifests itself in different stability and function (stability and 
function diversity) (Kochańczyk et al., 2015).

4	 Complexities of Interprotein Zinc Binding Sites 

Although many key zinc proteins have not yet been characterized in terms of affinity 
for Zn2+, definitely the interprotein binding sites of this metal remain the most enig-
matic and the least understood. These sites are formed by two or more protein mol-
ecules, which bind Zn2+ ions together. They both form homo- and heteromer-type 
structures. Isolation of this type of complexes as well as the characteristics of inter-
protein binding sites is extremely difficult and available bioinformatic tools are still 
insufficient to predict them. Isolation of complexes from natural sources or organ-
isms for their overproduction usually results in proteins lacking Zn2+ or individual 
protein units not assembled in higher structures by the metal ion. An example of 
a protein, in which this type of interaction occurs is RAD50, a part of a highly con-
served DNA repair complex – MRE11. This protein forms a homodimer, in which the 
Zn2+ ion is bound by four cysteine residues, each two derived from two identical 
RAD50 units, to form the so-called hook zinc domain (Stracker & Petrini, 2011). 
Although the binding of Zn2+ by cysteine residues is favored entropically, the for-
mation of a complex of Zn-(protein)2 stoichiometry becomes unfavorable. There 
must be other mechanisms present, determining the sufficiently high stability of 
this site, in order to form this type of complex under physiological conditions. Stud-
ies by Kochańczyk et al., 2013 have shown that the formation of an intermolecular 
hydrophobic network and the formation of hydrogen bonds within peptide chains 
of the Zn2+ binding motif are both responsible for this stabilization (Kochańczyk 
et al., 2013). Interesting, in terms of complexity and simplicity, is the fact that the 
zinc hook motif is present in all domains of the living world. It occurs also in the 
viral proteins. It is not the simplicity of binding of two protein molecules through 
the coordination of zinc ions that makes it so extremely important, but the manner 
of maintaining complex stability in organisms, in which Zn2+ ion metabolism is 
highly diversified. As it appears, these are the sequence and structure subtleties (e.g., 
variations in one or more amino acid residues) that decide whether the protein is 
stable enough to function, e.g., in thermophilic archeon, or moderately stable as in 
eukaryotes, so that the kinetics of dissociation and association of Zn2+ ions could 
occur at high speed necessary for the proper functioning of the MRE11 complex.

5	 Conclusions 

In summary, metalloproteins, and zinc proteins in this particular case, acquire 
their numerous structures and functions through the binding of small Zn2+ 
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ions. The metal-binding method is simple and common to many proteins dif-
fering in structure and biological function. Diversification of properties, par-
ticularly the thermodynamic stability discussed here, is influenced not only by 
the bound ligands but also by their additional interactions occurring in other 
protein regions.
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CHAPTER 14

Why Do We Use Simple Organisms to Model 
Complex Human Diseases?

Marta Migocka-Patrzałek

	 Abstract 

A model organism is a species, different from the human one, which we investigate 
intensively to gain insights about specific biological processes, hoping to grasp the 
more widely applicable, general laws that regulate the functioning of organisms. 
Animal models are also used to more comprehensively understand human diseases. 
Such a strategy is efficient given the common origins of life on Earth and with this the 
shared developmental and metabolic pathways that owe their existence to the reten-
tion of features of the genetic code throughout evolution. One can, therefore, certainly 
ask why it is that we make use of simple organisms, such as worms, fruit flies, or fish, 
in our research? Can they really give us answers regarding complex human diseases? 
At the very least, it is surely worth knowing more about how such research is designed 
and conducted to simply evaluate its potential benefits.

	 Keywords

biology – model organisms – human diseases

1	 Introduction 

Animals have been used not only to study the basic principles of life, but also 
to better understand the anatomy, and physiology of living organisms. More-
over, animals play a central role in education, pharmacology and research. 
The ability to conduct experiments in controlled situations, and to mimic 
the biological conditions of human disease in animals led to the develop-
ment of scientific methods and originated in the concept of animal models 
of human diseases. The model organism is a species, different from humans, 
which we intensively investigate to gain knowledge about specific biological 
processes and to understand wider, general laws that rule over organisms 
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functioning. Although the use of animals in research has been questioned 
by the scientific community due to ethical concerns, the foundations of our 
basic knowledge of human physiology and anatomy are based on preclini-
cal research with the use of animals. This is confirmed by the fact that nearly 
90% of research awarded with the Nobel Prize in Physiology and Medicine, 
was conducted using animals in experimental investigations. It is also import-
ant to note that animal studies allow researchers to carry out experiments 
that would be impractical or ethically prohibited with humans (Andersen 
& Winter, 2019; Burggren & Warburton, 2007; Dubińska-Magiera et al., 2022;  
Plantié et al., 2015).

2	 Why Does a Particular Animal Become a Research Model? 

The main reason is availability and the ease of maintenance. For example, mice, 
chickens, frogs and fruit flies (Drosophila melanogaster) (Figure 14.1) are widely 
used just because they are easily accessible and simply cheap. The anecdote 
regarding one of the frog species, called the African clawed frog (Xenopus), is 
a nice example showing why a particular animal becomes a research model. 
Once upon a time, scientists discovered that the urine of pregnant women, 
containing hormones, can induce the development of Xenopus ovaries. There-
fore, between the 1940s and 1960s thousands of frogs started to act as living 
pregnancy tests all around the world. The Xenopus, abundant in laboratories 
and easy to maintain, can be utilized in other kinds of experiments, trials and 
research, and as a consequence became a useful animal model. In general, the 
amphibians turned out to be great models in a variety of research and took 
a profound place in scientific areas such physiology of musculoskeletal, car-
diovascular, renal, respiratory, reproductive, and sensory systems (Burggren & 
Warburton, 2007; Kiełbwna & Migocka-Patrzałek, 2017).

To be used as a model, the species must meet certain criteria that enable 
the feasibility of experimental procedures. From the researcher’s point of view, 
the high rate of reproductivity and relatively short life cycle (the time between 
being born and the ability to reproduce) is a very valuable feature. In the 
case of mice, having an accelerated lifespan, we can assume that one mouse 
year equals about 30 human years. Therefore, their whole life cycle could be 
examined within only two or three years. It is beneficial, especially in genetic 
research, in which crossing individuals to obtain several, subsequent genera-
tions in a relatively short time, is crucial. The financial feasibility and previous 
history of research with the use of a particular species are also useful. Such 
experimental data allows for research outcome comparison with the other 
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researchers’ results, therefore not only enabling but also greatly facilitating the 
conclusions drawing process. The known genetic code of animals is crucial for 
genetic research since the possibility of genetic manipulation is nowadays one 
of the most important research techniques. 

Choosing an animal model for a particular purpose is a complex decision, 
involving scientific and practical considerations. Many species are used in bio-
medical research, such as yeasts, insects, nematodes (Caenorhabditis elegans), 
fish (Danio rerio – zebrafish), frogs and many mammals, such as mice, rats, 
dogs, cats, pigs and even monkeys. Several other issues should be also taken 
into account during experiment planning, such as the availability of adequate 
techniques and methods, including equipment, and molecular tools (such as 
specific antibodies, etc.) (Andersen & Winter, 2019; Dubińska-Magiera et al., 
2016; Ericsson et al., 2013; Robinson et al., 2019).

3	� Animal Models of Disease Can Be Divided into Two Categories, 
Spontaneous and Induced 

The use of animals as a model of human diseases had increased dramatically in 
the twentieth century. The beginnings of detailed biological analysis of partic-
ular disorders were possible because animals sometimes suffer from the same 

Figure 14.1 �Fruit fly (Drosophila melanogaster). Fruit flies are one of the most popular 
model organisms. With the low cost of husbandry, short generation time, and 
variety of molecular tools for genetic engineering, flies become a useful model 
in biomedical experiments
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kind of diseases as humans. Also, naturally occurring animal genetic variants 
(mutants) can be utilized as a model of a particular human genetic disease. We 
call such animals a spontaneous model. There are hundreds of well-character-
ised animal strains with inherited genetic disorders, allowing us to examine 
in detail human genetic diseases (see, e.g., the Jackson Laboratory database1). 
Mice, called sometimes “lifesavers”, because of their usefulness in medical tri-
als, are biologically very similar to humans and get many of the same diseases, 
for the same genetic reasons. One such example is the so-called, nude mice. 
Its genome contains a spontaneous mutation in the gene Foxn1nu, leading to 
two main defects: abnormal hair growth and defective development of the thy-
mic epithelium. As a result, the nude mice do not develop thymus, therefore 
they lack the T cells, which are crucially important for natural, immunological 
defence. This model is widely used to induce diverse kinds of cancer by inject-
ing cancer cell lines into nude mice, enabling preclinical testing of anticancer 
drugs (Cordier & Haumont, 1980; Onaciu et al., 2020; Szadvari et al., 2016).

On the other hand, nowadays, we have learned how to induce particular 
pathological conditions in animals to create disease models. Such induction 
could be a combination of physical and chemical factors, or targeting genetic 
manipulation. The induced models are based on healthy animals, in which 
the pathological disorder to be examined is experimentally induced. Exam-
ples include partial hepatectomy to study liver regeneration, or studies of 
cow’s milk allergy in mice by immunizing them with tiny doses of cow milk 
protein (reviewed in: Hau, 2008). Animals can also carry out a mutation in 
certain, important genes and suffer from genetic diseases, similar to humans. 
A genetic disease is a disorder caused by an abnormality in an individual’s 
genome. The genetic disease may be caused by a mutation in a single gene but 
can be also caused by different factors such as a combination of environmental 
factors and mutations in multiple genes. The genetic disease could come also 
from chromosome alterations or mutations in the non-chromosomal DNA of 
mitochondria (Dubińska-Magiera et al., 2016; Plantié et al., 2015). Mutants are 
extremely rare in nature, therefore, the acceleration of research conducted on 
animal models of human diseases took place when mutagenesis techniques 
became available. Effective mutagenesis tools were needed to make genetic 
approaches functional and practical. The fact that X-rays could induce muta-
tions in mice was known from 1923. Then in 1980 extensive, chemical muta-
genesis studies were continued using the alkylating chemical called ENU 
(N-ethyl-N-nitrosourea). Next, in 1990, the human genome sequencing project 
began, aiming for the identification and mapping of all of the genes in the 
human genome. The project progress was unexpectedly fast and created an 
urgent need for knowledge regarding particular gene’s functions. Therefore, 
approximately in the same period, the idea of a large-scale mouse mutagenesis 
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project emerged. The approach is based on large-scale, random mutagenesis 
using ENU. Then the changes in phenotype, such as disease symptoms, were 
observed. Finally, the genome of selected individuals was sequenced to find 
out which gene is responsible for a particular disorder. The similarity between 
mice and human genes is high enough to let us extrapolate the observations 
to use mice in diagnosis and medicine. Further progress in molecular meth-
odology and molecular tools for directed mutagenesis (allowing for specific, 
directed mutation in a particular gene) led to the establishment of the Inter-
national Mouse Phenotyping Consortium (IMPC) in 2006. Its goal is to fill the 
gaps in the knowledge by use of the reverse genetics approach. This procedure 
is called gen-driven mutagenesis, where the target gene is disrupted, and the 
results are drawn through the phenotypic analysis (reviewed in: Chenouard et 
al., 2021; Gondo et al., 2009) (Figure 14.2).

The way from primary, spontaneous animal models of human diseases to 
directed mutagenesis, allowing for the customization of genetic modifications, 

Figure 14.2 �The key moments in mice mutagenesis. The aim of mutagenesis is to establish 
an animal model of human genetic diseases. The progress in genetic engineer-
ing starts from the discovery that X-rays can induce mutagenesis. Then the 
chemical compound ENU (N-ethyl-N-nitrosourea) was used to create muta-
tions. With the technique development, many large-scale programs started in 
1997, with the culmination point in 2007, when the International Knockout 
Mouse Consortium (IKMC) was established, with the aim to provide knockout 
and conditional mouse strains for all mouse genes. Such acceleration was 
possible because the whole mouse genome was sequenced in 2022. Starting 
from 2010 new techniques, allowing for precise mutagenesis were discovered. 
In the beginning, the ZNF s and TALENS were developed. Then, the CRISPR-Cas9 
technique was shown to be a real scientific breakthrough, appreciated by the 
Nobel Prize awarded in 2020 to Emmanuelle Charpentier and Jennifer Doudna 
(according to: Chenouard et al., 2021; Gondo et al., 2009)
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was difficult but successful. However, we should keep in mind that the bio-
logical interaction between genes and other biological factors is a very com-
plex and multidimensional process. Therefore, detailed studies are needed to 
understand the whole picture of the genetic disease pathological process.

4	 The Efforts toward Understanding the Disease’s Genetic Source  

We, humans, share the vast majority of genes with animals such as mice, 
zebrafish, and even fruit flies. The similarities between human and mouse 
genomes allow us to assume that whenever candidate genes for human dis-
eases are found, their homologs usually are present in, e.g., the mouse genome. 
On the other hand, we can mutate genes with unknown functions and observe 
the phenotype. Such an approach guides us to the discovery of genes, which 
disruption can lead to diseases. As an example, we can mention the research 
results published by (Dickinson et al., 2016) regarding the high-throughput 
discovery of novel developmental phenotypes. The scientists identified some 
disorders and changes in phenotypes in different developmental stages, which 
were the results of mutations in many previously uncharacterized genes (Groza 
et al., 2023; Muñoz-Fuentes et al., 2018). The effort of several international proj-
ects aiming to investigate the function of mouse genes by mutagenesis, and 
following molecular analysis and phenotyping, greatly expand our knowledge. 
This approach creates the possibility of using the mouse as a valuable organ-
ism to interpret the information coded in the human genome. For example, 
the phenotypic analysis shows that mutation in the transmembrane protein 
132A gene, Tmem132a, leads, among others, to abnormalities in the animal spi-
nal cord structure and narrower limbs (Rosenthal & Brown, 2007). Such infor-
mation could make the identification of genetic disease sources easier. Also, 
can help in the therapy and treatment of such diseases, by creating accurate 
models of human disease for insightful and detailed studies.

5	 Ways to Interpret the Myriad of Biological Data 

To gain a wide perspective of the particular gene mutation consequences, we 
have to correlate the information obtained from experimental analysis with 
clinical data. Particularly taking into account the sequencing data from patient 
genomes. Such data become more and more available since nowadays whole 
exome and genome sequencing are often incorporated into personal health 
care. To achieve this goal, in the USA the Undiagnosed Disease Network (UDN) 
was established. The UDN brings together clinical and research data to learn 
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more about genetic diseases, especially to help patients affected by unknown 
conditions. The data from patient genomes provides information regard-
ing gene variants. The gene sequence can differ among populations because 
genes are mixed during sexual reproduction. Additionally, mutations are also 
a source of genetic variation. The interpretation of sequencing data, espe-
cially in the case of rare genetic variants, is difficult, because we do not know 
which individual gene or gene variant is responsible for disease. Particular 
gene variants can potentially lead to disease, and this possibility can be tested 
experimentally. Therefore, research institutes, such as the Model Organism 
Screening Center, use model organisms to check the pathogenicity of certain 
genetic variants identified in patients by the UDN.

Understanding the impact of gene variants would help us to increase the 
efficiency of diagnosis. To find a “good candidate gene for disease” the scientists 
have to combine and compare several sets of data, from different resources. 
This information can be gained from genetic data sets, but also molecular, mor-
phological, and phenotypic data by the use of genetic animal models. The one 
of approaches called the MARRVEL (Model Organism Aggregated Resources for 
Rare Variant Exploration2) aims to combine public genetic resources to ana-
lyze and choose the gene variants, which most likely are the cause of certain 
human diseases. Such variants became a candidate for study in model organ-
isms, for in-depth analysis of pathogenic mechanisms. To facilitate this process 
and gather all the data in one database, MARRVEL extracts data from clinical 
and scientific public databases and aligns the variants with model organism 
genetic sequences. Additional biological and experimental data can be gained 
from public databases regarding particular organisms. For example, FlyBase3 
is the most popular database describing fruit fly molecular data, and ZFIN4 
contains information concerning zebrafish.

The whole MARRVEL approach starts with a patient, who has a disease 
symptom with a potential genetic background. The results of Whole Exome 
Sequencing or Whole Genome Sequencing leads to a long list of candidate 
gene variants that can cause disease in this particular case. The data from dif-
ferent sources help to assess how likely a particular variant can be a reason for 
such a genetic disorder. Then the scientist checks if a particular variant has 
its homolog (counterpart) in the model organism. Sometimes, there is exper-
imental data regarding this variant, which facilitates its assessment. Having 
such information, scientists are often able to prioritize the variants’ patho-
genicity. If there is no data, gene variants can be introduced into the model 
organism by genetic engineering. The animal genetic model is observed, tested 
and analyzed with the hope of finding similar phenotypic features, to those 
observed in the patient. This validation can show if the variant is pathogenic 
or not. Further, it can help to find appropriate treatment.
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6	 How Can Fruit Fly Help You? 

To visualize the importance of this huge international scientific effort, we 
can use the true story as an illustration. Let’s imagine a patient, a small girl, 
with severe disease symptoms, yet undiagnosed. Bristol was born as a healthy 
baby, but during the first three months, her parents noticed that her devel-
opment was not as fast as it should be. Her body was floppy and flexible, she 
was not able to lift her head, and sometimes her left eye turned inwards. She 
was also delayed in further progress such as crawling, standing and walking. 
She cannot smile and seems to be not sensitive to pain. For example, she 
did not cry when she fell or get her vaccine shots. This girl was diagnosed 
with congenital hypotonia, a symptom that can be caused by different neu-
rological or non-neurological conditions. To find a reason for Bristol hypo-
tonia, for five years she underwent tests checking for cerebral palsy, Down 
syndrome, autism, muscular dystrophy and many others, all of which were 
negative. Finally, thanks to analysis within the Undiagnosed Disease Project, 
the doctors found two more children, a boy and a girl, with similar symp-
toms, who carried an identical point mutation in the Early B-Cell Factor 3  
(EBF3)-coding gene. The EBF3 gene is responsible for the regulation of vari-
ous other genes’ expression, therefore it is highly possible that its alterations 
can widely influence nervous and muscle systems. Therefore, the research-
ers decided to check the consequences of EBF3 gene mutation in the fruit fly 
model. The experimental outcomes lead to the conclusion that EBF3 is indeed 
responsible for disease symptoms observed in small patients. The additional 
20 patients all around the world have been found to carry the mutation(s) in 
this gene, leading to the conclusion that it can be responsible for several cog-
nitive or speech disorders, and hypotonia of unknown origin. The knowledge 
regarding the disease’s origin allows for easier diagnosis in the future saving 
families from the “diagnosis odyssey”: a long, uncertain and difficult journey 
through a variety of specialists and medical tests. Additionally, animal models 
can be used to test potentially therapeutic compounds leading to the discov-
ery of efficient treatment (Dunlap, n.d.).

7	 Animal Models Limitations 

Animal models have great importance in the life sciences, however, these 
models are not devoid of disadvantages. There is no such animal model, 
which could mimic all features of human disease, simply because we are non- 
identical. The differences between species cause differences in phenotype, mor-
phology, molecular or physiological pathways, etc. Therefore, it is important to 



156� Migocka-Patrzałek

choose the best animal to perform particular research to gain as informative  
outcome as possible. As mentioned before, the homology between human and 
animal genes is the key issue when you plan to model human genetic diseases. 
But other features are also important. The zebrafish are a very good model 
for drug screening, and phenotype-based drug discovery, pharmacology, and 
toxicology. Fishes are small, and produce a large number of eggs (one couple 
can produce 100 eggs, twice a week), which can be kept in small vessels. The 
transparent body at the early stages of development allows for easy, semi- 
automatic assessment of fish phenotype. Additionally, there is a growing num-
ber of available tools for phenotype assessment. However, the drugs or chemical  
compounds have to be water-soluble, and used in quite large quantities, since 
we have to immerse fish into the solution. Zebrafish embryos are protected 
by an envelope, called chorion, which keeps away many chemicals. Therefore, 
the experimental procedure requires additional steps, among others, special 
chemical treatment, to remove chorion. Moreover, the zebrafish development 
is external, which means that embryos do not have a placenta. Additionally, 
small animals are not good for monitoring biochemical parameters in blood, 
since taking samples from tiny organisms is very difficult or just not possible. 
Also, the drug doses tested in animals cannot be directly related to human 
physiology. Here we talk about zebrafish, which is only one example, but sim-
ilar considerations have to be taken into account in every animal model and 
each experiment. Therefore, careful planning is crucial during the experiment 
designing and result interpretation (Dubińska-Magiera et al., 2021; Hartung, 
2008; Migocka-Patrzałek & Elias, 2021; Robinson et al., 2019).

8	 Ethical Issues 

Experimentation on animals and ethical issues connected with such activity 
has been a topic of wide-world debate for decades. The necessity of conducting 
such experiments, which saves human lives, is undoubtful. However, the price 
is high because it causes animal distress. The discussion focusing on ethical 
issues leads scientists to establish rules, which allow them to avoid unneces-
sary experiments, and protect animals from suffering. In 1959 William Russell 
and Rex Burch described ethical guidelines, called the three R’s (3Rs). The “R” 
letters relate to the terms Replacement, Reduction, and Refinement – three 
main, important practices, which should be applied during planning and con-
ducting experiments involving animals (Tannenbaum & Bennett, 2015).

The first “R” says that, if it is possible the researcher should replace the experi-
ment on animals with another technique. For example, one can use cell cultures 
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(in vitro experiments) for the initial assessment of particular chemical toxicity. 
Another example is replacing animals with the so-called “artificial skin” (derived 
from in vitro cultures) in cosmetics testing. The alternative to using animals is 
the growing potential of bioinformatics analysis. Such in silico analysis allows 
for the virtual modelling of certain biological processes before testing them with 
the use of animals. For instance, one can use the prediction of protein-protein 
interaction to choose the best experimental conditions and parameters.

The second “R” obliged the investigator to reduce the number of animals 
used in the experiment to a minimum. This approach can be achieved by careful 
planning, also by using computational tools to calculate the minimal number 
of individuals in tested groups. Another example of following the “reduction” 
rule, is obtaining as much data from tested animals as possible. Let’s imagine 
that we treat fish with a potentially therapeutic substance to observe overall 
phenotype. We can assess the changes using a variety of tests, for example, 
record a movie showing the swimming speed and pattern, make a photo of live 
fish to show its length and shape, and finally use the animal muscles for bio-
chemical tests. In this way, we save at least two or three experimental groups. 
Additionally, we can use animal tissues, which were not used in experiments, 
for didactic purposes or other kinds of investigations and research.

The third “R” regards animal experiment refinement to avoid or amelio-
rate the animal suffering, distress and pain. This is an especially subtle issue 
because it is really hard to assess if any human intervention in animal natu-
ral life rhythms is harmless. Even tests taken as harmless, such as microscopic 
observations of live animal behaviour, introduce into their lives some addi-
tional stimuli such as different light, additional sounds or physical vibrations. 
All procedures, which could be painful, are carried out on appropriately anaes-
thetized animals (anaesthetic agents cause loss of feeling in all or part of the 
body, with or without loss of consciousness). But there are also several other 
ways to ameliorate the distress, that is. by maintaining stable, proper condi-
tions in the breeding facility. It is also worth noting here, that the animals for 
research purposes are bred and maintained in proper, strictly controlled con-
ditions. The animal facilities are obliged to keep rigid conditions such as, in 
the case of zebrafish, a certain quality of water and food, stable temperature, 
adequate aquatic systems, enough space and take into account many other 
important factors.

The 3Rs were stated to serve as a base for the development of future alterna-
tives to the use of animals in research. Indeed, nowadays there are expanding 
range of options to replace experimentations on animals such as 3D cell cul-
tures, computer modelling and bioinformatic tools (Andersen & Winter, 2019; 
Balls, 2020; Díaz et al., 2020; Petetta & Ciccocioppo, 2021; Robinson et al., 2019).
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9	 Conclusions 

Simple organisms such as bacteria, yeasts, worms, and fruit flies are indispens-
able to gaining knowledge regarding human organisms and health. The model 
means something simpler than the original, which we used as an example. The 
fast development of alternative experimental systems will lead us to use in the 
future other than animal disease models, at least in some cases (Benam et al., 
2015). Nevertheless, the use of animals as a model of the human body is of utmost 
importance in drug testing and medicine, simply because we, as mankind, are 
not skilled enough to imitate nature in a sufficient way. The simplest organism 
created by nature is far too complex to replace it fully with any artificial creation.

	 Abbreviations

ZNF s	 zinc finger nucleases
TALEN s	 transcription activator-like effector nucleases
CRISPR	 clustered regularly interspaced short palindromic repeats
Cas9	 caspase 9

	 Notes

1	 https://www.jax.org/ 
2	 https://marrvel.org/; retrieved October 6, 2021
3	 https://flybase.org/; accessed June 24, 2024
4	 https://zfin.org/; accessed June 24, 2024
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CHAPTER 15

The Beauty and Simplicity of the Complex 
Biological Chemistry of Metals

Magdalena Rowińska-Żyrek

	 Abstract

How to talk about complicated things in a simple way? To what extent can we simplify 
complex processes without simplifying them too much? I will try to bring us closer to 
answering these questions, referring to examples from my field of study. In both simple 
and complex ways, I will discuss the interaction of metal ions with a variety of bio-
molecules: proteins essential for the virulence of bacteria and fungi, peptides involved 
in neurodegeneration and the human ribozyme, an enzyme-like molecule consisting 
only of RNA. Briefly, I will try to convey the beauty and simplicity of the complex bio-
logical chemistry of metals.

	 Keywords

bioinorganic chemistry – thermodynamics – nickel chaperones – zincophores – CPEB3 
ribozyme

…
Most complex discoveries start with simple questions.

∵

I am not familiar with statistics, but the statement is certainly true for several 
big scientific discoveries, which started with the simplest of ideas and obser-
vations (gravity works, light travels pretty quickly, the level of water rises when 
we enter the bathtub, etc.). The explanation of these phenomena is usually 
more complex than the question itself, but without the easy question, without 



162� Rowińska-Żyrek

the driving force of human curiosity, there would have been no answer, no 
science and no progress.

“Making the simple complicated is commonplace; making the complicated 
simple, awesomely simple, that’s creativity” (in: Nixon, 2020, p. 4). The author 
of these words, Charles Mingus, a legendary jazz player, just flattered a lot of 
my fellow scientists, suggesting that they are one of the most creative creatures 
on earth. I would not be that generous in my judgements, but I do have to agree 
that there is some truth in the statement.

Let us think of a deduction process composed of four stages: (1) a simple 
question; (2) a complicated analysis; (3) a simplification that allows under-
standing the problem and adjusting an experimental approach; (4) the simple 
answer.

Now let me make what I just wrote simpler, by showing some examples from 
my field of studies. In bioinorganic chemistry, the general, simple question is: 
why do living creatures need metal ions? And what happens, if something 
‘goes wrong’ in their availability or distribution?

Sounds easy, right? This easy question led to an avalanche of discoveries, 
allowing us to understand insights into the molecular workings of metalloen-
zymes, anticancer drugs, the human brain and pathogenic bacteria. And it all 
started with simple questions.

Let me give you an example:

1	 The Simple Question 

Let’s be more precise in the question we want to ask, and narrow the gen-
eral “why do living creatures need metal ions?” to “why does the stomach 
ulcer-causing bacteria need nickel ions?”. This relatively simple question is a 
consequence of scientific curiosity, inspired by the discovery of Helicobacter 
pylori (H. pylori). Now, thirty years after Barry Marshall drank a suspension of 
the bacteria to prove that it is the cause of stomach ulcers, it is obvious that is 
the Gram-negative H. pylori, which colonizes the gastric mucosa in humans, 
causing acute and chronic gastritis, peptic ulcer disease, gastric carcinoma, 
and gastric lymphoma (Kusters et al. 2006). It is estimated that about 40–50% 
of the adult population in developed countries, and up to 90% of adults in 
developing countries can be infected with H. pylori and new, non-antibiotic 
treatments are still being looked for.

Coming back to the topic: why does H. pylori need Ni2+ ions? What happens 
when it doesn’t get any, and how can we make it happen?
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2	 The Complicated Analysis 

The answer starts in a relatively simple way – H. pylori produces an assortment 
of factors in order to adapt to the extremely acidic environment of the stom-
ach. We have to keep in mind, that although the bacterium successfully inhab-
its the extremely low pH of the stomach, it multiplies in an environmental pH 
from 6.0 to 8.0 and cannot survive at pH below 4.0 (Morgan et al., 1987).

To survive in those unwelcoming living conditions, H. pylori depends on 
two nickel-containing enzymes, urease and hydrogenase. The dinuclear 
Ni2+-containing urease accounts for about 10% of the soluble cellular proteins  
(Bauerfeind et al., 1997), catalyzes the hydrolysis of urea into carbon dioxide 
and ammonia and therefore neutralizes the low gastric pH around the bacteria  
(Scott et al., 2002). The activity of urease critically depends on the availability 
of nickel – a functional urease complex requires 24 Ni2+ ions (Hawtin et al., 
1991). Another factor is a membrane bound [NiFe] hydrogenase, which permits 
respiratory based energy production for the bacteria in the mucosa (Olson & 
Maier, 2002). Most of the bacterium’s metal metabolism is centered upon the 
expression and maturation of those two Ni2+- dependent enzymes (which is 
not a surprise, because the task is quite challenging – the concentration of 
Ni2+ in human plasma is as low as 0.44 nM) and a set of at least 22 accessory 
proteins involved in the homeostasis of nickel is needed for their activation 
(Mehta et al., 2003). Understanding this mechanism is a crucial basis for devel-
oping new, highly specific treatments that would aim at the “weak point” of 
this machinery. Since the number of people resistant to standard therapy (two 
antibiotics and a proton pump inhibitor) is rapidly increasing (over 20% do 
not respond to the therapy at all), new solutions in the treatment of ulcers are  
still being looked for. One of such therapies is a group of drugs based on 
bismuth (III) salts. Currently, there are three different salts available on the  
market – bismuth subsalicylate (in Pepto-Bismol), colloidal bismuth subci-
trate (in De-Nol) and ranitidine bismuth citrate are commonly used for the 
treatment of peptic ulcers, caused by the presence of H. pylori. How do they 
work? It is tempting to think that Bi3+ is able to displace Ni2+ from its binding 
sites. Which proteins look as if they could bind both metals? How can we find 
out how bismuth ions work, without getting lost in the complicated network of 
the large and numerous nickel-binding proteins (Figure 15.1)?

What should we start with, trying to answer our ‘simple’ (now it sounds 
ironic…) question? A good starting point would be a protein that has potential 
good metal binding sites in unstructured regions.

HspA, Hpn and Hpn-like are good examples of such.
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Figure 15.1 The complex system of nickel homeostasis in H. pylori

Heat Shock Protein A (HspA) is a GroES homolog involved in the folding of 
polypeptide chains into oligomeric complexes. In the case of H. pylori, HspA 
has a second function, being involved in the homeostasis of nickel. It delivers 
nickel to appropriate proteins in a Ni2+-deficient environment and takes part 
in the detoxification through the sequestration of excess nickel. Under normal 
conditions, HspA delivers Ni2+ to proteins that have a higher affinity towards 
this metal than HspA itself. In H. pylori, the protein consists of 118 amino acids 
divided into two domains: an N-terminal domain (domain A, residues 1–90), 
which is homologous with other GroES bacterial proteins, and an unstructured 
histidine and cysteine-rich C-terminal domain (domain B, residues 91–118), 
which other GroES-like proteins do not have (Suerbaum et al., 1994) (Figure 
15.2-A). This is a good indication that this is the domain we want to take a 
closer look at in our ‘simplified’ approach.

Two other proteins that could be ‘suspected’ of being excellent nickel bind-
ers are the extremely His-rich Hpn and Hpn-like, two of Helicobacter pylo-
ri’s cytoplasmic proteins involved in the homeostasis of nickel. Almost half 
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of Hpn’s amino acid sequence (28 out of 60 residues) are histidines (Figure 
15.3). Hpn-like, highly similar in its primary sequence to Hpn, contains some 
additional polyglutamine repeats (25% of its sequence are histidines, while 
42% of the amino acid residues are glutamines). Both proteins are not only 
urease and hydrogenase nickel accessory proteins but also important factors 
in nickel (and other metals) storage and detoxification (Li & Zamble, 2009). 
Hpn is abundant in the cytoplasm of H. pylori and accounts for approximately 
2% of all proteins synthesized by the bacterium (reviewed in: Mulrooney & 
Hausinger, 2003; Kaluarachchi et al., 2010).

Now, having those proteins in mind, let us again ask: what happens, when 
something ‘goes wrong’ with nickel distribution in H. pylori? To answer the 
simple question, it will be necessary to make several simplifications of the 
complex system.

3	 The Simplification 

In this case, the simplification is based on working with model systems –  
peptides, which are representative unstructured fragments of the studied 
nickel binding proteins, ‘suspected’ of being the metal binding site. Simple: 
the idea is to work with the metal binding site, not with the full protein, and 
to precisely determine the affinity binding constants to each of the potential 
metal binding sites or to investigate peptide recognition. Or, even simpler: we 
chop up the protein into smaller pieces and we check where the metal binds 
most strongly or we check if the two regions interact with each other.

This simplification has several limitations that we have to be aware of. It 
would not be particularly useful if the studied protein region had a pre-defined 
structure, or was a membrane protein (I will come back to this point later, now 
the plan is to make things simple; the verification process will follow).

Let us first focus on the C-terminal part of HspA. Its eight His and four Cys 
residues among 27 amino acids (GSCCHTGNHDHKHAKEHEACCHDHKKH) make 
it a tempting nickel binder. Keeping in mind, that the N-terminal domain has 
the function of a heat shock protein, and is not involved in nickel homeostasis, 
and that the C-terminal domain (absent in other species) is unstructured and 
very probable to chelate metal ions, it is reasonable to focus on domain B only. 
The shorter the studied region, the more precise thermodynamic data we are 
able to obtain about its metal complex (not even to mention the lower costs 
and easier handling of the sample …).

Indeed, Ni2+ ions make a thermodynamically strong square planar complex 
with two sulfurs of neighboring cysteine residues and to the amide between 
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them. Looking at the interaction of bismuth with the same model system, at 
least one of the ways how bismuth might inhibit nickel-dependent proteins of 
this bacterium becomes obvious – thermodynamically, bismuth complexes are 
over ten orders of magnitude more stable than nickel ones (Rowińska-Żyrek 
et al., 2009). Moreover, Bi3+ is able to displace Ni2+ from its Cys-rich binding 
sites (Rowińska-Żyrek et al., 2010), disrupting the homeostasis of nickel and/
or causing nickel deficiency during post-translational modifications of urease 
and hydrogenase.

The finding was confirmed by the biological study, which showed that Bi3+ 
induces the changes in quaternary structure of the protein, making it refold 
from a native heptamer to a dimer (Cun et al., 2008). The binding is irrevers-
ible at physiological pH, which clearly indicates that bismuth may inhibit the 
biological functions of HspA (Cun et al., 2008).

How about the abnormally histidine-rich protein, Hpn? It mostly exists as 
an unstructured multimer in solution, with each 7 kDa monomer binding 5 
nickel ions at pH 7.4 (Ge et al., 2006). Bacteria lacking Hpn, cultured in vitro 
have an increased response to therapeutic forms of bismuth (Mobley et al., 
1999). How does this happen, what are the details of Ni2+ and Bi3+ coordina-
tion to this protein?

A striking feature of Hpn, apart from the impressive amount of histidines, is 
a variety of available binding sites for metal ions. Nickel, native to the protein, 

Figure 15.2 �A. A scheme of Heat Shock Protein A from H. pylori 
B. A suggested scheme of the structural rearrangement of HspA upon Bi3+ 
addition; only the front subunit is highlighted (Cun et al., 2008)
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is able to bind to the ACTUN motif in an albumin-like binding (MAH), to the 
His-rich motif (HHH) and to the cysteine thiols (CC). Since Hpn does not have 
a defined structure and all of the mentioned sites are available for binding, this 
particular protein is an excellent example based on which we can debate on 
the thermodynamic preferences of nickel binding. What is the outcome of the 
debate? The N-terminal part of Hpn binds Ni2+ ions in the same way as native 
human albumin does, forming nickel and copper complexes involving a {NH2 
2N–, Nim} donor set. Two other fragments with a -CC- motif (Ac-CCSTSDSH-
HQ-NH2 and Ac-EEGCCHGHHE-NH2) derived from the C-terminal part of Hpn, 
bind nickel, forming very stable planar complexes with both peptides, due to 
the {2S–,N–} binding mode (Rowińska-Żyrek et al., 2013).

The ‘simplified’ approach allowed an understanding of the behaviour of a 
polyhistidyl fragment of Hpn (Ac-THHHHYHGG-NH2) in a complex with Ni2+. 
The coordination properties of this so-called wild-type fragment were com-
pared with those of its six analogues, in which consecutive residues (His or 
Tyr) were replaced by Ala (Ala-substitution or Ala-scan approach) resulting 
in Ac-TAHHHYHGG-NH2, Ac-THAHHYHGG-NH2, Ac-THHAHYHGG-NH2, Ac-THH-
HAYHGG-NH2, Ac-THHHHAHGG-NH2 and Ac-THHHHYAGG-NH2 peptides, respec-
tively. This approach allowed to conclude that the fourth His residue is critical 
for the binding of Ni2+ and that the effectiveness of binding varies even if the 
substituted amino acid does not directly bind. Moreover, we showed that the 
metals cannot bind to four consecutive histidines (Witkowska et al., 2012).

Figure 15.3 �Binding modes of nickel to the Hpn sequences discussed above – HHYH, MAH 
and CC
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One of the most useful features of the “peptide-based approach” is the pre-
cision with which we can compare the thermodynamic differences of the dif-
ferent binding sites. Among the three different parts of Hpn mentioned above, 
it is the C-terminal part of the protein with the “CC” sequence which binds 
nickel most effectively. The His-rich fragment binds nickel more efficiently at 
lower pH than the N-terminal part does; at physiological pH (7.4), we observe 
the contrary.

Another fun fact about Hpn and Hpn-like: the more glutamine residues 
they have, the stronger they coordinate metal ions. The ‘simplified’ approach 
was used to study the interactions of Ni2+ with several N-terminal domains 
of Hpn and Hpn-like proteins from H. pylori, each with a different number 
of glutamine residues, but with the same albumin-like metal binding mode. 
Experimental results, in very good agreement with theoretical findings, lead 
to the not-at-all obvious conclusion that the stability of metal complexes dis-
tinctly increases with the number of glutamine residues present in the pep-
tide, although glutamine side chains do not directly take part in coordination. 
Most probably forms a network of hydrogen bonds which protects the metal 
binding site from water molecules. This peculiar finding allows one to look at 
polyglutamine sequences, not only the ones present in some bacterial chaper-
ons but also those involved in several neurodegenerative diseases, from a new 
perspective (Chiera et al., 2013).

4	 The Simple Answer 

Helicobacter pylori depends on urease and hydrogenase to survive in the acidic 
environment of the human stomach. Both of the two enzymes need nickel 
ions, which is why the bacteria express numerous proteins that ensure the 
proper distribution and storage of Ni2+. Moving in the world of H. pylori’s 
protein interactions with metals, using model systems – unstructured protein 
fragments, which are ‘suspected’ of being metal-binding sites, we can point out 
the regions with the highest affinity towards nickel and prove that the com-
ponent of commonly used antiulcer drug, bismuth, may inhibit nickel depen-
dent proteins of this bacterium – thermodynamically, bismuth complexes are 
over ten orders of magnitude more stable than nickel ones and Bi3+ is able to 
displace Ni2+ from its Cys-rich binding sites (Rowińska-Żyrek et al., 2010), dis-
rupting the homeostasis of nickel and causing nickel deficiency during post- 
translational modifications of urease and hydrogenase.

‘Making the complicated simple, awesomely simple’– a series of cases 
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Clearly, H. pylori related studies are not the only ones to which the “simple 
question-complicated analysis-simplification-the simple answer” deduction 
scheme can be applied. Even more than that – the system doesn’t even have 
to be a protein. Examples? With pleasure – a ribozyme example. The “divide 
and conquer” policy told us a lot about the correlation between the structure 
and function of one of the only three known human small catalytic RNA s, the 
CPEB3 ribozyme (Figure 15.4A).

Until recently, ribozymes (‘enzymes’ composed solely of RNA) were found 
only in lower organisms. The discovery of the human CPEB3 ribozyme, 
related to the Hepatitis Delta Virus (HDV, Figure 15.4B) one, was an enormous 
breakthrough.

This ribozyme is a highly conserved, mammalian, self-cleaving, non-cod-
ing RNA located in the second intron of the cpeb3 gene (Salehi-Ashtiani et al., 
2006). This gene encodes a cytoplasmic polyadenylation element binding pro-
tein that promotes the elongation of the polyadenine tail of messenger RNA and 
mediates germ cell development, synaptic plasticity, learning and memory; it 
has also been suggested to adapt prion-like conformations. The CPEB3 protein 
is rather well studied, yet surprisingly little is known about the CPEB3 ribo-
zyme itself. Most of the available information is based on comparative studies 
with the structurally and biologically related HDV ribozyme. Despite having 
divergence in base sequences, both the viral HDV and the human CPEB3 were 
predicted to form the same base pairing interactions, which result in a pseudo-
knot structure (Webb et al., 2009). How to verify the formation of the predicted 
nested double pseudoknot in solution and how to get an understanding of the 
structure-function and metal ion binding-function relationships of this 67 
nucleobase-long ribozyme? The NMR structure of the whole construct is highly 
desirable (and highly complicated to obtain), as well as NMR-monitored Mg2+ 
titrations, to characterize specific metal binding sites and structural changes 
within the ribozyme upon addition of the metal ions.

NMR proton resonance assignment of the CPEB3 ribozyme was a huge 
challenge because of the severe spectral overlap in the [1H,1H]-NOESY spec-
tra, which is mainly due to the large size of the ribozyme. All assignments 
were made in spectra of partially deuterated CPEB3 RNA, in which line 
widths were drastically improved compared to the spectra of natural abun-
dance samples. The assignment was supported by using different labelling 
schemes for the CPEB3 RNA, which helped to select for [1H,1H]-NOESY or 
[1H,15N]-HSQC correlations belonging to certain nucleotides. Four samples 
with only one NMR-visible (natural abundance) nucleotide (with the remain-
ing three being fully deuterated ones) were also analyzed (Rowińska-Żyrek  
et al., 2014a).
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Further NMR analysis showed that the global fold of the CPEB3 ribozyme, 
encompassing 80–90% of the predicted base pairs, is formed in monovalent 
ions alone. Low millimolar concentrations of Mg2+ promote a more compact 
fold and lead to the formation of additional structure in the core of the ribo-
zymes, which contains the inner small pseudoknot and the active site. Several 
Mg2+ binding sites, which are important for the functional fold, appear to be 
located in corresponding locations in the HDV and CPEB3 ribozyme, demon-
strating the particular relevance of Mg2+ for the nested double pseudoknot 
structure.

Still, no clue about structure? Keep it simple; apply the ‘divide and conquer’ 
strategy – use three small model constructs for the P1 and P2 helices and for 
the P4 hairpin (Figure 15.4C). This simple idea was an absolute hit – results 
obtained for the three separate regions allowed solving their structures and 
facilitated the assignment of the full-length CPEB3 ribozyme spectra (Rowińs-
ka-Żyrek et al., 2014b).

Another example of an approach that makes the complicated simple? 
Understanding the interactions of Zn2+ with zincophores and zinc transport-
ers from Candida albicans (C. albicans), the most common cause of fungal 
infections in humans.

C. albicans, although usually a commensal fungus, it is the most common 
cause of candidiasis – a condition that encompasses infections that range from 

Figure 15.4 �Secondary structures of (A) the genomic HDV ribozyme (B) the CPEB3 ribo-
zyme (C) the small model constructs P1, P2 and P4 used for resonance assign-
ment; the nucleotides added to the natural sequences are shown in grey
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superficial, chronic to systemic and potentially life-threatening candidemia. 
The frequency of drug-resistant invasive mycoses has increased significantly 
over the past three decades, and is becoming a serious medical problem not 
only in immunosuppressed patients. As a result, new antifungal drugs and 
ways to specifically deliver them to the fungal cell are being looked for. One 
of the biggest obstacles in finding such comes from the fact that fungi share 
essential metabolic pathways with humans. One significant difference in the 
metabolism of those two cells that can be challenged when looking for possi-
ble selective therapeutics is the uptake of zinc (crucial for fungal survival and 
virulence).

Candida albicans relies on a mechanism of zinc uptake. It is based on a 
secreted protein, which specifically binds Zn2+, Pra1, the so-called ‘zinco-
phore’, a small, 299 amino acid secreted zinc-binding protein, which can 
sequester this metal from the environment and re-associate with the fungus 
via a co-expressed, genetically-linked membrane transporter, Zrt1. Citiulo et 
al., (2012) elucidated the mechanism of C. albicans zinc acquisition from host 
cells: (1) after the host cell invasion Pra1 (pH-regulated antigen 1, the previ-
ously mentioned zincophore), is expressed due to the alkaline pH and low 
amount of soluble zinc of the intracellular environment (Sentandreu et al., 
1998; Outten & O’Halloran, 2001); (2) the protein is secreted and released from 
the fungal cell surface, predominantly in the hyphal form; it is required for 
hyphal extension and causes endothelial damage of the host (De Bernardis 
et al., 1998); (3) it binds host cellular zinc (either free cytosolic or bound to 
host protein); and (4) returns to the fungal cell via physical interaction with 
Zrt1, a membrane transporter, to deliver the bound metal ion (Figure 15.5)  
(Citiulo et al., 2012).

How to understand the bioinorganic chemistry of this process, to point out 
the Zn2+ binding sites in both Pra1 and Zrt1 and understand the thermodynam-
ics of the Pra1-Zn2+-Zrt1 interaction?

As you might already be guessing, our approach involves working on both 
full-length proteins and model systems (unstructured parts of proteins) in 
order to identify those regions in Pra1, to which bind zinc with the highest 
affinity and those which are recognised by Zrt1. Several unstructured regions 
of Pra1 and Zrt1 can be used to perform a structural and thermodynamical 
analysis of their complexes with Zn2+, being a stepping stone towards finding 
new, fungus-specific treatments based on parts of zincophores coupled with 
an imidazole- or triazole-based antifungal drugs.

Verification of the simplification procedure? The best one would be per-
forming growth promotion studies, indicating whether these Pra1 fragments 
are able to transfer zinc into fungi, and therefore act like zincophores.
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‘Peptide-based’, ‘divide and conquer’, however, we call the approach, if we 
are big fans of it or not, what is clear are two things: first, it was the key to 
several major discoveries – it would take time and severely abuse the dimen-
sions of this book to describe all in brief (e.g., this simple approach allowed 
to elucidate the impact of metal ions on the molecular basis of Alzheimer’s, 
Parkinson’s or prion disease. Cu2+ and Fe3+ usually bind to specific sites in 
beta-amyloid, a-synuclein and prion proteins, resulting in misfolding and oxi-
dative stress, which is the trigger for the diseases).

And second, it is of major importance to be aware of the obvious limitations 
of the method. A pre-defined structure of the biomolecule or a tertiary inter-
action with another group is a serious limitation.

Having started the chapter with a quotation, I will also finish it with one. I 
think one attributed to Albert Einstein fits: “Make everything as simple as pos-
sible, but not simpler” (Robinson, 2018).
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CHAPTER 16

On Simplificatory and Diversificatory Aspects of 
the Presentation of an Object

Bartłomiej Skowron

	 Abstract

In this article, I present and defend the view that our cognition of complex objects is 
on the one hand incomplete and unavoidably simplificatory, and on the other diversif-
icatory, in the sense of conferring additional internal diversity on them by introducing 
features they do not otherwise have. To substantiate this viewpoint, I make use of the 
ontological analysis of both the object and its cognition carried out by the founding 
father of the Lviv-Warsaw School of philosophy, Kazimierz Twardowski, in his work On 
the content and the object of presentations. I also model Twardowski’s findings topolog-
ically, using Fréchet’s theory of types of dimension.

	 Keywords

Kazimierz Twardowski – object of presentation – content of presentation – material 
and formal parts – theory of an object – Maurice Fréchet’s theory of types of dimension

1	 Introduction

There are, we might be tempted to suppose, three protagonists: a subject, an 
object, and a relation of cognition that connects them. The subject gets to 
know the object, and the object becomes known by the subject. Getting to 
know the object is a complex process.1 A first and naive approximation of that 
process might be the view that holds that within the subject certain presenta-
tions occur,2 these being some form of mental duplication amounting to some-
thing like a photographic copy of the object that the subject seeks to know. The 
more exact the photographic duplication, the more adequate the cognition of 
the object.
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That viewpoint is false, for at least two reasons. Firstly, cognition cannot be 
confined to instances of photographic mirroring, as in that case how would we 
get to know such abstract objects as Hilbert spaces? What would the copies of 
these objects be?

Secondly, the totality of what counts as getting to know an object cannot 
be equated solely with the adequacy of that object’s presentation. Presenta-
tions furnish the basic elements of cognition: they are the beginning of the 
cognition process, and as such do not themselves exhaust the entire cognition 
process. Amongst the components omitted by such an account there is, at the 
very least, the final result of cognition: i.e., the making of a judgment.

It is, in a certain sense, judgment that is the decisive factor (Ingarden, 1972), 
with the ineluctable role of the subject being to validate cognition. This is 
because the judgment we make about an object we seek to know constitutes 
the crowning moment of that object’s cognition. Hence, the correct conclusion 
in this respect is that cognition does not create a photographic copy of the 
object of knowledge. But what, then, does it amount to?

Let us use the following analysis as a first approximation of the object’s 
presentation, construed as the basis of cognition (Twardowski, 1977). The pre-
sentation of an object consists of three strongly interlinked components: the 
process (act) of presentation, the content of presentation and the object of 
presentation. The object of presentation is presented through the content of 
the presentation in the act of presentation. Our viewing the object of presen-
tation through the content of the presentation is something to be analyzed via 
the decomposition of both object and content into their respective parts. The 
relationship between these parts can then be analyzed.

The relation obtaining naturally between some part of the content of pre-
sentation and some part of the object of presentation will be a certain cor-
respondence. Should this be absent, the content of the presentation will not 
target the object, and the object of the presentation will not be adequate to the 
content of the presentation. We might expect to arrive at an understanding of 
that relation through observation and analysis of the results of their division 
into their respective parts: i.e. by differentiating the parts of the object of pre-
sentation and of the content of presentation. The key issues we aim to reflect 
on are the following: How do the parts of a presentation correspond with those 
of the object of presentation? How many parts of the content of presentation 
correspond with those of the object of presentation, and vice versa? In what 
way do the parts of the object of presentation correspond with those of the 
content of presentation? How many parts of the object of presentation corre-
spond with the parts of the content of presentation? Our analysis will be car-
ried out in the context of this sort of understanding of what correspondence 
amounts to.
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The structure of the present article is therefore as follows: picking up from 
where Twardowski (1977) left off, I aim to render in more precise terms the con-
cept of an object, to differentiate its parts, and to spell out in detail the relation 
of correspondence between the object and content of presentation. Next, I for-
mulate and seek to justify my main thesis, to the effect that the presentation 
of complex objects is always a simplifying one, in the sense of one that omits 
some parts of the object, but – what is more – at the same time also an enrich-
ing one, in that it introduces into the object of presentation some parts which 
the latter does not itself have. The validation of this thesis proceeds via not one 
but two paths: through analysis of cognitive experience, and formal analysis 
of an object and content understood abstractly. The experience-based analy-
sis is mainly based on the contribution of Twardowski himself, while the for-
mal analysis aims to enhance our understanding the complexity of cognition 
through topological modeling, and in particular through the notion of types of 
dimension as introduced by Fréchet.

2	 The Object and Content of a Presentation 

Everything that is something is an object – that is, anything that can be pre-
sented. The totality of objects is coextensive with all that is something. In this 
wide sense, an object can be either real, like the sadness of some person, or 
unreal, like an angel or a square. It can exist – an example of an existing object 
would be the Academy of Young Scholars and Artists in 2016 – or not exist, like 
the Academy of Young Scholars and Artists in 2005, which is also an object, 
but a non-existent one. To put it briefly, “everything which is not nothing, but 
which in some sense is ‘something,’ is an object” (Twardowski, 1977, p. 35).

Objects can be possible, and they can be impossible. An apple lying on the 
table in front of me is a possible object (and one existing in reality), while a 
square circle is an example of an impossible object. Objects are not limited to 
things – to assert that they are would surely be a questionable view, as things 
are only one sub-category of the category of objects. V(D)J recombination, 
or the creation of a stage character by an author, are not things, but they are 
objects; the same goes for the Stoic postulate of the premeditatedness of evil, 
mannerism, the measure of disorder, and many other objects about which the 
authors of texts included in this volume write.

The object of presentation is viewed through the content of presentation, 
in the act of presentation, where this is similar to the way a painter records a 
topic on a canvas through the picture, in the act of painting. Within this anal-
ogy, the topic corresponds with the object (e.g., the landscape), the picture 
corresponds with the content, and the act of painting corresponds with the 
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act of presentation (cf. Twardowski, 1977, p. 13). The object of the presentation 
and the content of the presentation are not the same. One difference between 
them, for example, is that they can exist in different ways. The presentational 
content of an ideal or non-existing object is not ideal or non-existing. The con-
tent of the presentation of a non-existing object, should it be presented, exists 
independently of the non-existence of the object to which it pertains.

Object and content are to be discussed as the object and content of a par-
ticular presentation. Therefore, if we think only about some object, it will each 
time be the object of a certain possible presentation. Something similar goes 
for the content: if we discuss some specific content, that will be the content of 
a particular possible presentation. However, to render things more concise (in 
places where doing so will not engender inconsistency), we will use the terms 
object and content with the additional specification that they are the object 
or the content of a specific presentation. The context will decide whether the 
topic is one and the same presentation or, perhaps, many presentations.

3	 Material Constituents and the Form of the Object 

Anything which can be distinguished in an object independently of the very mode 
of distinguishing we call its part. Parts of a smartphone are a processor, a battery, 
a touch screen, etc. Parts of that type may be specified differently (albeit more 
narrowly) as pieces or parts in the usual sense. Nevertheless, in a smartphone, we 
can also discern that the battery cover covers the battery, that the touch screen is 
on the other side of the battery cover. In this way, parts of another type are distin-
guished: namely, relations between parts construed in the usual sense.

According to Twardowski (1977, p. 46ff), all of the parts of an object in the usual 
sense go to make up the material (German: Stoff) of an object, while all of the parts 
in the sense of relations distinguished in an object go to make up the object’s form. 
Obviously, the material of an object is so strongly interwoven by different relations 
with the object’s form that, in many cases, it is impossible to separate these effec-
tively. An object’s material and form are abstracta of that object, and even though 
they are initially inseparable, to distinguish them is to do so in thought.3

4	 The Material Constituents of the Object 

The material (or matter) of an object is the totality of its parts in the usual sense 
of the term “part”. Parts are divided into simple ones, such as those that do not 
have parts, and complex ones, in which further parts can be distinguished. A 
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simple object is an object that does not have parts; a complex object is an object 
with parts. The object’s parts, viewed in terms of their mereological order, may 
be located within it more proximally or more distally: the more proximal part 
of a smartphone is its touch screen, while its most distal part is the technol-
ogy from which it was made – for example, its capacitive sensing screen tech-
nology. The fact that a part is a more proximal or more distal one furnishes 
the basis for distinguishing the order of parts (Twardowski, 1977, p. 47). First- 
order parts are parts of an object, but their parts are second-order parts, parts 
of second-order parts are third-order ones, etc. Breaking down an object into 
mereological orders (degrees or levels) is, of course, relative. A kilo may be 
broken down into 100 decagrams or 1000 grams: it is hard to say which parts of 
a kilo are more proximal and which more distal if we are not apprised of the 
particular rule for carrying out such a procedure.

The order of the parts is just one of the rules for dividing something up into 
parts of a whole. The next rule of division is the way in which parts can be parts 
of an object (Twardowski, 1977, p. 48). As parts of particular objects, duration 
and extent may be their parts only in one way. The Academy of Young Scholars 
and Artists cannot have duration in three different ways – it was established 
and lasts, so as long as it exists, it will last. At the same time, the redness of a 
red pen is a part of that pen in a different way than redness conceived as a part 
of a spectrum’s red band.4

The third way of dividing an object, alongside order and being a part in one 
or multiple ways, is division in terms of the dependencies pertaining to the 
existence of the object’s parts (Twardowski, 1977, pp. 48, 49).5 The latter are 
often tied to one another existentially: i.e. they are entangled in such a way that 
if one part exists, then the other has to exist too. That is the case with the red-
ness and the extent of the apple lying on a table about which I wrote earlier: its 
redness cannot exist without the extent of its surface, and vice versa. The sur-
face cannot exist without a specific colour. Colour in that sense is connected 
with extent, and there is an unbreakable relation of coexistence.

5	 The Object’s Form 

The object’s matter, as we have seen, is already incredibly complicated. How-
ever, the true complexity of an object is revealed in its form: that is, in the 
relations in which an object and its parts are involved. Following Twardowski, 
these relations are called the “formal constituents” of an object. We should also 
emphasize that Twardowski treats the relations of an object with other objects 
as a part of that object.



180� Skowron

Among the formal parts, Twardowski (1977, p. 50) distinguishes two types: 
primary and secondary. (Twardowski speaks about “primary formal constitu-
ents” and “secondary formal constituents”.) The primary formal parts are the 
relations between the parts and the object as a whole, while secondary formal 
parts are relations obtaining among the particular parts themselves.

Relationships between the parts of an object and the object as a whole 
come in two kinds. Once the parts create a whole, and the whole binds them 
together (for example, causally) and encompasses them, they can be consid-
ered relationships in the strict sense; meanwhile, at other times the parts can 
be just somewhat similar to a whole, or looked at separately may be smaller/
larger than the whole, in which case Twardowski considers such relationships 
to be primary formal constituents only in an extended sense. Parts of a given 
whole, to be capable of being similar to the whole to some degree, must first 
be its constituents.

Primary formal constituents in the strict sense stand in an ontological rela-
tionship of founding with primary formal parts in the extended sense, and such 
founding itself constitutes a further level of multiplying relations. Because the 
relata of the founding level are relations (primary formal constituents), it can 
be said that they are secondary-level relations. Relations between relations of 
the second level will be those of the third level, etc.6 In the case of some objects 
that analysis could go on endlessly. Such indefinite entangling of formal con-
stituents is the key to answering the question about the core of the relation 
that binds the parts into a whole (see Twardowski, 1977, p. 56).

Formal secondary constituents of an object are those whose relata are the 
particular parts of an object, but not the object as a whole. The type of second-
ary formal constituents depends on its relata. When the relata are the mate-
rial parts of an object, the secondary formal constituents are spatial relations 
between the material parts of, say, a smartphone.

The relata of these relationships may also be the primary formal constit-
uents: i.e. the relations between the parts and the totality of the object. The 
differences between the ways in which the totality possesses the material parts 
can be compared as part and parcel of the analysis of the relations between 
the primary formal constituents. What is also to be taken into consideration as 
part of that analysis is the causal dependency obtaining between the different 
relations of an object and the object as a whole. If a smartphone has the right 
amount of RAM and a fast processor, it will also probably possess the feature 
of reacting quickly to the needs of a demanding user. We should add here that 
for Twardowski, the totality of secondary formal constituents, whose relata are 
primary formal constituents and those on the basis of which we can causally 
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derive all remaining primary formal constituents in the discussed object, make 
up the essence [German: Wesen] of that object (Twardowski, 1977, p. 57).

6	 Presentations Are Also Objects 

The different types of parts of objects have been distinguished above in gen-
eral terms. We should also point out that presentations can themselves be 
objects of presentations, as when I present a stage character right before the 
play. If such presentations are also objects, the types of parts distinguished 
above are also valid for them. Therefore, presentations may be broken down 
into material and formal parts, and it is possible to determine their further 
levels ad infinitum.

7	 Adequacy 

Twardowski writes:

Just as the whole object is presented through a presentation, so the single 
parts of the object are presented through corresponding parts of the pre-
sentation. Now, the parts of the object of a presentation are again objects 
of presentation, and the latter in turn are parts of the whole presentation. 
Parts of the content of a presentation are contents, just as parts of an 
object are objects. In analogy to the way in which parts of an object form 
the whole uniform object, parts of a content form the complete content. 
(Twardowski, 1977, p. 39)

Since we are concerned with what it means to come to know an object, and 
the primary part of cognition is presenting an object, we are bound to be keenly 
interested in relationships between the contents of presentations and the 
objects of presentations. The object of a presentation is related to the presen-
tation just because they are disclosed to us within one presentation. However, 
that aspect of their relationship does not have the same significance as how the 
presentations correspond with the content. To express it more precisely: in what 
manner do adequate parts of a presentation correspond with the object’s parts 
(such that the particular object and that particular content refer to the same 
object), and vice versa? To be even more precise, our question is whether any 
formal and material part of the content of the presentation corresponds with a 
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formal and material part of the object, and whether each formal and material 
part of the object corresponds with a formal and material part of the content.

That issue forms part of the classic philosophical problem of the essence of 
veracity. From amongst the products issuing from our cognition of an object, 
we can distinguish those that do and those that do not “hit” the object, those 
that do and those that do not correspond with it, those that describe the object 
as being how it is and those that describe it as how it is not, those that are 
harmonious with the object and those that are not, and those that are consis-
tent with other presentations of it and those for which such consistency with 
others is not possible.

Each of the dichotomies listed above corresponds with a particular tradi-
tion of grasping the problem of truth. The analysis presented here pertains to 
the base level of the problem of veracity, because presentations, according to 
the view presupposed by our thesis, make up exclusively the basis of cognition. 
Moreover, cognition is understood here as the activity of an individual subject 
(even if it is slightly extended by, for example, online computational tools – see 
Smart, 2022), while the group aspect of cognition is omitted here (even though 
the results of scientific cognition have, to be sure, a social dimension – see 
Fleck, 1979; Hutchins, 2012), as is the theoretical aspect, in the sense that we are 
not aiming to deal with the question of what it means for a particular scientific 
theory to be true.

8	� Addition and Subtraction of the Object’s Parts: Simplification and 
Enrichment of the Presentation of the Object 

Let us repeat our central question: it concerns whether each formal and mate-
rial part of a presentation’s content corresponds with a formal and material 
part of the object, and whether each formal and material part of the object 
corresponds with a formal and material part of the content of the presenta-
tion. That question, to be sure, is actually composed of many more detailed 
ones. Further levels of formal and material parts are discernible with each 
subsequent step. To successfully take the analysis in that direction, one would  
have to have appropriately complex and abstract structures at hand, which 
would model the structure of the content and the object (Wójtowicz & Skowron,  
2022). We know that despite many attempts, such general structures have yet 
to be discovered. Below, though, we propose an overall topological under-
standing of the objects of interest to us.

Let us, then, try to answer that question not in an entirely general way, but 
on the basis of particular cases. Take, for instance, a concrete smartphone 
along with all its parts. Alongside those parts of a smartphone we have already 
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mentioned, we should add the more complex relations it enters into with other 
objects: i.e. proximal spatial relationships, such as how it is located relative to 
other objects, and how it enters into network relationships with them. When it 
is connected to the Internet, it connects up with many other objects, including 
other smartphones, service providers’ servers, internet websites, etc. The net-
work of relations which it is involved in is incredibly varied, and having regard, 
perhaps, to the accumulative proliferation of orders of parts, endlessly rich. 
However, the question is whether, within the content of the presentation of a 
smartphone, examples of all the relationships just listed will be encountered? 
The answer to this is a negative one. When I present a smartphone to myself, 
I do not take into consideration all the relationships in which it is involved.

What is more, it is not just relationships that are omitted in the content of 
the presentation: I also do not consider its material parts, because I omit both 
duration as a part of a smartphone, as well as further mereological and tempo-
ral levels of its persistence, not thinking all the time about its beginning and 
end. I also omit many secondary formal components, such as the processor’s 
location and the motherboard, which is seldom a component of the content of 
a smartphone’s presentation.7

Until now, we have been talking about complex objects, in that we have dis-
tinguished their parts. The analysis up to now has not included cases of simple 
objects, that by definition do not have parts. Examples of simple objects are 
Leibniz’s monads, a pure subject, or God. The content and object of presen-
tation of simple objects are most probably related in the following way: that 
they are the content and object of one presentation. Do any other relation-
ships obtain?

If we assume a proper breakdown into parts as described above, it would 
have to be said that there are no other relationships in force. This is because 
they cannot be said to be completely identical, as they are different objects. If 
anyone comes to know these objects at all, then this is not via a process hav-
ing presentation as its basis. The importance of presentations decreases to the 
benefit of such intangible tools of cognition as intuition (for example, of the 
eidetic sort), and symbolic and abstract cognition.

Nevertheless, complex objects are often presented as simple objects.8 In 
moments of strong subjective tension – for example, under stress, or being 
suddenly blinded by a bright flash – we tend to present complex objects as 
simple ones. The content of the presentation of a flash in a moment of surprise 
is not complex: we do not differentiate its parts, we do not analyze its colour 
or intensity – the content tends to be simple. States of tension or surprise are 
a violation of our standard mode of maintaining a certain poise, or relative 
peace and quiet, yet in those states a simplification of objects occurs. It might 
be conjectured that simplification is a cognitive strategy typical for subjects 
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engaged in coming to know an object.9 Cognition is, in large part, a matter of 
filtering what is available to the subject. It is impossible to contain in the con-
tent of a presentation all parts of the object of presentation. Attempts to fully 
specify an object, in which strict mutual adequacy between the parts of the 
content and the object is achieved, generally prove unsuccessful.

When we present complex objects as simple, we subtract some parts from 
them, and simplify them. A process that is the reverse of simplification is the 
conferral of additional internal diversity, which occurs inter alia in cases of 
optical illusion or vivid psychedelic hallucinations. The content of presenta-
tion of the image below includes more parts than the image itself. The grey 
spots which, when we look at the entire image, appear in the places where the 
white edges of the grid cross-sect, are a part of the presentation, but they are 
not a part of the object. This illusion is called the Herman grid illusion, and is 
one of many known illusions of that type.

Another example is furnished by the content of presentation of objects 
such as a legal driver without a driving license. Within the content of that pre-
sentation, it is natural to include a driving license. It is impossible to present to 
yourself a legal driver without a driving license without presenting some form 
of driving license. The driving license, although not part of the object, is a part 
of the object’s presentation. There are many cases of such indubitable enrich-
ment of objects in terms of content. More subtle examples are contributed 
by transcendental philosophy which, while examining the preconditions for 
our cognitive capacities, points to certain accessories needed by the subject 

Figure 16.1 �The Herman grid illusion (Source: http://en.wikipedia.org/wiki/Grid_illusion, 
Accessed: 06.04.2023)

http://en.wikipedia.org/wiki/Grid_illusion
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(for example, sensual forms such as time and space), as well as some creative 
aspects of cognition involved in creating an object. However, pursuing a tran-
scendental analysis would take us too far away from our main task here.

It can be the case that certain parts of the object do not correspond with any 
parts of the content, and vice versa. Although such a deficiency with respect to 
adequacy may have negative consequences, the idea that it wholly undermines 
the cognitive effectiveness of subjects engaged in coming to know an object 
would seem like an overly hasty conclusion. It seems that small differences 
pertaining to parts within the object should correspond with small differences 
pertaining to parts within the content of presentation – at least in respect of 
that presentation’s “hitting” the object. The situation is similar with significant  
differences – with greater and more noticeable differences within the content –  
at least if assume that in a certain way we are, for example, asymptotically 
approximating to the object as we come to know it. If the relationships 
described here in terms of differences as to the content and the object do not 
make reference to the entire content and object, they certainly will obtain 
between selected parts of these.

Cognition exhibits a certain purposive character, which is that as we go 
through the process of coming to know something, we at the same time yearn 
for that which is being cognized to be accessible to us in full. Distortions, 
though undesirable, are an inherent component of the “adjusting” of the con-
tent to the object. They may be presumed to form a part of the conditions of 
possibility of cognition – in that the idea of a capacity for complete coherence 
with respect to cognition can, as we have seen, be quickly challenged.10

9	 The Search for a Model of Object and Content11 

As we have noted already, the problem of adjusting the model or the mate-
rial to achieve adequacy as regards both the object and the content remains 
open. We know that despite many imperfections, correspondence takes place 
between parts of the content and parts of the object. In order to examine the 
nature of these correspondences, we must in some way imitate, or assign a 
structure to, such contents and objects. We know that there can be no relation 
of photographic mirroring between these structures, and also that in the pro-
cess of presenting them many simplifications and diversifications will arise – 
as what, collectively, we call “distortions.”

Within the content of its presentations, a subject somehow adjusts the parts to 
its properties and capabilities. It constructs certain presentations (cf. Jernajczyk,  



186� Skowron

2014) that amount to distortion, but which nevertheless do not become sev-
ered from the basic condition that a particular content should correspond 
with a particular object of presentation. Some, even if erratic, adequacy on 
the part of the content of the presentation still remains. Sometimes it is strict 
adequacy, while at other times it may be absent altogether. The strictness of 
this adequacy will consist in the following: that small changes in an object can 
be expected to compel equivalent small changes in the content, and vice versa. 
The contents of the presentation will be distorted, yet the process of distorting 
is not entirely unconstrained. It maintains “partial continuity,” so to speak. So 
what does it consist in?

As an attempt at responding to the question concerning the structure of 
adequacy of the content’s parts, we propose to model the structural aspect of 
both the content and the object with the help of topological spaces.12 On such 
a basis, we believe that it will be possible to examine and model the nature of 
such distortion.

10	 Dimensional Types Pertaining to Contents and Presentations 

Assuming that certain topological spaces furnish a formal representation of 
the object of presentation and the content of presentation,13 we may define 
the phenomenon of “partial” continuity of distortion in the following way.

Let F be the content, and G the object, respectively, of a certain presentation. 
We know that F and G are not identical in all respects. They may differ in, for exam-
ple, the way they exist. However, an instance of full structural adequacy obtaining 
between them, should any such thing occur, would consist in their homeomor-
phism (topological identity): i.e. the existence of the bilaterally continuous and 
bijective function f: F G. As we know, such adequacy will be too strong. Homeo-
morphism assumes continuous restructuring of the entire content to the entire 
object, and vice versa. Nevertheless, even if there are moments of discontinuity 
between the entirety of an object and the entirety of the content, as was men-
tioned earlier continuity may be maintained in certain places and on the level of 
parts. On that level, the concept of types of dimension proves helpful – one which 
Fréchet (who actually calls them, in French, types de dimension), defined as follows:

Let F, G be two topological sets. F will be said to have a number (or type) 
of dimensions smaller than or equal to G, if F is homeomorphic with a 
part of G. This shall be denoted by

dF ≤ dG.
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Two sets H, K will be said to have the same type (or number) of dimen-
sions if at the same time

dH ≤ dK; dK ≤ dH.

If dH ≤ dK but no part of H is homeomorphic with K, then H will be said to 
have a smaller number (or type) of dimensions than K: dH < dK. (Fréchet, 
1928, p. 400)

The relation of being-a-part is expressed with the help of set theory – the 
relation of mutual containing between sets. Homeomorphic objects have 
the same types of dimension. However, the reverse phenomenon does not 
occur, and objects of the same type may not be homeomorphic. The ele-
mentary example is a closed interval (an interval with limit points) and a 
straight line. They are not homeomorphic. A straight line, contrary to the 
interval, is not compact. However, if we consider an interval included in the 
closed interval, but this time without limit points, i.e. an open interval, it 
is homeomorphic with the straight line. And going in the other direction: 
if we take a closed interval which is a part of a straight line, it is homeo-
morphic with the initial closed interval. The real straight line and the 
closed interval have the same type of dimension, although they are not  
homeomorphic.

To sum up: if object G is homeomorphic with a certain part of object H, and 
object H is not homeomorphic with any part of object G, we say that object G 
has a smaller type of dimension than object H, which we record as dG < dH. 
If, between any objects X and Y, there is neither dX < dY nor either dY < dX or  
dX = dY, then we say that X and Y are incomparable in terms of their dimen-
sional types.

An example of a sequence of objects with a growing dimensional type is 
shown in Figure 16.2.

We see that the greater the dimensional type, the more complex the object. Sim-
plification of objects, and the conferral of additional diversity upon them, relies 
in the content of presentations on ascribing a smaller type of dimension in the 

Figure 16.2 A series of objects of progressively higher dimensional type
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former case and an ever-higher type of dimension in the latter one. More precisely, 
if some part of the presentation’s content has a smaller dimensional type than the 
corresponding part of the object of presentation, then we say that that part of the 
content of presentation is a simplification. Meanwhile, a conferral of additional 
diversity on a particular part takes place when a part of the presentation’s content 
has a higher dimensional type than the corresponding part of the object of pre-
sentation. The content of presentation will be strongly simplificatory if each of its 
parts is a simplification in relation to each corresponding part of the object, and it 
will be strongly diversificatory if each part of that content amounts to a conferral 
of additional diversity in relation to the corresponding part of the object.

The actual complexity of cognition depends on the premises present in 
advance as part of what constitutes its basis: namely, that during a presentation 
some parts of it will simplify parts of the object, and some will confer addi-
tional diversity on them. Presentation is a process, and as such is extended over 
time. One object corresponds with sequences of presentations. During that 
process, one part of the object may have a lower type than the corresponding 
part of the content, and another may have a higher type than its counterpart.

It is worth noting that even if contents can have either a simplificatory or 
a diversificatory impact on an object, they maintain the basic relationship 
between content and object responsible for the fact that some contents cor-
respond with that particular object, and that the object is presented through 
that particular content. That relationship is based on the comparability of the 
dimensional types of the corresponding parts: i.e. that we can say that the first 
one is higher than the second, the second higher than the first, or that they are 
equal. When such comparability as to types of dimension does not occur, the 
contents of presentations fall short of the object. Cognition does not “reach 
out” successfully to its object. This thesis is an expression of the philosophical 
conviction that the contents of presentations, even if they distort the object by 
subtracting or adding something, still in some basic sense refer to the object 
and to some extent present it. That is a kind of epistemological optimism.

In order to carry out – in a reliable and detailed manner – an analysis of 
objects’ and contents’ presentations under the mantle of topology, we would 
have to formulate appropriate postulates regarding adequacy relating to the 
types of parts differentiated earlier, and to the parts of topological spaces: ones 
similar in form to the postulates of quantum mechanics. However, due to the 
scale of such an undertaking, that would exceed the scope of this paper.

11	 On the Union of Presentation and Object 

Some parts of the content of presentations do not fully correspond with 
parts of the objects of presentations and – vice versa – some parts of objects 
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of presentations are not fully represented in the contents of presentations. 
Despite this, objects are somehow cognized. Therefore, there must be some 
parts of an object whose equivalents are parts of the content of the presenta-
tion of that object. These parts, given that they are responsible for cognition’s 
adequacy and its being “on target,” hold a particular cognitive significance, and 
for that reason have been picked out using a different name. Twardowski calls 
them characteristics (German Merkmale). A characteristic of an object is that 
part of it, which is at the same time a part of the content of the presentation 
of that object. In the words of Immanuel Kant: “A characteristic is that about a 
thing which constitutes a part of the knowledge of it” (quoted in Twardowski, 
1977, p. 79).

Twardowski also posed the question of whether there are parts of the object 
of presentation that every object possesses. Amongst the natural candidates 
for that type of part, we find identity and unity. Identity, however, need not 
be a part of the object of presentation: it occurs, for example, in the set of 
contrary objects. On the other hand, unity is a part of each object. Each object 
of presentation is a homogenous totality, even when it is a complex object: it 
is one object, and it is presented as one object. Therefore, unity exists in every 
content of the presentation, which is why it is a characteristic of every object 
(Twardowski, 1977, p. 86).

12	 In Place of a Conclusion 

The process of cognition is complex. Right up to this point, we have focused 
exclusively on a certain phase of cognition relating to the presentation of 
the cognized object. We have also assumed that a presentation is important 
because it is a founding and enabling moment of cognition. It is on the basis 
of presentations that we are able to carry on with cognition. What is presented 
can be judged – that is the essence of cognition, but it might be both desirable 
and repellent.

Each and every cognition, so long as it does claim to be cognition, should 
culminate in the formulating and pronouncing of a certain judgment. Yet 
even though cognition may not always achieve a definitive completion in such 
terms, this need not mean that it is not then cognition – it will often have a 
certain value or cognitive power, albeit of a somewhat unfinished and incom-
plete kind. Nevertheless, it is worth noting that the process of cognition, right 
from its beginnings, is in danger of being simplified or rendered more inter-
nally diverse many times over, where this may subsequently lead to further 
distortions. In particular, when such a process culminates in the formulating 
and issuing of a judgment, some distortions present at its outset may engen-
der distortions at its ending. Being aware of such impairments (or inherent 
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properties?) of cognition, especially in terms of the cognition of complex 
objects, will then permit an adequate adjustment of the strength of assertion 
of the judgment made.
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	 Notes

1	 The term cognition can refer to the act or process of cognition, or to the product of cognition 
construed as the result of that process. In subsequent parts of this text I do not distinguish 
on each occasion between these two meanings, as it is clear from the contexts in which sense 
the term is being used.

2	 The English term presentation corresponds to the German Vorstellung and Polish przedstawienie.
3	 Perhaps the fullest study of the form and matter of the object is to be found in the analysis 

carried out by Ingarden; see (Ingarden, 2016, Chapter VII).
4	 An interesting formal case study in which one and the same object is a part of another object 

in three different ways was presented by Thomas Mormann (Mormann, 2009).
5	 Twardowski here speaks rather about parts of some content, and not parts of objects, because 

objects may not exist. Nevertheless, we will stay with objects: the dependency pertaining to 
existence might be understood in a wider sense – such as, for example, dependency of a kind 
consisting in necessary coexistence.

6	 This phenomenon can be formally examined in many ways. One of the abstract ways to do 
that is by introducing what in mathematical category theory is called “higher category the-
ory”. A category consists of objects and adequately specified arrows (morphisms) between 
objects. An example of objects would be groups which, along with group homeomorphisms 
as arrows, create a group category, i.e. the 1-category. If you consider arrows between the 
arrows, that leads to the 2-category, etc. (see Baez, 1997).

7	 A wider analysis of perceptual simplifications, and the omission of parts of objects from the 
contents of eyewitness presentations, may be found in (Jernajczyk, 2013). Jernajczyk devel-
ops a thesis to the effect that perception is discrete – that it is similar to a wide-meshed sieve 
through which only an interrupted and discontinuous representation of the world seeps. We 
will not attempt here to discuss the continuity/discreteness of perception (and the object 
of perception, which is also discussed by Jernajczyk); however, we do think that adequacy 
in some way entitles us to assert continuity – to put it in Jernajczyk’s words – between the 
world and its representation. “Lossy” representations of reality are not, as one might sup-
pose, “lossy” in an unconstrained way. If we lose something from an object, then this can 
only occur in a way that means that we do not lose the object itself – assuming that we are 
targeting the object with our cognition.
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8	 In the analysis of simple objects we must omit relationships in which these objects are 
involved, should they themselves be involved in any relationships at all. Otherwise no 
object would be able to fit the definition of a simple object.

9	 In research and scientific practice, that judgment has been substantiated. In many texts 
included in this volume, scholars point out the importance of making things simple, such 
that it might well be assumed that simplification is an unavoidable phase of the process of 
scientific cognition. For instance, M. Rowińska-Żyrek points out how important the scheme 
“simple question – complicated analysis – simplification – simple answer” is in research-
ing Helicobacter pylori. That scheme bears the traces of a cognitive strategy. See also  
(Jernajczyk, 2014).

10	 We know that the claim that a complete, absolute cognition is impossible is a powerful one. 
Indeed, in the case of complex objects it seems be valid. Simple objects, on the other hand, 
as long as they allow for the subject to approximate to them with its cognitive tools, would 
seem to leave room for two outcomes only: either complete inaccessibility and absence of 
cognition, or full cognition.

11	 Readers may wish to skip over this part of the article on a first reading.
12	 Such modeling, although it might seem inappropriate, is essentially based on the 

approach to modeling quantum phenomena in quantum mechanics. To be more precise, 
the core of this type of modeling is included in the postulates of quantum mechanics. The 
first postulate says that each quantum system corresponds with a Hilbert space, while 
the second says that for each observable there will be a self-adjoined operator operat-
ing in the Hilbert space related to the quantum system on which we are carrying out the 
measurement. Similar to that, we want to say that in the sense defined above there are 
corresponding topological spaces. At the same time, we propose to model the entire uni-
verse with the top category: i.e. the category of all topological spaces, in which arrows 
are continuous transformations. For an answer to the question of why such attempts at 
mathematical modeling in metaphysics are worth pursuing, see (Wójtowicz and Skowron,  
2022).

13	 For other uses of topology in philosophy, see Lewin (1936), Fine (1995), Schulte and Juhl 
(1996), and Kaczmarek (2019a, 2019b). For a book-length review of applications of topology 
in ontology (that calls such applications “topo-ontology”), see Skowron, 2021.
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CHAPTER 17

The Complexity and Multifacetedness of Conversation

Karol Striżyk, Piotr Kruk, Justyna Ziółkowska, Bartłomiej Skowron and 
Magdalena Witkowicz

	 Abstract

Conversation, as an integral part of our everyday life, is a subject of research in vari-
ous fields. In this paper we aim to look at the different layers of conversation through 
multidisciplinary lenses. First, by describing two distinct speech disorders resulting 
from brain damage, we highlight the connection between brain functioning and 
communication. Language usage can be profoundly disrupted when particular brain 
areas are affected. Second, shifting to a sociopsychological perspective, we look into 
potential reasons behind common misunderstandings. Conversations are shaped by 
social scripts, impacting communication patterns and intercultural dialogues. Then 
we delve into the logic of conversation, focusing on the mechanism of presupposi-
tion. Through the analysis of simple interactions, we unveil the subtle nuances of con-
versation and the role presupposition may play in manipulation. Finally, we explore 
the transformative potential of dialogue in psychotherapy. Conversations serve as 
powerful tools for treatment, transcending specific techniques. They can have a pro-
found impact on brain functioning and well-being. Our exploration underscores 
the multifaceted nature of conversation and the complex effects of this seemingly  
simple process.

	 Keywords

conversation – speech disorders – logic of conversation – conditions of conversation

1	 Introduction

Conversation is an ineliminable element of our everyday lives. We talk at 
home, at work, at school, in the street, about trivial and important matters, 
sometimes in private, sometimes on business. For most of us, it is as natural 
an activity as breathing – we engage in it without giving it any thought. So 
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why is it that philosophers, logicians, psychologists, cognitive scientists, lin-
guists, brain scientists, biologists and other scientists have studied (and con-
tinue to study!) conversation? How is it that this element of our everyday life 
can be disturbed in various ways under different conditions? Why has there 
been such an intensive development of psychotherapy, the essence of which is 
conversation? What can logicians add to our knowledge about conversation?

In this short article we will try to show that, despite its apparent simplicity, 
conversation is a complex process, conditioned not only by normal brain func-
tioning but also by logical and socio-cultural rules. To this end, we will draw on 
work in psychology, but will also look into other fields that deal with this phe-
nomenon. We will start with brain disorders affecting the mechanisms of speech, 
then move on to social, cultural and logical aspects of verbal communication, 
before ending by making reference to clinical psychology and psychotherapy.

2	 Biological Bases of Speech Disorders 

The development of knowledge about the brain is largely a history of diseases, 
tragic accidents and sometimes physicians’ mistakes. The neurological mech-
anisms of speech production and comprehension are no different. We will 
briefly describe two typical examples of disorders resulting from brain dam-
age, in which the ability to use language is disrupted in various manners.

More than 150 years ago, Paul Broca, a French surgeon, met a man in the 
hospital who was referred to as Tan (Dronkers et al., 2007). His real name was 
Leborgne and his nickname came from the fact that, although with differ-
ent modulations, “tan” was the only word he spoke. However, he seemed to 
understand what was being said to him. After Tan’s death, Broca performed an 
autopsy and found extensive damage to the posterior part of the left inferior 
frontal gyrus. Within a short time, similar lesions were seen in around a dozen 
more patients. The affected area of the brain now bears the surgeon’s name, 
and the disorder resulting from the damage is called Broca’s aphasia. Today, 
it is recognised that this type of aphasia is associated with speech difficulties, 
while speech comprehension remains almost intact (Dingwall, 2005). This has 
significant implications for conversation:

“I: now tell me what this thing was with your legs last week or week before. 
(2 sec.)

R: a: no good a: (4 sec.) [sighs] a: (1 sec.) ache (2 sec.) and (5 sec.) a: (4 sec.) a: 
(8 sec.) a: (2 sec.) knees (1 sec.) and ankles (3 sec.) a: (5 sec.)
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I: what did you do about it (4 sec.).
R: a: home (3 sec.) doctor (2 sec.) and (1 sec.) legs (1 sec.) m: a (4 sec.) a: (2 

sec.) walking (2 sec.) no good.
I: no good huh?”1 

The above extract is an excerpt from a conversation with a man suffering 
from this disorder.2 It illustrates the speech disturbances commonly occur-
ring when Broca’s area is damaged – lack of fluency of speech, difficulties with 
grammatical sentence construction and a limited vocabulary.

Although the above extract can be considered a typical example of expres-
sive aphasia, in reality, the severity of the disorder can vary greatly from person 
to person: from a complete loss of the ability to speak (as in Leborgne’s case), 
through levels similar to the one demonstrated above, to relatively minor prob-
lems with finding the right word.

At the time of Paul Broca’s work, neurologist Carl Wernicke was studying 
the area where the auditory nerve and the auditory cortex meet (Dingwall, 
2005). He found that damage to this area also affects speech, although in a very 
different way than in Broca’s aphasia (and again, both the disorder and the 
brain area were named after the discoverer). In the case of Wernicke’s apha-
sia, impaired language comprehension is considered its main characteristic. 
People suffering from this disorder do not necessarily lose fluency of speech, 
its syntax may also be preserved. However, in their utterances, they increas-
ingly deviate from the topic or answer a completely different question than 
the one asked. In a variant of this disorder, so many twisted and non-existent 
words (neologisms) are used in speech that its content becomes completely 
unintelligible. Interestingly, people suffering from Wernicke’s aphasia may 
not realise that there is something strange about the things they are saying. 
This phenomenon – lack of awareness of one’s disease – is nowadays called  
anosognosia.

The consequences of various types of lesions (brain damage) are the most 
striking examples of how complex and unstable our ability to communicate 
verbally is. However, they are relatively rare, hence we do not experience prob-
lems related to them on a daily basis. Much more frequently and subtly we are 
affected by the consequences of the psychological processes of social cogni-
tion during communication.

3	 Socio-Cultural Conditions of Conversations 

Most of us are able to describe the steps needed to start and drive a car. On a 
similar basis, we can describe the schematic course of a chess game or a field 
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hockey match. According to some social psychologists, we are able to create 
similar descriptions for typical social situations. Such schemas in psychology 
are called scripts and are defined as mental representations of events and 
actions or sequences of them (Schank & Abelson, 1977). They are formed on 
the basis of acquired knowledge and experience related to a given type of sit-
uation. It follows that although there is a certain script of a certain situation 
that is more or less consistent for a particular society, the script of the same sit-
uation may vary for two different people. For example, a person only familiar 
with the formal rules of hockey will most likely be surprised to see a “mosh pit” 
of players punching each other on the ice. On the other hand, to a person who 
has had the opportunity to watch hockey matches, a “mosh pit” will not seem 
unusual. The latter one knows that in the social sphere, there is some consent 
to players’ fights, as they potentially belong to the script of a hockey match.

Importantly, the overwhelming majority of our interactions with other peo-
ple are not excluded from the scripted categories. “A visit to the office,” “shop-
ping at a discount grocery store,” “a police check,” “meeting a buddy.” Each of 
these scripts allows us to engage in these types of situations without having 
to devote as many cognitive resources to them each time, both during the 
planning and the course of the events. Also, in the case of formal contacts, 
the scripts make them more efficient and less stressful; we then use a limited 
repertoire of possible questions and answers. As long as the conversation fol-
lows a script, much of the action and reaction is semi-automatic. We are aware 
of what we are doing, but we do not think carefully about every single word. 
It is worth mentioning that information processing is then shallower, hence, 
according to researchers, some of the methods of social manipulation are 
based on activating scripts.

A good example of intuitive awareness and the usage of scripts is a method 
that appeared some time ago among some of the individuals asking for change 
on the streets of Wroclaw. The method involves starting a conversation by say-
ing “I’ll be honest. I’m collecting change for beer.” Someone has rightly pointed 
out that people have become accustomed to and have automated their (usu-
ally negative) responses to requests containing made-up stories about both 
the motivation and the situation of the asker. The asker’s unexpected sincerity 
brings the element of novelty necessary to jolt the bothered out of their autom-
atism and at least increase the chance of having a real (sic!) conversation. That 
is, of course, until the asked notice a pattern, learn it and master their response 
as part of the “sincere beggar” script. Interestingly, this method can also derive 
from automatisms, according to which “honesty” is a positive trait to be appre-
ciated and rewarded with help. And all this in a few words!

As a consequence of hypothetical scripts, a number of problematic areas 
occur, where communication may not go our way. First, we may be participating 
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in a situation for the first time and we lack adequate knowledge of it. The noto-
rious “visiting the future in-laws” definitely falls into this category. What should 
be said, what can they ask about and how not to look like a fool? Subsequent 
visits usually fall into the category of less stressful ones, as we (at least par-
tially) know what to expect and we gain some kind of scheme – a script. It is 
also possible that our script of the situation we are in is not adequate for it for 
some reason. This problem usually occurs when we tend to overgeneralise and 
apply our knowledge of previous events to others, without taking the changing 
circumstances into account, in particular – people and their impact on the 
course of events. This leads to the third and, in our opinion, the most inter-
esting of all the potential issues. Sometimes, when two people who interact 
with each other perceive the situation they are in differently, they may execute 
entirely different scripts. This is often the case when one of the dialogue par-
ticipants “puts on an act” in the relationship by hiding their real intentions. 
It will also happen when individuals misread each other’s intentions. This 
often results in an abrupt breakdown when our “almost-spouse” turns out to 
have only collegial feelings for us, and the “grandson” turns out to be a money 
extortionist.

Incompatibility of scripts and conventions of conversation can also happen 
when people from two different cultures meet. The easiest way to show the 
differences is to compare the extreme cases. Beyond doubt, Iran and Germany 
are separated by an enormous distance – both geographically and culturally. 
Certain consequences of this distance are shown in a study that analysed 
the beginning of telephone conversations (Taleghani-Nikazm, 2002). Thus,  
Iranians, once they identify their interlocutor, move on to a series of questions  
about their well-being and health. As in the United States (for example), the 
response is a quick and brief “okay” (or, rather, the Persian equivalent), and 
then the “how are you” is reciprocated. However, this is not the end of the 
exchange of pleasantries. In a similar manner, inquiries about spouses, chil-
dren or, in general, members of the immediate family are made – even in situ-
ations where the phone is not answered by the person we were trying to reach. 
Germans rarely engage in this ritual exchange of “how are you/how is your 
family.” Once the participants recognise each other, they usually move on to 
the reason for the call. If the well-being questions are asked, they elaborate 
on them instead of moving on after a brief ‘okay’ or ‘fine.’ The questions about 
family do not come up either. The study is interesting as it not only juxtaposed 
two cultures and showed the differences between them, but also analysed con-
versations between the representatives of the two nations. Thus, Iranians, who 
have lived in Germany for many years and are fluent in the German language, 
when starting conversations automatically impose a pattern of questions 
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about well-being and family, implemented from their culture. In one of the 
recorded excerpts, the German interlocutor breaks the convention of short, 
positive answers to the “how are you” question and, in line with his under-
standing of the situation, considers these inquiries an invitation to elaborate 
on the matter. In another fragment, there are “disruptions” in the conversation 
(relatively long pauses) after questions about well-being – which may be due 
to the incompatibility of the ‘starting the conversation’ script. There are many 
more examples in the study similar to the ones described.

It may appear that the described research looks into completely trivial and 
insignificant characteristics of conversation. Nothing could be further from the 
truth. In the first half of the 20th century, Bronislaw Malinowski pointed this 
out, referring to the role played in communication by short and often pointless 
utterances about, for example, the weather, insignificant events, and obvious 
matters. He stated that these small talks help “establish the bonds of personal 
connection between people gathered in one place” (Malinowski, 1972). He 
called the realisation of this task the phatic function of communication. More-
over, some researchers have suggested that these seemingly trivial elements of 
conversation may have been the link in the evolution of apes to today’s Homo 
Sapiens (Dunbar, 2004). What was the hypothetical course of this transforma-
tion? Gathering in large groups, on the one hand, facilitates survival (thanks 
to, among other things, a greater ability to fend off predators), but on the other 
hand, it exposes them to dangers coming from other individuals from the same 
herd and requires cooperation and coordination of activities. According to the 
researchers, the mechanism that primates developed to maintain appropri-
ate social bonds was grooming. During this activity, both the grooming and 
the groomed release endorphins that strengthen relationships in the herd. 
However, the effectiveness of grooming is limited – with other duties (such as 
obtaining food), the time that can be spent on it allows for the formation of a 
group of fifty individuals on average. And here, according to this concept, is to 
appear conversation, which, due to its characteristics (conversation is not lim-
ited to two participants, it can also be performed with other activities) allows 
to maintain more relationships in less time. Consequently, it allows to form a 
more numerous group. According to this hypothesis, language and the need to 
orient oneself in increasingly complex societies were the reasons for the devel-
opment of human intelligence. In light of the above, are small talks trivial? 
Perhaps, but they have a special meaning for humans.

Adopting the assumption of simultaneous development of language and 
human communities allows us to look at intergender differences in linguis-
tic communication in a different way. Intergender differences in the tasks 
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performed, which already existed in the pre-linguistic stage of development 
of Homo Sapiens’ ancestors, may have been reflected in the forming language 
and the ways in which it was used. Moreover, this approach also implies 
that these pre-linguistic intergender differences in functioning, which were 
“imprinted” in the language, will be replicated through it and transmitted to 
subsequent generations. Because of the complexity of this process and its 
significant consequences for almost every sphere of human life, it is a fre-
quent object of interest for a wide range of communication researchers in  
various contexts.

In one study of mothers’ verbal interactions with their daughters and sons, 
the researchers managed to show that girls are asked more questions, mothers 
repeat girls’ texts more often than boys’ texts, and the average length of state-
ments directed to girls is longer (4.4 to 3.7 words). On the other hand, com-
mands and demands are formulated more often towards boys. The frequency 
of parents’ conversations with their children about emotions – especially  
sadness – is also different. These conversations are more often conducted with  
girls, regardless of the gender of the parent. The same research showed that 
dialogues about emotions, if conducted with girls, are constructed in a way 
that emphasises their interpersonal nature. All these factors have a profound 
impact on formal differences in language use between adults of different gen-
ders. According to the study, men use longer words on average, use the pro-
noun “I” more often, use the present tense more often, make more grammatical 
errors, tend to use active voice, evaluative adjectives and references to the 
so-called social rightness (“most people,” “everyone knows that.”). In contrast, 
women’s speech typically consists of more rhetorical questions, longer sen-
tences, verbs specifying or referring to movement, adverb intensifiers, the use 
of oppositions and adverbial sentence starters. All these differences translate 
into very specific communication dilemmas affecting our daily functioning. 
One study tested communication efficiency in heterosexual dyads. Its results 
suggest that women more commonly take a passive position in interactions, 
especially towards men. They are also more likely to experience problems in 
interactions when the situation requires them to turn the passive position into 
an active, cooperative one and take part in solving a problem. In a similar way, 
the previously mentioned differences concerning sadness may result in differ-
ent coping strategies in adulthood. In turn, greater ease in communicating and 
talking about emotions, as well as locating them in interpersonal space, may, 
by contrast, lead to women’s different construction of various key concepts, 
such as love. This can lead to radically different behaviours and expectations 
that we have of loving relationships.
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4	 The Logic of Conversation – The Mechanism of Presupposition 

The complexity and multifaceted nature of conversation is also the subject of 
research in modern logic (Budzyńska et al., 2015; Szymanek, 2001). Among the 
many issues addressed, we will draw attention to the logical mechanism of 
presupposition. It is included in many everyday conversations, is distinguished 
by the fact that it has a clearly delineated practical aspect and is also relatively 
easy to articulate.

Let us return to the previously mentioned example of visiting the in-laws. 
Let’s say that this is already the second consecutive visit, it is no longer accom-
panied by stress, because the script of such a visit has been established. Let’s 
assume that we are talking about Jack and Agatha, and that Jack is at Agatha’s 
parents’ place. Let’s also assume that during a conversation over dinner, Jack’s 
father-in-law asks him a question:

1.	 Have you Stopped Cheating on my Daughter Yet?
This is a resolution type of question, i.e. the correct answer to this question 
should be “yes” or “no”. Nevertheless, surprised Jacek is in a difficult situation, 
because no matter what he answers, it comes out that he cheated on Agatha. If 
he answers “yes,” it means that he cheated on Agatha, while if he answers “no,” 
it means that he continues to cheat on her.

Note that if Jack’s father-in-law had asked in a slightly different manner,  
i.e., if he had posed the following question:

2.	 Have you Not Stopped Cheating on my Daughter Yet?
Then Jacek would find himself in an equally difficult position.

Leaving aside Jack and his father-in-law, let us try to find the logical mech-
anism hidden in this example. For simplicity’s sake, let’s use an affirmative 
sentence:

3.	 He Stopped Cheating on Her.
And let us ask, does sentence (3) make logical sense, i.e., is it true or false? 
Sentence (3) is false if he still cheats on her, while it is true if he has cheated 
on her and no longer does so. If we assume that he has never cheated on her 
and is still not cheating on her, then sentence (3) can be neither true nor false. 
Therefore, the veracity of the sentence:

4.	 He Cheats on her,
is a necessary condition for the sentence (3) to have a logical value, i.e. to be 
true or false (true and false are two core logical values). In this case and in 
similar ones, we will say that sentence (4) is a presupposition of sentence (3).
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Generally speaking, we say that a sentence P is a presupposition of a sen-
tence Z if the sentence Z is determined as to its logical value if, and only 
if, P is true. Assuming that sentences with a certain logical value, i.e., being 
true or false, are meaningful sentences, we can say in short that P is a pre-
supposition of Z if the meaningfulness of Z is equivalent to the truthfulness  
of P.

Note that Jack’s father-in-law could have posed both question (1) and its 
(certain) negation (2), and their presupposition would still be sentence (4). 
Let’s give a simpler example. Sentence:

5.	 Jarosław Kaczyński’s Wife is a Beautiful Woman;
As well as its denial:

6.	 Jarosław Kaczyński’s Wife is Not a Beautiful Woman.
We see that sentences (5) and (6) have one and the same presupposition, i.e., 
the sentence:

7.	 Jarosław Kaczyński Has a Wife.  
If (7) were false, then both sentences (5) and (6) would have no logical value. 
Sentences (5) and (6) share the same presupposition, i.e., sentence (7). This 
general characteristic of presupposition is called invariance under negation.

Implicit in the relatively simple question of Agatha’s father is a certain 
relationship as to logical value. This dependency is not very complex, nev-
ertheless, the presented logical analysis is a certain beginning – often sim-
ple dialogue mechanisms lead to hidden and complex logical constructs 
such as dialogical logics, an accessible discussion of which can be found in: 
Budzyńska et al., 2015.

In Jack’s defense, let’s add that in response to such a dishonest question (2), 
he can simply cancel the presupposition, stating that he has never cheated on 
Agatha, and the question is asked with a dishonestly concealed (if in fact he 
did not cheat on Agatha) presupposition. Jack’s example is somewhat exagger-
ated in order to make the reader more alert to the presence of presupposition 
in everyday conversations, particularly in view of the fact that presupposition 
is also one of the logical mechanisms of manipulation. Indeed, phrases like, 
“Our success is the result of years of effort,” “Don’t stress,” “Don’t chase money,” 
“He keeps his agreements,” “He broke his vows,” can be part of manipulation. 
However, presupposition has many uses in a conversation, for example, it can 
shorten it, as in the following example:
A.	 Did you enjoy the film?
B.	 It’s a film like any other.
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The answer (B) can contain many pre-judgments, which by no means always 
have to be directly spoken in a dialogue situation. After all, answer (B) in the 
right situational context can mean:

(B’) I didn’t like the movie, it was boring and I don’t want to watch any more 
movies made by this producer.

5	 Treating with Conversation 

Until now, we have mainly referred to private communication between people. 
However, it is the professional conversations that reveal additional layers of 
complexity of human communication. We will use conversations in the clini-
cal work of psychologists and psychotherapists as examples.

In the psychological, especially psychotherapeutic practice conversation 
serves as a working tool. Through conversation, the psychotherapist obtains 
information about patients and builds a therapeutic relationship with 
them. Despite the apparent simplicity of asking questions and listening to 
answers – usually viewed as a natural ability that does not require perfect-
ing – the multitude of tasks incumbent on psychotherapists who conduct 
conversations makes them the most difficult part of clinical work. Their 
complexity has so far failed to be put into foolproof procedures, and con-
ducting therapeutic conversations is still largely seen as an art (MacKinnon  
et al., 2006).

Despite the long history of therapeutic interactions based on conversations, 
until recently, the reflection on the power of conversation was mainly theo-
retical, derived from declarations made by patients. One of the particular ele-
ments of the recent scientific debate on psychotherapy was the emphasis on 
the distinctiveness and competitiveness of various psychotherapeutic modal-
ities and approaches. Cognitive-behavioural psychotherapy was contrasted 
with psychodynamic or humanistic-existential psychotherapy. However, this 
way of thinking – that the effectiveness of therapy is determined by the spe-
cific methods or therapeutic techniques – has increasingly been challenged 
by research indicating the role of engagement in therapy by both the thera-
pist and the patient and the role of the relationship built through conversation 
(Norcross & Lambert, 2019a, 2019b).

Research findings indicate that the conversation and the relationship estab-
lished through it are important factors influencing the process of therapeutic 
change (e.g., Hill & Norcross, 2023). Therapeutic success depends more on the 
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quality of the therapeutic conversation than on the techniques used to work 
with the patient. This proves the power of conversation.

However, the results of studies on the neurobiological mechanisms of psy-
chotherapy are of particular interest to us, as they demonstrate the power of 
conversation even more evidently. They show that professional therapeutic 
talk alters the electrophysiological activity, biochemistry, blood flow and struc-
ture of patients’ brains, which paves the way for changes in the behaviour and 
the way the patients experience life (Barsaglini et al., 2014). However, despite 
disagreement among researchers and reservations about the accuracy of brain 
imaging methods, a link between observed brain changes and the process of 
psychotherapy has been systematically demonstrated. Moreover, the magni-
tude of observed changes in the brain under the influence of psychotherapy 
is comparable to the effects achieved with pharmacotherapy or electroconvul-
sive therapy (Linden, 2006).

For example, it has been demonstrated that patients with excessive activ-
ity in the prefrontal cortex, which is typical for depression, experienced a 
decrease in this activity after a series of interpersonal psychotherapy sessions. 
The effect was similar to that achieved with pharmacotherapy (Brody et al., 
2001). Another study has shown that in patients with a diagnosis of chronic 
fatigue syndrome, whose brains are characterized by a decrease in grey matter 
volume in the prefrontal cortex, gray matter volume increased after 16 sessions 
of cognitive-behavioural psychotherapy (de Lange et al., 2008).

Therefore, it turns out that therapeutic conversation has as much power to 
influence our brain as pharmacotherapy. And, while the correct brain function 
we referred to at the beginning of the chapter determines the possibility of 
having conversations, therapeutic conversations also have the power to influ-
ence the brain and, as a consequence, change our lives. The seeming simplicity 
of conversation translates into its complex and still not fully recognized effects.

	 Notes

1	 The letter ‘I’ stands for a person carrying on a conversation, while ‘R’ stands for a man suf-
fering from Broca’s aphasia. A colon after a voice indicates a prolonged sound. The length 
of the pause between statements is indicated in parentheses. A period and a question mark 
indicate that the passage was spoken with a descending or ascending tonality, respectively.

2	 The cited conversation is an excerpt from a video found on youtube at https://www.youtube.
com/watch?v=f2IiMEbMnPM. For other recordings in which similar problems are presented, 
search under ‘aphasia’ (e.g., ‘Broca’s aphasia’ or ‘Wernicke’s aphasia’).

https://www.youtube.com/watch?v=f2IiMEbMnPM
https://www.youtube.com/watch?v=f2IiMEbMnPM
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CHAPTER 18

Algorithmic Truth Theory (ATT)

Roland Zarzycki

	 Abstract 

This article sets out to analyse what a fact is, and how the simplicity behind this notion 
has recently been challenged by the emerging phenomenon of post-truth. With refer-
ence to the new social-media virtual reality, in which the reliability of information is 
backed by the quantity, not quality, of its sources, it compares the standard approaches 
to truth (the correspondence ToT, coherentism, the redundancy ToT, the pragmatic 
ToT). Information bubbles, propaganda bots, and crowd opinions have become so nat-
ural in the modern world of the internet that the concept of a fact seems to require 
reconsideration. It must be confronted with the blurring of the foundations of our 
current knowledge and science, insofar as these are affected by commodification and 
the uncontrolled growth of information. An attempt is made to pinpoint the main 
mechanisms underlying these processes, and to provide a simple model explaining 
the differences between past, current and expected future perceptions of facts. On 
this basis, it is claimed that the complexity and interdependence of information are 
gradually increasing, and that coherentism is therefore emerging as the narrative that 
models perceptions of truth by various e-communities most accurately. Thus, it can be 
argued that the perception of facts will soon require unprecedented and extraordinary 
skills of a sort that we need to start developing.

	 Keywords

truth theories – post-truth – commodification of truth – critical thinking – power of 
algorithms – artificial intelligence – algorithmic capitalism

1	� Towards the Multi-Dimensional Complexity of Information or How 
Does Post-Truth Challenge the Simplicity of Facts?

In the 20th century the issue of the social nature of reality resounded with 
full force, expressed perhaps in the simplest way in a bold statement of 
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Wittgenstein (2021) “the limits of my language mean the limits of my world.” It 
was then strengthened and multiplied by a varied array of research conducted 
in the fields of philosophy of language (Austin, 1975), literary studies (Rorty, 
1989), anthropology (Whorf, 2012), sociology (Berger, & Luckmann, 1971) and 
others. The baseline intuition underlying this concept is that the world seems 
to be what it seems to be, that certain objects, such as a hundred-yuan bill, are 
significant in our lives, because of the construction of the symbolic universes 
that we create by the semantic power of our languages. While many would 
agree that this is indeed the case with the banknote, it seems much more con-
troversial to say that the existence of the sun depends on our language.

In a somewhat surprising (for the contemporary fast-thinking world) way, 
the old philosophical questions of existence, of truth and of language are not 
only interdependent, but also intertwined with everyday life. This was interest-
ingly illustrated with an example of the 09/11 terrorist attack(s) on the World 
Trade Center provided by Pinker (2007). A huge controversy comes from a 
seemingly simple question if this event should be considered one single or two 
separate attacks. Even though it might seem like philosophical hair-splitting, 
Pinker convincingly argues that the exact opposite is true: it is a purely prag-
matic, legal, and painfully material issue, with a clear interpretation express-
ible in American dollars. Depending on whether the attack on the World Trade 
Center was a single event or two separate events, the value of the insurance 
and subsequent financial compensation for the owner should be single or 
doubled. The in-depth importance of language for the architecture of reality is 
manifested in this basic picture.

Another fundamentally relevant observation was brought to our attention 
by Fricker (2007) together with her concept of epistemic injustice. From epis-
temological perspective, we can observe, following Fricker, that until the con-
cept of “sexual harassment” was formed, victims of sexual harassment found it 
difficult to conceptualize their problem, not even mentioning expressing it in 
a convincing way.

Nevertheless, though still questioned, discussed and controversial, the the-
sis on the linguistic-social construction of reality,1 signifies an important shift 
from the XIX-century intuitions of Kant to an understanding of the language–
reality nexus by contemporary sociologists. However, the XXI century brings 
yet another transformation. A significant and growing share of our life activity 
actually moves to cyberspace, which is controlled in a broad sense by algo-
rithms. These, in turn, although created by man, contribute to the emergence 
of phenomena that seem to elude human understanding and supervision.

In consequence, parallel to the change in the very understanding of what 
reality is and after recognizing the cognitive limitations of mankind, it is the 
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concept of truth that requires thorough reconsideration. For even if contem-
porary science provides us with more and more accurate models, descrip-
tions, and predictions of reality, as long as the reality is linguistically-socially 
constructed, we remain dependent on human hermeneutics in any attempt 
to make these descriptions and predictions meaningful (Glynos, & Howarth, 
2007). In other words, language and reality are consubstantial, and truthful-
ness is just another aspect of “explaining the world” language games.

In front of the paradigm change as well as ontological challenges related 
to the overwhelming role of algorithms, the meaning of truth calls for rein-
terpretation. The growing dependence of our cognitive schemes on the algo-
rithm-driven digital sphere, especially due to the recent rapid development of 
Artificial Intelligence (AI), prompts the next phase of reflection on the nature 
of reality itself. The fact that some negligence has already taken place in this 
regard, can be easily spotted by observing the spreading phenomenon of post-
truth, which significantly reduces the quality of the human condition (Fuller, 
2018; Fridlund, 2020). The transition to algorithmically constructed realities 
is the main point of interest of this paper. Our main goal is to conceptualise 
how mechanisms describing these new ontological-epistemological tensions 
impact our traditional approaches to truth. In the following sections of the 
paper, we describe in what sense the complexity of reality increases. We then 
explain how this increasing complexity inevitably triggers changes in the 
architecture of power and leads to an ever deeper dependence of the individ-
ual on structural factors. In the last section we formulate a first outline of the 
Algorithmic Truth Theory (ATT) that provides a narrative to effectively and 
pragmatically describe the changes we are subject to.

2	 Complexity as a Discursive Trick 

Typically physicists convince us of the existence of an objective world that 
they apparently observe and describe by means of mathematical models 
and physical experiments. Due to the fact that the mediation of this process 
of cognition through language is out of the question, phenomena appear to 
be simple if their descriptions can be simplified by the application of math-
ematical instruments and they appear complex otherwise. Moreover, there is 
a specific academic discipline, the theory of complexity, which explains the 
meta-phenomenon of complexity. Within this paradigm complexity becomes 
a resultant of temporality and non-linearity characterising a given process 
as argued by Coveney and Highfield (1995). At the same time, however, these 
models created by physicists themselves generate tremendous complexity that 
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is literally projected onto the world. This peculiar Ptolemaic syndrome provides 
vivid examples of how our perceptions of complexity are subordinated to the 
structures of discourse, and thus also to authority and power.

Within the materialistic approach, complexity might be also expressed in 
terms of unpredictability of the cumulative effect of actions of individual agents, 
which leads to a spontaneous emergence of complex, organised structures, even 
though each one of the atomic actions was governed by simple behavioural 
rules (Kauffman, 2002). Yet another, and much older conceptualization comes 
from Kolmogorov (so called Kolmogorov complexity), where the complexity of 
an object is defined by the length of the shortest computer program (in a given 
language) that generates the object as output (cf.: Chaitin, 1987).

Kind of surprisingly, these considerations lead to the ideas of algorithmic 
entropy and freedom. It is significant that the increase in the complexity of the 
model meant to explain a given phenomenon typically and structurally evokes 
introduction of a new, external narrative element semantically equivalent to 
freedom. One might recognise this phenomenon as a link between the prac-
tices of modern scientists and language spells used by the Maori people (Lévi-
Strauss, 1950). The theoretical position developed by Penrose in The Emperor’s 
New Mind within an old, XX-century debate on the non-algorithmic complex-
ity of human consciousness and the possibilities of quantum computers can 
serve as an interesting illustration of this meta-methodological mechanism 
(Penrose, 1989).

On the other hand let us consider the following example: a patient goes to the 
doctor and learns that his incomprehensible and disturbingly complex set of 
ailments has a proper name, let it be “conjunctivitis”. Instantly the phenomenon 
becomes simple. Not only in the sense that s/he is given a prescription and a 
few simple manoeuvres reduce the ailment but also in the sense that the whole 
sensation starts appearing to be simple. It can be observed here how naming 
kept its magical power over reality (cf.: Bodenhorn, & Vom Bruck, 2006).

The question of complexity can be explained according to alternative cogni-
tive traditions functioning in the scientific discourse (cf.: Mainzer, 1994). Refer-
ring to the semiotic model of Peirce we could apply the category of complexity 
(and simplicity, respectively) to the sign (the scientific model adopted), to the 
very object of our cognition, or to the ramification of the sign. Even such a 
simple procedure would introduce more transparency into the nature of com-
plexity, which is of great importance for further understanding of the structure 
of truth. What appears to be complex or simple within a given sign system 
and its ramification may not be like that after we change the system or ram-
ification method. This understanding of complexity allows one to recognize 
that the qualification of a given model as the complex is a matter of discourse. 
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Accordingly, this is yet another dimension in which discourse impacts the per-
ception of truth. In the following sections, we will see how this perception is 
affected by complexity.

3	 Complexity as Unpredictability 

The development of culture and technology has always led to more and more 
sophisticated techniques of oppressing the body and soul. Rituals and fanta-
sies armed with new tools affect the psychology of individuals and the sociol-
ogy of interpersonal relations. The more complex these technological tools are, 
the more difficult it is to realise these consequences of their application. Some-
where in the future, however, it quite often translates to destructive practices, 
from mutilation of bodies, through plagues of depression, to the destruction of 
self and others. An emancipated wo/man, liberated from the bindings of his/er 
biology, employs technology to dominate nature, being at the same time rarely 
interested in critically assessing his/her own power (Adorno, & Horkheimer, 
1944; McPhee, 1989; Agamben, 1998). It can be also easily observed how this 
effect has only been amplified by the development of the culture of narcissism 
underlying every individual empowerment (Lasch, 2018).

The complexity of technological tools, which were put into mass use in the 
XX century, already exceeded the human ability to predict even the mid-terms 
effects of their application. The scale of imprudence in satisfying momentary 
human desires, fueled by rampant consumerism, turned complexity into a key 
source of the affliction of the XXI century wo/man. This unpredictability is fun-
damental to all areas of daily existence, from the sphere of intimate relation-
ships, through the professional sphere, to the very understanding of reality and 
the meaning of life.

One illustration of this phenomenon is the complexity of sexual entangle-
ment with digital pornography. The spread of video pornography at the end 
of the XX century had a highly negative impact on interpersonal sexual rela-
tionships (Fagan, 2009). As a whole lot of research proves, digital solutions 
lead to a gradual degradation of the sexual life at an alarming rate (cf.: Lemma, 
2021). Current research on sexual interaction in digital contexts (SIDC) shows 
three basic patterns of using technology in sexual life: (1) mediation in arrang-
ing physical sexual interaction; (2) realising sexual interaction in digital space;  
(3) getting sexual satisfaction from a machine (Brand et al., 2021). The scope 
and intensity of these practices show how more complex and sophisticated 
technology, that remains at our disposal and addresses our desires, creates less 
and less predictable environments.
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Love and belonging can serve as another example of a basic human need 
(Maslow, 1943) affected by complexity. The digital world clearly addresses it, 
but in quite a specific way, based on mechanisms oriented on competitiveness, 
collecting and ostentation embedded in social media platforms. Hungry for 
relationships, internet users instinctively search for other human beings and 
emotional reinforcements such as attention, touch, care (Agger, 2015). This 
turns love and belonging into a highly lucrative business, which translates to 
purely financial profits of the intermediaries and investors (cf.: Seebach, 2017).

Unfortunately, the complexity of relationships in which we function in the 
digital world, driven by the need to increase our recognisability and measured 
by likes, reachout and number of friends, makes it difficult to assess any real 
quality of these relationships. What is even worse, this complexity prevents 
an individual from giving enough attention to any of these digital contacts 
to build a satisfying relationship. The structure of human bodies and minds 
allows them to pay attention to dozens of individuals, but when they have to 
pay attention to thousands, it turns out to be insufficient. Hence, typically, 
users of social networks only receive a digital semblance of closeness, which 
is not followed by human touch, leaving their bodies in a state of deprivation. 
And although modern technology is working fast to cover this demand too, 
it will not happen that quickly (Farroni et al., 2021). Due to the complexity 
of these relations, the overall impact and long-term effect of such a substi-
tution seem to be difficult to predict. In this context, it is also not surprising 
that so many people in developed economies choose to escape into nature, 
seeking refuge from the complexity in the backwoods or mountain cottages 
(cf.: Karsten, 2020).

Regardless of the current shortcomings of technology, the market’s attempt 
to replace family members, friends and peers with digital influencers is a 
matter of time. In this context, it is worth asking already today whether the 
meaning of true love is going to be defined by algorithms. Not in the sense 
of a textbook definition, but the actual practices of teenagers who lived their 
youthful loves with digital substitutes.2

4	 Overwhelmed by the Complexity 

Another instance of complexity creeping into daily lives is the number of legal 
contracts people are forced to sign and regulations they need to accept. Clearly, 
one does not sign these obligations under duress, but even if it is not direct 
coercion, it is certainly structural coercion. Without these mass approvals, any 
successful functioning in modern societies would be massively hampered. 
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Statistically speaking, the documents are being accepted thoughtlessly. A Nor-
wegian consumer agency campaign found that the average Norwegian uses 33 
apps on their smartphone (BBC 2016). During a provocation event released on 
the occasion of the publication of the research report, users read aloud the 
terms and conditions of all these apps, which together run longer than the 
New Testament.

Apps’ terms and conditions are just the tip of the iceberg. Another widely 
known absurdity is the need to accept cookies every single time an internet 
user enters a new website. This irrational regulation, enforced by the European 
Union, allegedly for the security of the users, is actually a purely cynical act 
of privatising responsibility (Zarzycki, 2021). Interestingly, at the current stage 
blind-signing has become a deeply internalised common practice and an open 
secret at the same time. Lawyers and governments turn their blind eyes to 
this fact, but actually being a responsible citizen and consumer would require 
spending the greater part of our lives reading contracts and bylaws that govern 
our actions.3

On a macro scale, contemporary civilization seems to be unable to cope 
with the consequences of the complexity of the economic and legal systems 
it has created (cf.: Rodrigues, 2020). With the current size of the global mar-
ket, royalty regulations drive stratification and create negative socioeconomic 
impacts. Similar global leverages apply to incomes of famous athletes or music 
stars, sport events producers, media stations and music labels, that mas-
sively contribute to the growing scale of global inequalities (cf.: Piketty, 2014). 
The debate about unfair pay gaps, however, is always diluted by the out-of- 
control complexity of the global system (Lowrey, 2019; Leicht, 2020). Even if this 
situation is not universally accepted (Kelly-Smith 2002), mere dissatisfaction 
does not necessarily mean that the mechanisms underlying the injustice and 
inadequacy of the current system have been properly recognized or addressed. 
Moreover, even within the framework of the scientific discourse, there is a 
consistent attempt to separate economic and ethical threads (Wheeler, 2019, 
presumably for the sake of simplicity).

On the other hand, as argued by Goldfarb (2006), it might seem that politics 
depends solely on the decisions of the big players. This picture is simple but 
flawed or rather flawed because oversimplified. The constellation of millions 
of tiny conversations at the kitchen tables all over the world, where families and 
friends talk about politics is too complex to enable envisioning its overall effect 
and significance. This does not mean, however, that these millions of chats 
are not important. As argued in The Politics of Small Things, eventually they 
do change the world, as was the case with the great political transformations 
of the nineties in Central and Eastern Europe (Goldfarb, 2006). If Goldfarb is 
right, then the issue of grasping the complexity of these phenomena would 
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become fundamentally important for the condition of XXI-century democra-
cies in yet another sense.

5	 Machines and Power 

In the digital world of information overload, those who have the capacity and 
tools appropriate to employ this wealth will undoubtedly increase their advan-
tage over the rest. More precisely, those who will be able to create sense archi-
tectures that transform amorphous information into meaningful narratives,  
will gain control over the discourse and truth (Zarzycki, 2013), which is 
basically just an XXI century update of Foucault’s insights on the power– 
knowledge nexus (Foucault, 1980; cf.: Aberra, 2012). Geopolitically speaking, 
access to data is of no value unless there is sufficient hardware and software at 
the disposal of a given state or entity to transform the data into information, 
then into knowledge, and finally into wisdom (UNCTAD, 2021).

As the report on the digital economy by UNCTAD (2021) shows, while we 
already observe serious economic stratification in the world, the digital stratifi-
cation following (and clearly, reinforcing) the former one is even more striking. 
Countries without the access to appropriate infrastructure and competence, 
are powerless when facing exabytes of available data that mean nothing. Thus 
the digital stratification is visible not only at the level of internal divisions 
within a given society, but to an even greater extent on the scale of global dif-
ferences among the states. In terms of the capacity to exploit and benefit from 
the data-driven economy, the advantage of China and the United States is huge 
and growing (UNCTAD, 2021). As we read in the report,

together, they account for half the world’s hyperscale data centres, the 
highest rates of 5G adoption in the world, 94 percent of all funding of AI 
start-ups in the past five years, 70 percent of the world’s top AI research-
ers, and almost 90 per cent of the market capitalization of the world’s 
largest digital platforms. (UNCTAD, 2021)

Moreover, the largest digital platforms originating from these two countries 
are massively investing in building their technological advantage, especially in 
the area of AI. As UNCTAD (2021) notices, “they have become global digital cor-
porations with planetary reach, huge financial, market and technology power, 
and control over large swathes of data about their users”. As it is also empha-
sised, it is precisely due to this asymmetry that we need a global governance 
of data and cross-border data flow regulations, which would guarantee equal 
share of all the states in the profits of global digital development (UNCTAD, 
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2021). At the same time, however, it seems that the attempt to regulate this area 
as well as recent desperate actions aimed at limiting AI in connection with data 
privacy concerns (McCallum, 2023) is contrary to the particular interests of the 
main actors, and therefore also to the current state of political will.

It is precisely due to the fact that the current complexity of the digital pro-
cesses exceeds by far the available technological tools which could help sim-
plify it, that states, societies and individuals are dependent on publicly available 
algorithms offered by the digital giants, mainly from China and the US. Coming  
back to the practice of naming, this phenomenon also received its name, which, 
not without a reason, indicates its ideological origin. The concept of dataism 
applies to all these contexts, where the “information flow” becomes the “supreme 
value” (Brooks, 2013). Again one could argue that it is just another update to  
Foucault’s general theory of knowledge-power (Foucault, 2008).

Success in the modern world requires a specific conversion of financial cap-
ital into a highly specialised technological capital, and more precisely, specific 
digital means of production, which make one capable of conducting structural 
analyses of large data sets, thus unlocking the above mentioned potential of 
digital wealth. In a natural way, market processes catalysed accumulation of 
these new forms of capital, and, in turn, the emergence of the power elites and 
netocracy, as diagnosed two decades ago by Bard and Söderqvist (2002). In this 
context one can also recognize the inner transformations of capitalism itself, 
where power starts being exercised by intelligent algorithms or rather own-
ers of these algorithms (Kreft, 2018). The sense of helplessness in front of the 
global complexity of the digital sphere is shared by many, starting from ordi-
nary surfers, through influencers, specialists, to companies and governments. 
Moreover, it is structure-wise necessary that any possible doubts in this regard 
have to remain ignored, as claimed by agnotological capitalism (Betancourt, 
2016). Taking into account how limited is our understanding of the way these 
algorithms operate, especially those of them which are black-box-based, their 
actual power remains unnoticed (Beer, 2009).

It is worth noting that algorithms are already being used on a large scale 
within truth-determination protocols. For example human semi-slave labour 
aimed at controlling fake news is now being gradually automated by means of 
intelligent algorithms (Kreft, 2018). The political problem is, however, that con-
temporary fashionable fact-checking algorithms are not only written by spe-
cific people, representing specific views of their employers, but also owned by 
these employers having their own business and political interests. Filtering of 
information, under the guise of ensuring security, leads to uncontrolled spread 
of censorship. This in turn can have even more disastrous consequences for 
the quality of communication than letting people navigate on the waves of 
information on their own. One of the reasons supporting this approach is 
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that the rationality of digital giants does not always go hand in hand with the 
needs of the democratic world order, hence it is not about the technological 
efficiency of the algorithms but rather about the political control and liberty 
(cf.: Bilić, 2018).

Eventually, an intriguing illustration of this type of discourse control abuse 
were the policies adopted by various digital actors that decided to censor the 
discussions on the recent COVID-19 epidemic. Any inconsistencies with the 
mainline narrative of undisputed rightness of mass vaccinations promoted 
by selected experts were brutally removed from many social media platforms. 
Clearly, it is beyond the expertise of this paper to analyse who was right in this 
discussion, but what is significant is that any attempts to discuss the topic have 
been ruthlessly suppressed, which deserves special attention. Moreover, this 
unprecedented and anti-democratic digital silencing campaign was imple-
mented with the consent of all major actors, including civic societies. One 
could reasonably argue that COVID-19 proved that discourse and truth con-
trol in the free world can happen at any time, not even triggering any serious 
resistance.

6	 Conversations with ChatGPT 

One of the cutting-edge research techniques, gaining recently a lot of recogni-
tion and popularity, is AI-supported research, which is facilitated by the avail-
ability of open source free software, ChatGDP for instance. What is significant 
in this context is that even though ChatGPT is a relatively transparent algo-
rithm, the very complexity of its operations makes it not fully understandable 
for a human being, which in turn can be perceived as one the generic moments 
of losing critical control over information processed by the AI. Some insights 
into the role of intelligent algorithms for the functioning of reality and truth 
emerge from the following conversation which was conducted by the author 
(ChatGPT, 2023).

Q1: What is the role of algorithms and intelligent algorithms in the contem-
porary world for determining what is true as well as people’s beliefs about what 
is real and what is not?

ChatGPT: Algorithms and intelligent algorithms play a significant role in 
shaping people’s beliefs about what is real and what is not in the contempo-
rary world. With the vast amount of information available on the internet, it 
can be challenging to discern what is true and what is not, and algorithms are 
increasingly being used to assist with this task.

Intelligent algorithms are designed to learn and adapt to new information, 
which makes them particularly useful for determining what is true. They can 



216� Zarzycki

analyze4 large datasets and identify patterns, which can help to distinguish 
between real information and fake news or misinformation. These algorithms 
can also help to identify biases in data and sources, which can help to ensure 
that people’s beliefs are based on accurate information.

However, algorithms can also perpetuate biases and reinforce existing 
beliefs if they are not designed and trained correctly. If algorithms are trained 
on biased data or are programmed with biased rules, they can perpetuate those 
biases and further entrench false beliefs. It is therefore essential to ensure that 
algorithms are designed and trained with fairness and accuracy in mind.

Overall, the role of algorithms and intelligent algorithms in shaping people’s 
beliefs about what is real and what is not is complex and multifaceted. While 
they can be useful tools for determining truth and combating misinformation, 
they must be used with caution and care to ensure that they do not perpetuate 
biases or reinforce false beliefs.

Q2: Would you agree that in the same sense that Berger and Luckman 
claim that reality is socially constructed, today’s reality is algorithmically 
constructed?

ChatGPT: Yes, I would agree that today’s reality is algorithmically con-
structed to a certain extent. In the same way that Berger and Luckman argued 
that reality is socially constructed, algorithms and intelligent algorithms are 
increasingly playing a role in shaping our perceptions of reality.

Algorithms are used in a wide range of applications, from social media 
feeds and search engines to financial markets and medical diagnoses. They are 
designed to analyze data and make decisions based on that data, which can 
have a significant impact on how we perceive the world around us.

For example, the algorithms used by social media platforms to determine 
what content to show users can create filter bubbles, where people are only 
exposed to information that reinforces their existing beliefs. This can create 
a distorted view of reality, where people are only exposed to information that 
confirms their biases and are not exposed to alternative perspectives.

Similarly, algorithms used in financial markets can create feedback loops 
that amplify market trends, leading to a distorted view of the economy and 
market conditions.

Overall, algorithms are playing an increasingly important role in construct-
ing our perception of reality. While they can be useful tools for analyzing data 
and making decisions, it is important to recognize their limitations and poten-
tial biases to ensure that they do not distort our understanding of the world 
around us.

Q3: how can a human control whether the mechanisms accompanying 
the aggregation, segregation and processing of information by intelligent 
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algorithms do not lead to distortion of the image of reality, taking into account 
the extent to which many people uncritically use automatically generated 
intelligent suggestions?

ChatGPT: Controlling the mechanisms accompanying the aggregation, seg-
regation, and processing of information by intelligent algorithms to prevent 
the distortion of the image of reality is a complex task. However, there are sev-
eral steps that can be taken to minimize the risk of distortion:
1.	 Ensure transparency: One way to control the impact of intelligent algo-

rithms is to make their decision-making processes more transparent. 
This could involve requiring companies to disclose the algorithms they 
use and how they make decisions, allowing people to understand how 
the information they receive is being curated.

2.	 Encourage critical thinking: It is important to educate people about 
the limitations of intelligent algorithms and encourage critical think-
ing about the information they receive. This could involve providing 
resources for fact-checking and teaching media literacy skills.

3.	 Develop ethical guidelines: The development of ethical guidelines for 
the use of intelligent algorithms could help to minimize the risk of dis-
tortion. These guidelines could be developed by industry organizations, 
academic institutions, or government agencies and could outline best 
practices for the use of intelligent algorithms.

4.	 Promote diversity: The biases of intelligent algorithms can be reduced by 
promoting diversity in the development and training of algorithms. This 
could involve increasing the diversity of the teams that develop and test 
algorithms and ensuring that algorithms are trained on diverse datasets.

5.	 Encourage algorithmic accountability: Ensuring that there is account-
ability for the decisions made by intelligent algorithms can help to pre-
vent distortion. This could involve creating mechanisms for people to 
challenge decisions made by algorithms and for companies to explain 
how decisions were made. 

Overall, controlling the mechanisms accompanying the aggregation, seg-
regation, and processing of information by intelligent algorithms requires a 
multi-faceted approach that involves transparency, education, ethics, diversity, 
and accountability.

Considering how mechanically ChatGPT simulates being intelligent (Wolfram,  
2023) on the one hand, and understanding how saturated it is with stereo-
typical, human-like thinking on the other (Airoldi, 2022), we should not be  
surprised, that answers to the above questions are politically correct, polite 
and apparently reasonable. ChatGPT does not provide us with anything new 
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regarding the discussion on algorithmically constructed reality and truth, 
because its thinking seems to be anchored in what is known and safe. What 
is particularly interesting, however, is the algorithm’s belief that there is some 
truth that it can discover through “pattern identification”. Thus one of the 
main conclusions from this discussion is that ChatGPT did not read Berger and 
Luckmann carefully enough. Secondly, ChatGPT believes that truth is about 
recognizing patterns.

7	 The ATT 

The methods, which people apply to judge what is true, are often characterised 
by referring to some of the popular theories of truth, including the correspon-
dence theory of truth, the coherence theory of truth and the pragmatic theory 
of truth. At the same time, as already stated, the development of technology 
and the increase in the complexity of communication games make it difficult 
to apply even the most basic truth criteria, apparently making these well-
known theories less and less reliable.

Though sceptics warned us long ago that our senses can deceive us, the level 
of difficulty in distinguishing truth from appearance has never been as high as 
in the era of deep fakes. The ability to imitate a recording, behaviour, voice of 
a human being, but also the application of much more prosaic disinformation 
methods, prevent individuals from efficiently verifying if a given statement 
is true by determining its connection to reality, thus making the correspon-
dence theory of truth obsolete. Modern wo/man encounters similar problems 
when trying to apply the coherence theory of truth. A multitude of opinions 
generated by bots and trolls of various sorts and origins, information bubbles 
and echo chambers, big data that cannot be easily analysed without advanced 
skills and tools, dedicated portals or research institutes financed by large inter-
est groups are just examples of phenomena that have a negative impact on the 
truth verification process. Even the pragmatic theory of truth, which hypotheti-
cally exempts an individual from the necessity of external verification, making it 
subordinate to the internal interest of the individual, becomes extremely difficult 
to apply in the VUCA world. Liquid modernity, which calls into question the very 
meaning of existence, in conjunction with the growing technical unpredictabil-
ity of actions due to the high complexity of social, economic and communica-
tion structures, make pragmatic approach an increasingly ambiguous criterion.

Clearly, in practice people do not follow any strict guidelines of any partic-
ular theory. Human behaviour can be described in accordance with the adap-
tationist theory of truth, which Godler (2020) defines as creative manoeuvring 
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between various more and less accurate beliefs, information and sources, 
depending on available resources, in particular time. Although it is journalistic 
practice that is characterised in this way by Godler, there are many indications 
that it can be adopted to accurately describe activities of an average person.

It seems that the complexity of the surrounding world does not encour-
age people to explore the sources of information (Hagmann et al., 2020), who 
rather prefer to remain in a state of active ignorance. The fact that it is becom-
ing more and more difficult for the people to determine the veracity of the 
incoming information does not mobilise them to increase their efforts in this 
area, but rather triggers resignation. This coincides with the general findings 
of Betancourt (2016), which indicate that this type of ignorance is a structural 
precondition for maintaining the current global market system. The feeling 
of not being able to determine the truth, as well as the feeling of the conse-
quences of using unverified or incorrect information, fosters dishonesty and 
deception attitudes (Keyes, 2004). Importantly, at an individual level, this also 
contributes to the spread of the attitude of indifference to truth, which is the 
essence of the phenomenon of post-truth (Gudonis, 2017).

On the other hand, liberal societies have ingrained needs for freedom and 
civic agency based on some sort of determinable truth. For these reasons, 
among others, the activities of Cambridge Analytica, which offered services 
in the area of increasing the effectiveness of political persuasion, aroused so 
much controversy, indignation and accusations of manipulation. It seems that 
the general opinion accepts a situation in which citizens err and their sources 
of opinion are selective, as long as this erring is not pre-organised by some-
one. The difficulty here is that the massive outburst of fact-checking initiatives 
we are currently noticing in response to the transformation of truth structures 
seems to ignore the fact that people’s views are based not on facts but on opin-
ions. Beliefs and worldviews result from narratives that are convincing for a 
given person, and the interpretation of the truthfulness of facts is subordi-
nated to these preferred narratives. Ultimate truth as an unshakable point of 
reference for our actions should be interpreted rather in terms of self-fantasies 
of mankind.

The coexistence of people and machines changes the perception schemes 
of both parties, but also the structure of expectations of human agents, espe-
cially in circumstances of information overload, which cannot be easily coped 
with by the people for both technical and emotional reasons (Andrejevic, 2013; 
Carr, 2014). On the one hand, the algorithmic logic impacts society in terms of 
social integration (Ninno, & Totaro, 2014), on the other hand, Airoldi (2022) 
clearly shows why this phenomenon should be perceived as a progressively 
reinforcing feedback loop. Clearly, the significance of the economic-structural 
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context of these processes would be difficult to overestimate. As authors such 
as Eubanks and Zuboff show, what we observe is a kind of modern version of 
class conflict elevated to its digital incarnation. This is obviously reflected in 
the capitalist-consumer orientation of the contemporary intelligent machines 
that are programmed and trained according to a presupposition structure 
appropriate to the neoliberal worldview framework (cf.: Mager, 2012).

The growing technological capabilities of these machines in the area of con-
trol, supervision and verification of truthfulness run parallel to the decline of 
exactly the same competences on the part of human beings. Thus it seems 
natural that these human beings choose to rely on the effects of the technol-
ogy they themselves have developed over the centuries. Current trend towards 
variously understood transhumanism emerges as a similarly natural phenom-
enon. On the wave of a peculiar mixture of enthusiasm, indolence and some-
thing that was identified by Broussard (2018) as technochauvinism, control 
over sense-making processes is transferred to machines. And although a lot 
has been already said about the raising power of algorithms, it is the exten-
sion of this power to this particular sense-making dimension that marks the 
most fundamental concession, because, according to Berger and Luckman, it 
is ontological. In this sense, in the first decades of the XXI century, we observe a 
shift from the social creation of reality to its algorithmic creation.

Finally, the concept of the algorithmic theory of truth can be formulated: 
to be true (and real) is to be a result/indication produced by one of the algo-
rithms that have formerly received a popular mandate to provide people with 
reality. Clearly, the power of algorithms in this area will be the greatest within 
the digital sphere, but the interdependency of the biological and digital reali-
ties will easily transfer the senses created within the latter onto the structure 
of the former.

8	 Conclusions – Make It Simple 

Within a constant process human beings expand their vision, deepen under-
standing, create senses, and thus contribute to the increasing complexity of the 
real, and simultaneously they strive to simplify it to offer themselves a sense of 
epistemic relief and ontological security. Language is being impoverished and 
philosophy is pushed aside for the sake of simplicity and short-term efficiency, 
which tends to become the only currency that counts in a market-driven 
world. The point when machines and algorithms are powerful enough to take 
the burden of caring for truth and reality has been reached. Therefore it can be 
observed, how people gradually get rid of these inconvenient responsibilities 
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for the price of giving up control over the creation of senses of their own world. 
This newly created algorithmic reality begins to live its own life and generate 
its own meanings, the complexity of which is so much beyond human cog-
nitive capabilities. The dependence on the truth determined algorithmically 
becomes more and more explicit and technological assistance seems to be 
unavoidable. In the next step humans will presumably learn to interpret the 
world in a way that will prevent them from suffering cognitive dissonances 
resulting from the potential mismatches between their own observations and 
the indications of the algorithms or other digital authorities.

Perhaps the most significant aspect of these changes is that algorithms are 
not independent entities originating from a different world order, but rather 
economically controlled tools. In practice, this means that behind the tech-
nological enthusiasm there is a ruthless structure of power. The ideals of a 
free democratic world do not allow a free man to be controlled. However, in a 
world full of algorithms controlled by institutions, companies or more affluent 
members of society, coexisting with human beings in a non-distinguishable 
way and on equal communication terms, the discourse and truth are going to 
be controlled on an unprecedented scale.

This dialectical tension between simplicity and complexity demands to be 
overcome. Is it possible for the things essential to human existence to remain 
simple? Could individuals be granted the right to simplicity in accordance with 
the postulates of epistemic justice? Interestingly, even intelligent algorithms 
do not cope equally well with all dimensions of reality. Critical thinking, which 
is a competence of breaking patterns, seems to be particularly resistant to 
algorithmization. Thus it might be crucially important that human criticality 
remains a key element of the criteria of truthfulness to which we subordinate 
our reality.

This text is conceptual and paradigmatic, which constitutes its natural lim-
itation. However, if the phenomena and mechanisms identified in it would be 
considered significant, the investigation is certainly worth being continued 
and followed by more specific research, including empirical studies of the 
complexity-truth nexus.

	 Notes

1	 Not necessarily in the specific sense of the Whorf-Sapir thesis.
2	 As in a slightly different context was brilliantly illustrated by the movie “Her” (Jonze, 2013).
3	 Much hope is now pinned on harnessing artificial intelligence to simplify and automate legal 

regulations.
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4	 here and elsewhere there is an inconsistency in the use of British VS American English spell-
ing, which results from the fact that American English was the spelling used by ChatGPT 
during the conversation.
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CHAPTER 19

Some Comments Regarding the Digitalisation of 
the Health Care System in Poland during  
the COVID-19 State of Epidemic
Selected Legal Aspects

Katarzyna M. Zoń

	 Abstract

In modern times, the development of science and technological progress have together 
created new prospects for the provision of health services. These opportunities are of 
key importance to the functioning of healthcare systems themselves. This article is 
devoted to analysing the legal dimension of the digitalisation of the healthcare system 
in Poland, along with the consequences of such a process. The validity and usefulness 
of the subject matter are justified by the current pandemic situation. In this context, it 
should be emphasised that the above-mentioned process has recently accelerated. The 
implementation of this solution is aimed at improving the effectiveness of healthcare 
service provision. Digitalisation therefore needs to be discussed with reference to its 
role as an important component of the healthcare system in Poland. 

	 Keywords
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1	 Introduction

Modern technological progress creates new opportunities and perspectives for 
the implementation of innovations in many areas. The introduced solutions 
also have a key impact on the functioning of the health care system. A clear 
indication of the above changes is the digitalisation process, the implementa-
tion of which has accelerated significantly in this field recently.

This observable tendency justifies the analysis of selected legal aspects 
of digitalisation of the public health care system in Poland by taking into 
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consideration how this process occurred during the COVID-19 epidemic.1 The 
validity and usefulness of the subject matter are confirmed by the practical 
significance and topicality of the issues raised. During this unique epidemic 
situation, the key challenge was to properly organise the form of providing 
health care services. On the one hand, the availability and continuity of health 
services had to be ensured, and – on the other – the safety of health profes-
sionals and patients had to be guaranteed. The aim of this paper is to draw 
attention to Polish legal regulations constituting the digitalisation process in 
the provision of health services, which were introduced during the COVID-19 
pandemic. Although modern solutions were identified within the time frame 
of this specific period, in reality, they are part of the earlier initiated digitalisa-
tion process of the health care system in Poland. A comprehensive approach 
to the considerations also requires indicating the tools introduced earlier and 
providing an overview of the regulatory environment in existence at the time. 
The conclusions systematise observations and remarks concerning the review 
of select legal regulations from the perspective of the current moment.

2	� Outline of the State of the Digitalisation of the Health Care System 
in Poland before the COVID-19 State of the Epidemic 

As already mentioned, even before the COVID-19 pandemic, there were solu-
tions in place in Poland that constituted part of the digitalisation process of 
the public health care system. Taking into account the broader regulatory 
framework, it is worth mentioning that since 12th December 2015, the Polish 
legislator has widely allowed the possibility of providing health care services 
in the telemedicine model, i.e., via ICT systems or communication systems.2 
Necessary legal provisions have been provided for in the Medical Care Act,3 
among others, and in acts relating to the exercising of individual medical 
professions.4 However, issues related to its financing still remain an import-
ant practical barrier to the widespread provision of telemedicine in the pub-
lic healthcare system. Despite the introduction of the general possibility of 
providing such health services, only some of them were covered by public 
financing. This applies, for example, to cardiac teleconsultation, geriatric tele-
consultation, hybrid cardiac telerehabilitation and medical consultation in pri-
mary health care carried out remotely, i.e., via ICT systems or communication 
systems.5 The latter has gained particular importance during the COVID-19 
pandemic era, which will be presented below as part of this paper. The afore-
mentioned general provisions were linked to specific legislative changes in the 
area of health care digitalisation aimed at improving the health care services 
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provision process. The key in this respect was the successive implementation 
of subsequent process phases, i.e., medical sick e-notes6 and e-prescriptions.7 
An Internet Patient Account (Pol.: Internetowe Konto Pacjenta, IKP) was also 
launched,8 with the scope of its functionality extended over time. This tool 
allows patients to access their medical records, information about issued sick 
leaves, completed referrals, prescriptions, as well as about their current entitle-
ment to healthcare services or the amount of health insurance premiums paid 
by the patient. Moreover, via IKP, the patient can authorise another person to 
access his or her medical data or information regarding health, as well as give 
consent to the provision of health services.

3	� Select Examples of Digitalisation of the Polish Health Care System 
during the COVID-19 State of the Epidemic 

3.1	 Electronic Referrals (E-Referrals) 
With the aforementioned in mind, it is worth expanding on the outlined sys-
tem of legal regulations with norms constituting aspects of the health care 
system digitalisation process in Poland, and which came into force during 
the COVID-19 pandemic. It should be indicated that these are not of a uniform 
nature. The first group includes solutions introduced at a predetermined time, 
which were introduced irrespective of the specific epidemic situation. Con-
versely, the second category comprises instruments implemented in connec-
tion with the provision of health care services in these specific circumstances.

With regards to e-referrals,9 which is an aspect of the health care system 
digitalisation that falls within the first of the above groups, it should be clar-
ified that the obligation, existing since 8th January 2021, to issue referrals in 
electronic form applies only to specific documents, recorded in the Medical 
Information System (Pol.: System Informacji Medycznej SIM). This is because 
not all referrals issued to enable the patient to access specific health services 
are of such a nature. The list established by way of a regulation of the Min-
ister of Health10 lists specific types of medical services, taking into account 
the manner of their financing and the rules of their implementation. The 
electronic form referral includes: outpatient specialist services financed from 
public funds, excluding specialist advice – speech therapy, as well as publicly 
funded fetal echocardiography examinations, publicly funded gastrointestinal 
endoscopic examinations, publicly and non-publicly funded nuclear medi-
cine examinations, publicly funded magnetic resonance imaging examina-
tions, publicly and non-publicly funded computed tomography examinations, 
hospital treatment, therapeutic rehabilitation, health resort treatment and 
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rehabilitation. However, referrals for other services, such as drug programmes, 
can still be issued in paper form. Similarly, this encompasses diagnostic tests or 
certain procedures that are performed for a patient as part of specialist advice, 
hospitalisation, as well as in the absence of access to the ICT system (for exam-
ple, system failure) and in the case of issuing a referral for a person of unknown 
identity.

3.2	 Electronic Medical Records 
Another indication of digitalisation, not directly resulting from the unique epi-
demiological situation, can be seen in the field of electronic medical records. 
However, the aforementioned solution is not a brand-new instrument. As 
early as 1st January 2019, healthcare institutions were obliged to keep certain 
documents in an electronic form such as disease, health problem or injury 
diagnosis information, test results, refusal of hospital admission justifications, 
health services provided and possible medical orders – in the case of a patient 
being refused admission to hospital, information for the doctor referring the 
recipient to a specialist clinic or hospital treatment concerning the diagnosis, 
treatment method, prognosis, prescribed drugs, foodstuffs for special nutri-
tional purposes and medical devices, including the usage period and dosage 
method, as well as scheduled control visits and information sheets from hos-
pital treatment.11

Over time, the above obligation incorporated additional documents, e.g., 
laboratory test results with descriptions and diagnostic test descriptions other 
than the above. Electronic medical records12 are documents created in an 
electronic form with a qualified electronic signature, a trusted e-signature, a 
personal signature or by way of confirming the origin and integrity of data 
available in the ICT system made available free of charge by the Social Insur-
ance Institution, i.e., prescriptions, referrals, orders for supplies and repairs 
and vaccination cards, as well as documents which it was obligatory to keep 
in the form of electronic records at an earlier date.13 In addition, since 1st July 
2021, the healthcare provider is obliged to ensure that it is possible to exchange 
the data contained in the electronic medical records via the SIM system.14 The 
listed catalogue of documents is to be expanded to include all documenta-
tion maintained by the healthcare provider. The above solution is intended to 
improve the system of medical record circulation between healthcare provid-
ers, guaranteeing proper cooperation and giving assurance of comprehensive 
care for patients. Automatic access to electronic medical records is available to 
designated entities: the medical employee who created the electronic medical 
records containing the patient’s personal data or individual medical data, the 
medical employee practising at the service provider where electronic medical 
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records containing a patient’s personal data or individual medical data has 
been created in connection with his/her practising at this service provider if 
it is necessary to carry out diagnostics or ensure continuity of treatment, as 
well as the doctor, nurse or midwife providing healthcare services to the ser-
vice recipient under the healthcare services provision agreement in the field of 
primary healthcare and all medical personnel in a situation that is life-threat-
ening for the patient.15 In other cases, access to medical records requires the 
consent of the patient or his or her legal representative, while indicating the 
scope of time and subject matter of data access.

3.3	 Teleconsultations 
Given the need to reduce direct contact between patients and medical pro-
fessionals in the COVID-19 pandemic era, teleconsultation provided in primary 
care has become essential. Crucially, these services have been included as 
part of publicly funded benefits since November 2019. A teleconsultation is 
a health service provided remotely using ICT or communication systems, and 
carried out as part of primary health care (PHC) by a doctor, nurse or mid-
wife who provides services at a PHC provider. This can especially take the 
form of a conversation over the phone, a video conference or exchange of 
electronic correspondence (emails). The dynamic increase in the amounts of 
teleconsultations practiced observed during the COVID-19 epidemic directly 
influenced the necessity to develop organisational standards regarding their 
provision. Within the scope of the implemented principles, which changed 
three times during the time the state of the epidemic was in force,16 the duties 
of the primary care provider and the teleconsultation provider have been 
listed. These include, above all, obligations towards the patient regarding the 
provision of information. One such obligation that should be emphasised is 
providing the patient with information about the terms and conditions of 
teleconsultation provision, including the patient’s right to express their wish 
to have personal contact with relevant medical staff, specifying, e.g., the ser-
vices to be provided through direct patient contact only, how the date and 
time of the teleconsultation is to be determined or how to establish contact 
with the patient. It is also worth mentioning their report duties towards the 
National Health Fund, which in turn allow the latter to monitor the health 
services provided in this form, but also it should be indicated that there is 
a necessity to record the provision of teleconsultation services in the medi-
cal documentation and to conduct it maintaining confidentiality. Wider use 
of teleconsultation in the pandemic was also fostered by complementary 
digitalisation tools, such as the aforementioned e-prescriptions, e-referrals  
or e-notes.
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3.4	� Public Financing of Health Services Provided under the Telemedicine 
Model 

The COVID-19 pandemic also increased the scope of publicly funded health 
services delivered using ICT or communications systems. Some of them were 
reimbursements covered regardless of the epidemic situation, while others 
only during the state of epidemiological threat or the state of epidemic emer-
gency. The first group includes such services as the provision of advice and vis-
its in the field of palliative and hospice care in a home setting with the use of 
ICT systems or other communication systems, provided that such a procedure 
does not pose a risk of causing the deterioration of the patient’s health condi-
tion,17 guaranteed benefits within the scope of nursing and home care services 
within the framework of long-term care, provided under home conditions by a 
long-term home care team or long-term home care nursing service,18 as well as 
outpatient guaranteed benefits within the scope of psychiatric care and com-
munity (home) mental treatment and addiction treatment, which can be pro-
vided with the use of ICT systems on condition that the availability of personnel 
required to provide them at the place of benefit provision is ensured.19 Other 
services have only been approved temporarily (during the state of epidemio-
logical threat or the state of epidemic emergency). They include the provision 
of guaranteed benefits (within the scope of haemodialysis and haemodialysis 
with 24-hour stand-by services) by an authorised physician, using the ICT sys-
tems or communication systems, if this manner of provision of benefits does 
not pose a threat to a patient’s life or could lead to a deterioration of his/her 
health condition, and a nurse with appropriate qualifications is present at the 
patient’s side.20 This also covers the scope of guaranteed benefits in the area 
of therapeutic rehabilitation, provided under conditions of outpatient, home 
or day wards, a possibility of providing medical advice, with counselling or 
therapeutic visits using ICT systems or communication systems having been 
admitted, if this method of providing healthcare does not pose a threat to the 
deterioration of the health condition of the benefit recipient.21 Due to the 
cessation of the special circumstances (state of an epidemic or an epidemic 
threat), there are currently no legal bases for the refunding of the above ser-
vices provided with the use of information and communication (ICT) systems.

4	 Patient Identification and Confirmation of Entitlement to Benefits 

During the COVID-19 pandemic, there were several additional solutions pro-
vided for facilitating the identification of a patient or confirming eligibility 
for a given service,22 the introduction of which was directly related to the 
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existing epidemiological situation. On this basis, entities providing health-
care services via ICT systems or communications systems were allowed to 
confirm the identity of the recipient based on data provided by the recip-
ient via those systems, including by telephone. In addition, certain formal 
obligations concerning the provision of health care services did not apply 
to appeals (among others, the obligation to submit to the provider within 14 
days the original copy of the referral as part of health care services financed 
from public funds). It was also made possible to issue instructions for the 
provision of medical devices and repair orders via ICT systems or commu-
nication systems. The functionality of the above-mentioned tools, which 
in some situations may also have proven useful after the end of the extraor-
dinary epidemiological situation justifying their implementation, has not  
been maintained.23

5	 Conclusions 

With these considerations in mind, it should be emphasized that digitalisa-
tion continues to constitute a significant challenge for the public health care 
system in Poland. The accomplishment of subsequent stages of this process 
is aimed at streamlining and improving the efficiency of healthcare services, 
enabling the implementation of personalized patient care. Moreover, progress-
ing digitalisation fosters the further development of telemedicine, for which it 
remains extremely important to solve the issue of the financing of this type of 
health service provision.

The announcement of the COVID-19 state of epidemic made it necessary to 
reach for other ways of providing health care services, serving as an impetus 
for a more in-depth analysis of the functioning of the health care system in 
Poland. For epidemiological reasons, ensuring access to health care had to be 
accompanied by simultaneous efforts to minimise the risk of infection among 
medical personnel and patients. The experience gained during the epidemic, 
related to the need to reduce direct contacts has highlighted the pivotal role 
played by digitalisation in the overall functionality of the health care system. 
There is no doubt that it is an inevitable process for the creation of a mod-
ern model of the health care system serving the needs of both patients and 
medical professionals. In this context, it is worth remembering that technology 
should strengthen the traditional health service model and not seek to replace 
it. The COVID-19 state of epidemic undoubtedly contributed to wider use of 
previously functioning tools, whose potential had not been recognised before. 
A manifestation of this was, for example, the dynamic increase in the use of 
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	 Notes

1	 The state of epidemic in Poland lasted from 20 March 2020 to 15 May 2022.
2	 Act of 9th October 2015 amending the information system in health care act and some 

other acts (Journal of Laws, item 1991).
3	 Cf. Art. 3 (1) of the Medical Care Act of 15th April 2011 (consolidated text Journal of Laws 

2023, item 911 as amended).
4	 Cf. Article 2(4) of the Act of 5th December 1996 on the doctor and dentist professions (con-

solidated text Journal of Laws 2023, item 1516 as amended), Article 11(1) of the Act of 15th 
July 2011 on the nurse and midwife professions (consolidated text Journal of Laws 2022, 
item 2702).

5	 Regulation of the Minister of Health of 31st October 2019 amending the regulation on guar-
anteed services in the field of primary health care (Journal of Laws, item 2120). 

6	 Cf. Article 55 of the Act of 25th June 1999 on cash benefits from social insurance in the 
event of sickness and maternity (consolidated text Journal of Laws 2022, item 1732). Sick 
leave in the form of an electronic document (e-note) has been issued since 1st January 
2016 (parallel with a paper form). However, as of 1st December 2018, this e-note is now the  
exclusive form.

7	 Cf. Article 95b of the Act of 6th September 2001. Pharmaceutical Law (consolidated text 
Journal of Laws 2022 item 2301 as amended). Prescriptions in electronic form (e-prescrip-
tions) have been issued since 18th April 2018. This form has become obligatory since 1st 
January 2020 with some exceptions, e.g., the possibility to issue paper prescriptions e.g., for 
persons of unknown identity or pro auctore prescriptions (for the prescribing doctor him-
self) and pro familiae prescriptions (for persons close to the prescribing doctor – spouses, 
ascendants, descendants or siblings).

8	 The Internet Patient Account has been functioning in the Polish legal framework since 23rd 
August 2018 (Act of 20th July 2018 on amending the information system in health care act 
and some other acts, Journal of Laws 2018, item 1515).

9	 Cf. Article 59aa of the Act of 27th August 2004 on health care services financed from public 
funds (consolidated text Journal of Laws 2022, item 2561 as amended). Referrals in elec-
tronic form (e-referrals) have been issued since 1st April 2019. This form has become the 
exclusive form since 1st January 2021 with regards to documents recorded in the Medical 
Information System.

10	 Cf. § 2 of the Regulation of the Minister of Health of 15th April 2019 on referrals issued in 
electronic form in the Medical Information System (consolidated text Journal of Laws 2022, 
item 1417 as amended), which came into force on 18th April 2019. 

11	 Cf. Article 56(1) of the Act of 28th April 2011 on the information system in health care (con-
solidated text Journal of Laws 2022, item 1555 as amended).

12	 Cf. Article 2(6) of the Act of 28th April 2011 on the information system in health care (con-
solidated text Journal of Laws 2022, item 1555 as amended). 

teleconsultation in the diagnostic and therapeutic process. It remains an open 
matter to what extent the solutions developed in the area of health care will 
function after the extraordinary epidemic circumstances have ceased to exist. 
However, an assessment of this aspect requires further consideration in the 
future, after some time has passed.
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13	 Cf. § 1 Regulation of the Minister of Health of 8th May 2018 on types of electronic medical 
records (consolidated text Journal of Laws 2023, item 1851), which entered into force on 2nd 
June 2018. 

14	 Cf. Article 56(4) of the Act of 28th April 2011 on the information system in health care (con-
solidated text Journal of Laws 2022, item 1555 as amended). 

15	 Cf. Article 35 (1) and (1a) of the Act of 28th April 2011 on the information system in health 
care (consolidated text Journal of Laws 2022, item 1555 as amended). 

16	 Regulation of The Minister of Health of 12th August 2020 on the organisational standard of 
teleconsultation in primary health care (consolidated text Journal of Laws 2022, item 1194).

17	 Regulation of the Minister of Health of 16th March 2020 amending regulation on the guar-
anteed services in the field of palliative and hospice care (Journal of Laws, item 457), which 
entered into force on 17th March 2020. 

18	 Regulation of the Minister of Health of 16th March 2020 amending the regulation on guar-
anteed benefits in the field of nursing and care services in long-term care (Journal of Laws 
2020, item 460), which entered into force on 17th March 2020. 

19	 Regulation of the Minister of Health of 16th March 2020 amending the regulation on guar-
anteed benefits in the field of psychiatric care and addiction treatment (Journal of Laws, 
item 456), which entered into force on 17th March 2020.

20	 Regulation of the Minister of Health of 6th April 2020 amending the regulation on guar-
anteed benefits in the field of outpatient specialist care (Journal of Laws, item 612), which 
entered into force on 8th April 2020.

21	 Regulation of the Minister of Health of 10th April 2020 amending the regulation on guar-
anteed services in the field of medical rehabilitation (Journal of Laws, item 660), which 
entered into force on 11th April 2020.

22	 The legal basis for their functioning was the Regulation of the Council of Ministers on 
establishing certain restrictions, orders and prohibitions in connection with the occurrence 
of an epidemic. 

23	 Regulation of the Council of Ministers of 27 June 2023 repealing the Regulation on the 
establishment of certain restrictions, orders and prohibitions in connection with the occur-
rence of an epidemic emergency (Journal of Laws, item 1233), which entered into force on 1 
July 2023. 
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CHAPTER 20

Works of Art

Contributing Artists

ART 1 �Antonina Joszczuk-Brzozowska, Materialization, 2020 (hand-formed hot glass,  
40 × 70 × 20 cm)a
Photograph: Dzikie Studio

a	 Work first published in the catalog of the exhibition “GLASS_ON. Let’s meet in better Times”, 
Wrocław 2021, pp. 14–15.
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ART 2 Anna Trojanowska, SHADES_07, 2014 (lithograph on Carrara marble, 50 × 35 cm)
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ART 3 Kamil Moskowczenko, Third Diagonal Symmetry, 2020 (oil on canvas, 160 × 120 cm) 



Works of ART� 239

ART 4 �Beata Mak-Sobota, Onestring, 2017 (soda glass float, cut, ground, polished, steel,  
35 × 45 × 16 cm)a
Photograph: Justyna Żak

a	 Work first published in: “S+C Szkło i Ceramika” nr 3/2021, p. 9.
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ART 5 Karolina Freino, Cataract, 2016 (intervention in the public space of Katowice)a

a	 Work first published in: Phantom/Widmo, Ed. M. Lisok, Katowice 2016, p. 77.
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ART 6 Łukasz Huculak, Cordyceps, 2022 (acrilic on canvas, 160 × 120 cm)
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ART 7 Zuzanna Dyrda, I’m Just a Pawn, 2021 (printmaking performance)a

a	 Work first published in: Urgelles, C. (2023). Printmaking resilience in pandemic times. 
IMPACT Printmaking Journal, no. 6.
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ART 8 �Dominika Sobolewska, RGB, 2008  
A spatial arrangement of nine cubes made of transparent plastic in the basic additive 
colors (area about 12 sqm). Project realized in cooperation with WRO Art Center.a

a	 Work first published in the catalog of the exhibition “Update_3 | Body sound”, Antwerp 2010.
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ART 9 Karolina Szymanowska, Sensitive Point, 2014 (0bject)
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ART 10  
Marzena Krzemińska-Baluch, The Stijl, 2018 (slumped 
glass, metal, 96 × 36 × 5 cm)
Photograph: Alicja Kielan
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ART 11 �Bożena Sacharczuk, Proximity I, II, from the series Between..., 2022 (stoneware molded 
on a potter’s wheel, author’s glazes, 65 × 44 and 66 × 43 cm)
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ART 12 �Anna Kołodziejczyk, The Power of a Seemingly Simple Interior, 2016 (acrilic on canvas, 
160 × 110 cm)
Photograph: Małgorzata Kujda
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ART 13 �Magda Grzybowska, Sketches for space, 2015 (installation, steel, textile rubber,  
200 × 200 × 100 cm)
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ART 14 �Mariusz Gorzelak, Wonder emptiness – I’m waiting for you, 2020 (intaglio, relief  
printing, 50 × 70 cm)
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ART 15 Ivan Juarez, Insect City, Linz, Austria, 2020 (series of wooden elements)a
Photograph: Gregor Graf

a	 Work first published in: Juarez, I. (2021). Understanding nature in contemporary art and 
design. In D. Sobolewska (Ed.), Signs of empathy in contemporary design (p. 25). Wrocław.
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ART 15 Ivan Juarez, Insect City, Linz, Austria, 2020 (series of wooden elements)a
Photograph: Gregor Graf

a	 Work first published in: Juarez, I. (2021). Understanding nature in contemporary art and 
design. In D. Sobolewska (Ed.), Signs of empathy in contemporary design (p. 25). Wrocław.
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ART 16 Paweł Baśnik, Priestess, 2023 (oil on canvas, 250 × 175 cm)
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ART 17 �Piotr Jędrzejewski, 67/68, 2016 (CNC-milled HPL, laser cut steel, 190 × 270 × 12 cm)  
Two ticking clocks, each at a slightly different pace. For every 67 swings of one pendulum, 
there are 68 swings of the other. Perhaps time does not always flow at the same speed.a
Photograph: Janusz Bochajczuk

a	 Work first published in: Jędrzejewski, P. (2018 Winter). Ein treffpunkt der Kunst, dem Design 
und der Uhrmacherei. “Chronometrophilia”, Nr 81 , La Chaux-de-Fonds.
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ART 18 �Artur Skowroński, Wrocław Sienkiewicza, 2017 (digital print, 70 × 50 cm)
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ART 19 �Artur Skowroński, Wrocław Podwale, 2017 (digital print, 70 × 50 cm)
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ART 20 �Karina Marusińska, Cacophony, from the series Communication diseases, 2021 
(ceramics, acrylic, resin, diameter 45 cm)a
Photograph: Grzegorz Stadnik

a	 Work first published in: Braun, M., & Marusińska, K. (2024). Okruchy świata. Wobec nierucho-
mości rzeczy. In B. Bartecka (Ed.), O pracach Kariny Marusińskiej (p. 104). Wrocław.
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ART 21  
Wiesław Gołuch, plus minus, 1981/2019 
(digital print, 100 × 70 cm)
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ART 22 Agnieszka Leśniak-Banasiak, Amoria, 2022 (kiln-formed glass, coldworked, 41 × 8 cm)a
Photograph: Krzysztof Pachurka

a	 Work first published in the catalog of the exhibition: “All Quiet on The Western Front? Fac-
ulty of Painting and the Department of Glass The Eugeniusz Geppert Academy of Art and 
Design in Wrocław”, Wrocław 2023, p. 68.
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ART 23 �Jakub Jernajczyk, The Knot of Cuts, 2023 (digital print, 100 × 100 cm)  
A dimensionless point can be indicated by cutting a straight line at a certain place.
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ART 24 Marcin Mierzicki, PLAY MY BOY, 2001 (object, steel, 185 × 40 × 45 cm)
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ART 25 �Mirosław Kociński, Shield 7, 2023 (ceramic mosaic [porcelain, stoneware],  
diameter 58.5 cm)a

a	 Work first published in the catalog of the exhibition: “Qunszt. Ceramika i szkło”, Wrocław 
2023, p. 28.
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ART 26 �Eugeniusz Smoliński, On the matter of simplicity and complexity, 2014 (digital  
print, pencil, paper, 21 × 30 cm)
Complexity may be simple. Direct translation from the Polish language:  
Folded may be straight.a

a	 Work first published in: Miłkowska, D. (2020). Eugeniusz Smoliński, Wrocław, p. 55.
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ART 26 �Eugeniusz Smoliński, On the matter of simplicity and complexity, 2014 (digital  
print, pencil, paper, 21 × 30 cm)
Complexity may be simple. Direct translation from the Polish language:  
Folded may be straight.a

a	 Work first published in: Miłkowska, D. (2020). Eugeniusz Smoliński, Wrocław, p. 55.
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ART 27 Marek Grzyb, Stories, 2022 (installation, 80 × 120 × 10 cm)
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ART 28 �Tomasz Dobiszewski, Tracking the Sun, 2017 (laser engraving in marble, 12 slabs on 
wooden boxes, 30 × 91 × 2 cm each)  
The record of the presence of the Sun in a certain latitude, day after day, in each 
month of the year 2016. Traces burned by the Sun on paper strips were transferred 
and laser-engraved on twelve marble slabs.
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ART 29 �Inside Job (Ula Lucińska, Michał Knychaus), Diaphane, 2022 (stainless steel, brass,  
67 × 45 × 5 cm)
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ART 30 �Joanna Opalska-Brzecka, Excess, 2020 (hand-formed chamotte clay, engobes,  
55 × 35 × 50 cm)
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ART 31 Piotr Kmita, The Great Gatsby, 2013 (digital print, 104 × 385 cm)
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ART 32 Justyna Baśnik, Adoratio, 2023 (acrilic on canvas, 250 × 180 cm)
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ART 33 Justyna Żak, Written by shadow, 2014 (Pâte de verre, 29 × 21 cm)
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ART 34 Jarosław Grulkowski, The Expansion, 2020 (drawing, 100 × 70 cm)
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CHAPTER 21

Conclusions

Ewa Błaszczak, Małgorzata Cebrat, Jakub Jernajczyk, 
Bartłomiej Skowron, Weronika Urbańska and Roland Zarzycki

Our title – Complexity and Simplicity – may suggest two distinct methodolog-
ical approaches: (1) a broad overview of phenomena characterized by either 
simplicity or complexity, or (2) an analysis of the concepts of complexity and 
simplicity and the relationships between them. As indicated in the Introduc-
tion, we have tried to ensure that the content of this volume meets both of 
these expectations. On the one hand, we have presented texts describing the 
significance of simple and complex structures and processes in many different 
domains of human cognition. On the other, we have sought to point out in 
clear terms the ontological and epistemological tension between the notions 
of complexity and simplicity. 

1	 Tools of Description

From a practical point of view, the concepts of complexity and simplicity can 
only be regarded as useful linguistic tools. In the hands of scholars and artists, 
they are the equivalent of what a ladder or a pair of pliers are for a craftsman. 
Hence, complexity and simplicity also often appear in this volume as opera-
tional, functional terms with no clear ontology behind them. Without these 
concepts, we would not be able to describe a diverse range of phenomena and 
structures, whether in the natural sciences or the humanities. These terms 
therefore turn out to be indispensable for organizing and categorizing knowl-
edge in specific disciplines of science and art.

The undeniable tendency to arbitrarily classify phenomena as either sim-
ple or complex is largely due to our cognitive limitations. We experience 
only a very limited slice of reality, and within that narrow spectrum, we 
make seemingly obvious distinctions between the simple and the complex. 
We then project these categories, often unconsciously and automatically, 
onto other parts of reality. Thus, these concepts are not just transparent 
tools of description, but rather become necessary means of co-creating  
reality.
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2	 The Emergence of Meaning

The concepts of complexity and simplicity allow for the relatively easy, though 
not always meaningful, superposition of structures that previously had little in 
common. As an exercise, the reader may choose random occurrences of com-
plexity and superimpose them on top of each other in a search for meaning. 
For example, let us consider ideas taken from the present volume: the com-
plexity of harmonic relations in music, the complexity of a straight line, the 
complexity of new media, the complexity of philosophical discourse, the com-
plexity of information, the complexity of emotional experience, the structural 
complexity of amino acids, or the complexity of the movement of the Sun. 
Their very juxtaposition stimulates the imagination and drives the archetypal 
content of complexity. Moreover, thanks to such contents, we can make – more 
or less sensible – mappings of patterns from one conceptual space to another.

The strength of the Complexity and Simplicity project lies precisely in the 
fact that, even before any planned scientific investigation, we can juxtapose 
the complexity of emotional experience with the structural complexity of 
amino acids, if only as an exercise. We can, for a moment, impose the order 
of emotional experience on the order of amino acids and consider whether 
anything meaningful emerges. Perhaps the adaptation of the structure of emo-
tions to the structure of amino acids, or vice versa, will lead to a creative dis-
covery, the emergence of new meanings or perhaps it will serve as a basis for 
artistic creation. Of course, it can also become a source of erroneous specula-
tion and inference, of which both scholars and conscious creators, supported 
by phronetic critical thinking, should always be wary.

3	 Levels of Cognition 

What appears simple at one level may prove complex when seen from another 
point of view, another perspective. Nicholas of Cusa teaches that “if it were  
possible for someone to be situated outside of the world, the world [as such] 
would be invisible to him, after the fashion of an indivisible point” (Nicholas 
of Cusa, 2000, p. 10). Practical wisdom, what Aristotle (2011) called phrone-
sis, makes us sensitive to the totality of the situation and allows us to act as 
we should. At one turn, we consider seemingly indivisible and undifferenti-
ated points, and at another we decompose those same indivisible points into 
infinite structures, creating iterative contexts. In this respect, cognition and 
action resemble a fractal structure, whose fragments – seemingly simple at a 
given level – reveal, with each successive enlargement, both new and already 
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known yet potentially and actually infinite, complexity. The graphic represen-
tation of Cantor’s set provided at the end of this Conclusion may serve as an 
illustration here. In this most minimalistic fractal, we always see an infinitely 
complex arrangement of the simplest objects, no matter what level of depth 
we are at. Again, in line with Aristotle’s thought, moving through these levels 
as one should, and not just as chance suggests, is a matter of the highest art: 
i.e., practical wisdom.

Complexity and simplicity, when treated solely as tools of description, 
may appear to be transparent entities, seemingly devoid of any effect on the 
reality they seek to describe. However, this is not the case. As Hutchins (2012) 
points out, concepts, while part of rich cognitive ecosystems, arise within a 
certain practice and die with that practice, just as languages or other systems 
for describing reality themselves perish. Concepts are part of the distributed 
cognition that groups of thinkers co-create. They can reinforce or weaken 
the intellectual mood and, in effect, function to co-create thought collectives 
(Fleck, 1979) – i.e., certain patterns of directed perception. In this volume, what 
we propose is to practice thinking and acting, in both science and art, through 
the lens and with the assistance of the concepts of simplicity and complexity. 
Why is this important, and what purpose can it serve? Hutchins (2012) has 
pointed to several mechanisms that increase conceptual order and thus, in a 
cognitive spiral of order-building and order-destruction, elevate us to a higher 
conceptual level. This elevation is the essence of this volume. Among these 
conceptual meta-tools are the aforementioned superposition of structure and 
mapping across conceptual spaces. In addition, we will indicate other mecha-
nisms mentioned by Hutchins (2012), such as dimensionality reduction, filter-
ing, and composite mechanisms of modulated positive feedback.

Simplicity and complexity make it possible to move between dimensions 
of cognition: on the one hand, they make it possible to reduce a dimension, 
and on the other, to deepen it – as in the case of successive layers in a fractal 
structure. In the context of his philosophy of space, Simmel would say that to 
move between the dimensions of cognition is, in fact, to approach one dimen-
sion and to distance oneself from another (cf. Milà, 2016). Distance and prox-
imity not only constitute the social structure, but also allow us to dynamically 
approach and separate ourselves from others and, more generally, to move the 
objects of our cognition closer or further away. Simplicity is also that which 
filters what is relevant from out of complexity, and complexity is that which 
enriches simplicity. This is the case with complex systems that arise from the 
accumulation of simple structures. Such a thought resonated powerfully in 
ancient atomism, where all qualitative features were thought to result from 
accumulations of the simplest objects – atoms. Let artificial neural networks 
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simulating their natural counterparts serve as a contemporary example in this 
respect.

4	 The Method of Simplification 

Simplification of complex phenomena appears as a fundamental cognitive 
method, a kind of methodological archetype, both from the perspective of the 
natural sciences and from that of philosophical reflection. An example of the 
high level of effectiveness of such an approach is the divide et impera (“divide 
and rule”) principle, which is the basis of the most effective computer algo-
rithms, where complex issues are divided into multiple more easily solvable 
sub-problems. This is also the classical research method recommended by 
Descartes (2006, p. 17):

The second was to divide all the difficulties under examination into as many 
parts as possible, and as many as were required to solve them in the best way.
The third was to conduct my thoughts in a given order, beginning with the 
simplest and most easily understood objects, and gradually ascending, as 
it were step by step, to the knowledge of the most complex; and positing 
an order even on those which do not have a natural order of precedence. 

Simplification also occurs when we concretize – i.e., move from the abstract, 
a non-self-sufficient part of an object, to the concrete, a self-sufficient part 
of it. Recall that the GPT chat in the interview mentioned in Chapter 17 gave 
an example of a positive feedback loop when pointed in the direction of the 
creation of filter bubbles: “where people are only exposed to information that 
reinforces their existing beliefs”. Feedback loops can arise between the phe-
nomena being studied and their models: the phenomenon influences the con-
struction of the model, and the model, in response, like a filter, reveals just 
such-and-such properties of the phenomenon and not others. This is also how 
the concepts of simplicity and complexity work: they allow one, through feed-
back, to ascend the spiral of cognition.

5	 The Ethics of Openness 

In the introduction to this volume, we suggested that openness to the com-
plexity of perspectives and simplicity of expression is a virtue, yet we did not 
indicate what exactly this virtue pertains to. It is not, after all, a naive open-
ness to all that is complex, nor a simple delight in some engaging expression, 
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even if that expression captures the essence of the phenomenon under study.  
Virtue lies somewhere in between – between the simplicity of what is vividly 
felt and the normative complexity of the environment, between what the con-
text imposes and that sort of moral reasoning whose conclusion is the taking 
of appropriate action.

To act virtuously, as Aristotle (2011, p. 34) taught, means to act as one ought 
to. Openness to the complexity of perspectives and simplicity of expression 
is a virtue precisely inasmuch as one ought to be open both to things gen-
erally and, where specific things are concerned, to the degree that is right 
and appropriate. The crown of virtue understood this way – which always lies 
between extremes – is that phronesis mentioned above. It is thanks to it that 
we know how to find our way about within this tangled multitude of issues 
that are sometimes simple and sometimes complex. Thanks to practical wis-
dom, we know when cognition is overly simplistic and when too complicated. 
Thanks to this virtue, we also know how to choose simple means to achieve 
complex goals.

6	 Art 

The inherently simplifying principle of parsimony in thought and action 
that is widely accepted in science, and whose well-known manifestation is  
Ockham’s razor, is also valid in the art world. As Arnheim (2004, p. 59) points 
out, “the artist must not go beyond what is needed for his purpose”. Even seem-
ingly complex masterpieces of art can be characterized by a kind of simplicity, 
which means that “they organise a wealth of meaning and form in an over-
all structure that clearly defines the place and function of every detail in the 
whole” (Arnheim, 2004, p. 60). “In the context of art, the notion of simplicity 
should be applied not only to the appearance of the work itself but also to the 
relation between the image seen and the statement it is intended to convey” 
(Arnheim, 2004, p. 62).

The image is a medium that is not a simple analog of spoken or written 
language. Therefore, artistic representations are not literal, but rather met-
aphorical. They are subject to multiple interpretations, affecting us on both 
intellectual and emotional levels. The perspective of art probably does not in 
any explicit way bring us closer to giving clear definitions or rigorous descrip-
tions of the relationship between complexity and simplicity. It does, however, 
allow us to empathize with this relationship, and thanks to that, as a result of 
dynamic association, enlightenment – itself eagerly awaited by scholars and 
artists alike – may occur.
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