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0.1 Introduction

"Des ersten Lagerfeuers aufstobende Funken gebaren die Sterne,
deren nasser Glanz sich hinab zum ersten Kind formte.

Dessen erstem Lachen entstiegen die zwei Altesten,

deren Vereinigung wiederum die Vielfalt des Seins entstammt."

Current scientific insights and technological advancements are characterized by both an
increasing computability and, consequently, an increasing malleability of biological life.
Concurrently, there is an increasingly biological design of computational and generally
artificial systems, owing to the dramatic escalation in computational power.

Two seminal events predominantly laid the inspirational foundation for this work. The first
was IBM's Deep Blue defeating one of my then heroes, Grandmaster Garry Kasparov, the
reigning chess world champion at the time, in 1997. The other was witnessing the magical
powers of microorganisms when producing the beautiful bright purple-reddish angkak, red
koji rice, by cultivating rice with Monascus purpureus, and brewing beer with another yeast,
Saccharomyces cervisiae.

The expert system Deep Blue made me realize that computational power saw a steady
increase by virtue of progressing hardware, and instilled the belief, that consequently an
increasing scope of phenomena would become computable, therefore reproducible and
constructible. Witnessing microorganisms at work deepened my already existing interest in
biology and was a tangible illustration for the complexity, diversity, and sophistication of
biological machines and technology.

In the early 2010s it became apparent that a high-resolution understanding of biological

systems was within reach and that subsequently industrial processes would increasingly

1 The cosmogonic citation portrays the two relevant phenomena of this work, logos and bios, in paradoxical
symbiosis. The first bonfire - fire, a conventional metaphor for logos is here employed with a humanist twist -
incepting existence and life, bears the implication of being human-made, thus inviting the eternal questions of
philosophy, especially asking for the nature of reality reminiscent of Berkeley's riddle of the falling tree, the
Buddhist concept of maya, or the simulated universe hypothesis, toying with the anthropic principle [The text
was taken from a myth the author wrote for his sons; ensuing, all quotations of the author will be listed

without citation].



transition to biotechnological methods of production. This shift was anticipated to encompass
all industrial sectors in the end, including construction, as well as heavy- and energy industry.
The remarkable capabilities of biology were evident in phenomena such as cells directing
thousands of chemical reactions simultaneously and in close proximity. In contrast, chemists
usually aim to isolate their experiments to a single reaction to achieve acceptable results.
Biological systems operate under mild conditions yet adapt to Earth's most extreme
environments. They create materials with superior properties and exhibit highly sophisticated,
complex and adaptable organizational structures, like the brain or ant colonies. It was
becoming evident that biological machines and technology were the timespan of evolution
ahead of current human technology.

The concept of transitioning to a biologized industry and environment was initially termed
organotechnology? by the author. This term was intentionally chosen to distinguish it from the
established term biotechnology, which already carried specific connotations.
Organotechnology was envisioned to address critical global challenges like climate change and
social inequality, primarily through its inherent sustainability and support for autonomy.
Central to this concept is the idea of symbiosis. Despite its anthropocentric design, it aims for
every participating to thrive within a framework of common prosperity.

Building upon these normative implications, the present work focuses on demonstrating that
the futures visions presented are not merely idealistic projections intended to inspire
desirable developments. Rather, they are depictions of probable outcomes, firmly rooted in a
rigorous methodological analysis of current technological advancements. This approach
elucidates underlying general tendencies of advancement, lends credence to the envisioned
futures and illustrates necessary precautions for a desirable future.

The fields of information science are examined to highlight the current significant progress in
computational capacity and capabilities and increasing adoption of biological traits.
Developments in both by conventional van Neumann- and unconventional hardware

architecture, like quantum and neuromorphic computing, are showcased through recent

2The term organ derives from Greek organon, which encompasses meanings such as "implement", "tool for
making or doing", "musical instrument", and "organ of sense or the body." It literally translates to "that with
which one works." This term is closely related to ergon, meaning "work," and orgia, signifying "religious
performances". These terms can further be traced back to the Proto-Indo-European root *werg-, which means
"to do". The author appreciates the sum of the connotations, especially those associated with an instrument,

particularly the idea of all parts working in unison to generate a harmonious tune.



academic literature. Similarly, software advancements are explored, with a focus on deep
learning models and intelligence architectures. These examples not only illustrate the rapid
progress currently being witnessed but also highlight a trend towards biological-like
properties and characteristics.

While proofreading this work during the winter season, several predictions about imminent
developments had already begun to materialize. This observation underscores the incredible
velocity at which the fields discussed herein are currently evolving. Notable developments
include the emergence of specialized large language model assistants, as exemplified by
OpenAl's GPTs; the clear shift towards polymorphic operating systems, as announced by
Microsoft and evidenced by the development of the open-source project Openinterpreter;
and the advent of widespread robot employment, a trend extrapolated from numerous recent

announcements by companies like Tesla, Amazon, or Google, amongst others.



1.0 Theoretical framework

1.1 Structure

Initially, the theoretical framework will be outlined by providing a concise overview of futures
studies. This will be followed by an explanation of the methodology adopted and applied
within this work, as well as a discussion on the relevance of these studies to anthropological

research regarding futures studies and their significance for the discipline.

The main body of the work will offer a succinct examination of general tendencies,
megatrends, and human dispositions underlying, shaping, and directing current
developments and influencing their trajectories. This will include a selective overview of
relevant academic and technological advancements in contemporary times. These will be
loosely structured around the two partially overlapping thematic areas of information science
and molecular biology3, forming the argumentative backbone for the futures visions

elaborated and proposed.

Futures images and visions, derived from current developments, megatrends, and human
dispositions will be presented across three distinct temporal frames. This approach aims to
aptly illustrate the trajectory of current advancements and shed light on emergent
phenomena.

Initially, imminent developments will be discussed to underscore the direction of current
advancements. The centerpiece then will focus on medium-term developments, portrayed
through literary narration, offering iconic and desirable visions of the future, anchored in what
is probable. The futures vision is intentionally crafted to retain current concepts of human
society and the individual entity. This approach is aimed at facilitating a better connection and

engagement with the reader.

3 For reasons of readability and succinctness, the term is used here as a pars pro toto for several inter- and
related disciplines within the natural sciences, which in turn display fluid boundaries, substantial overlaps,
parallels, and equivalents, encompassing key academic fields such as chemistry, biological chemistry, synthetic
biology, bioinformatics, and biology, amongst others. They also include a myriad of established disciplinary
branches and specializations.
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Finally, a vision of a more distant future will be presented, aiming to depict fundamental
tendencies and provide an iconic and inspirational image. This section aims to inspire
reflections and discussions that go beyond anthropocentric views. It highlights how recent
developments not only demonstrate the potential to transform current human conditions, but
also suggest a general trend towards heterogenization and 'fractalization' on one side, and
extensive cooperation and interconnectedness on the other. These trends challenge our
existing definitions and conventional concepts of individual entities, accentuating the need for
pluralistic, holobiontic systems as the appropriate framework for describing biological systems
at various levels.

Commentary on necessary steps and prerequisites to achieve a desirable future, as well as the
challenges that arise, will be provided subsequent to the discussion of imminent
developments. Each of the three visions of the future will be accompanied by its own

commentary.

1.2 Methodology

This thesis positions itself within the realm of futures studies and adopts a multi-method
approach within this framework. The information presented herein was predominantly
gathered through a review of relevant, recent academic literature. Additionally, a smaller
portion of the data was collected through participatory observation in the scientific fields
relevant to my master's studies in chemistry and biological chemistry. This was complemented
by a review of current media and supplemented indirectly by numerous informal
conversations with academic experts during my prolonged engagement with and interest in

the subject matter.

Section 1.2.1, spanning from 1.2.1.1 to 1.2.1.3, will provide a concise overview of the key
dimensions and characteristics of futures studies. This is aimed at elucidating the relevant
aspects of the methodology, acknowledging the inherently interdisciplinary nature of futures
studies. While the field straddles various disciplines, the author contends that it is deeply
rooted in, and pertinent to, cultural and social anthropology, marking its unique position

within the social sciences.
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Chapter 1.2.2 will outline the specific futures studies approaches applied in this work. Chapter
1.2.3 will detail the explicit research methodology employed. Finally, Chapter 1.2.4 will define

the thematic and structural scope adhered to in this thesis.

1.2.1 Futures Studies

Futures studies represents a systematic and interdisciplinary examination of technological and
sociocultural advancements. The field can also encompass trends in individual and
environmental spheres. Due to its interdisciplinary and multifaceted nature, as well as the
inherent complexities of researching the future, it is challenging to ascribe a definitive general
definition to futures studies (Grunwald, 2009).

This is reflected in the discipline's diverse nomenclature and the varying definitions attributed
to it (Sardar, 2010), as well as in the multitude of different subfields, concepts, methods and
techniques, which are interpreted and employed variably over time and by different
researchers (Slaughter, 2002). The field's opacity is further compounded by unique methods
and subfields defined by individual researchers, in addition to the more widely used and
accepted systems (Mittelstaedt, 2009). Moreover, many methods and techniques
substantially overlap.

The inherent interdisciplinarity of futures studies can be considered threefold. Firstly, the real-
world object of study necessitates a multidisciplinary approach. Secondly, the diverse
backgrounds of researchers influence their concepts and perspectives within the field's
dynamic framework. Thirdly, complementary or substituent fields like complexity theory or
transitions research further enrich futures studies (Kohler et al., 2019, Vasileiadou and
Safarzynska, 2010, Zolfagharian et al., 2019, Baker, 2020, Boisot and McKelvey, 2006, Horton,
2012, Miller, 2010, Presti, 1996).

Efforts to establish standards and explicate methods in futures research are ongoing (Gerhold
et al.,, 2022, p. 84).

Amara outlines the three principal objectives of futures research:

"Exploring paths of possibilities (the art of the 'possible'), examining specific paths and their

likelihood (the science of the ‘probable’) and expressing preferences for, and implementing,

12



certain paths (the politics of the ‘preferable’) (Amara, 1991)." This resonates with Appadurai's
assertion that to understand the future systematically, anthropologists should examine the
interplay of imagination, anticipation, and aspiration, which shape the future as a cultural fact
(Appadurai, 2013, p.p 286f).

Essentially, this can be distilled to mapping change and influencing it (Bishop and Hines, 2012,
p. 194).

To emphasize the epistemic immanence of the present, the term futures will be used in
present work to denote present imaginations of future phenomena, since futures and pasts
are necessarily always parts of the present regarding conventional human perception of time
and space, (Grunwald, 2018, pp. 51f). This implies, that shaping the future equates to
influencing the present through the creation and reflection of futures (Grunwald, 2019, pp.
18f).

Futures visions, with their four important practical dimensions of producing interfaces, serving
as communication media, providing guiding visions, and exerting normative force, along with
visionary practices, can both impact and be affected by current power dynamics. Therefore, it
is crucial to be cautious not to reinforce existing power structures underlying current

sociotechnical arrangements (Losch et al., 2019, pp. 69, 72-78).

1.2.1.1 Relevance and Key dimensions of Futures Studies for Quality Assertion

Forecasts and scenarios are fundamentally constructed images of the future

The evaluation of scientific relevance is always embedded within its historical context, shaped
by current social and scientific values, especially the standards prevalent in the scientific
community. Consequently, they are subject to variations in sentiment and perception
(Weimert and Zweck, 2022, p. 101). This historical embedding gives rise to unique challenges

in assessing the scientific relevance and rigor of claims in futures studies.

Academic claims in future studies are distinct due to their inherently conjectural nature,

focusing on events that have not yet occurred and thus are beyond empirical verification. This

is aptly encapsulated by the notion that forecasts and scenarios are fundamentally

13



constructed images of the future*. The challenge lies in evaluating the academic rigor of claims
about contingent developments before their actual occurrence. To address this, four key
dimensions are vital in assessing the quality of futures research: content, normativity,

certainty, and time-boundness (Neuhaus, 2022, p. 5).

Content covers the subject matter of the future image and its temporal distance from the
present. Futures studies research may encompass developments across various areas and
timeframes (Neuhaus, 2022, p. 5).

Normativity pertains to the interests, goals, and values influencing the future image. While
explicitly normative images dictate how the future should be, descriptive images aim to depict
probable or possible futures. However, even descriptive claims bear implicit normativity,
influenced by underlying desires, values, and norms. It's essential to differentiate normativity
from judgments about desirability (Neuhaus, 2022, p. 5).

Certainty, like normativity usually a matter of degree, refers to the expectation of predicted
future events occurring. Strong claims of certainty are typically associated with studies
concerned with probable futures (Neuhaus, 2022, p. 5).

Time-boundness acknowledges that each image of the future is a product of its time, shaped
by contemporary values and historical context. Understanding the construction of a future

vision requires awareness of these influencing factors (Neuhaus, 2022, pp. 6f).

1.2.1.2 Fundamental Modalities of Futures Studies

In futures research, modality refers to whether given scenarios are intended to represent
possible, probable, or desirable developments. The modalities of possibility and probability
are explorative, while the modality of desirability is inherently normative. Adhering to good
research practice necessitates making a clear distinction between these three modalities,

particularly between explorative and normative aspects (Steinmdiller, 2022, p. 13).

4 Edward Norton Lorenz famously demonstrated that even with the most detailed atmospheric modelling, long-
term predictions remain elusive. This illustrates, that forecasts about even larger and more complex systems,
regardless of their deterministic nature, exceed the limits of formal predictability (LORENZ, E. N. 1963.
Deterministic nonperiodic flow. Journal of atmospheric sciences, 20, pp. 130f). Moreover, these predictions are
fundamentally subjective transpositions, highlighting the intrinsic uncertainties in such forecasting endeavors.
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Value judgments play a pivotal role in this context, as identifying desirable developments is
inherently based on subjective preferences, social norms, and values. Thus, it is crucial to
differentiate clearly between expectations and preferences (Steinmdller, 2022, p. 14).

This distinction is necessary to avoid conflating factual judgments of possibility and probability
with value judgments of desirability, thereby protecting the work from succumbing to wishful
thinking or fatalism (Steinmiiller, 2022, p. 14).

The work presented here will clearly state and elaborate the underlying axioms, assumptions,
and valuations shaping the exemplary vision of the future. This approach aims to provide a
precise understanding of which aspects are desired and which are based on factual evidence,
emphasizing potential objective arguments for the desired modalities.

Regarding the modality of possibility, it is important to clarify that mere speculation does not
suffice. The envisioned future should be within the realm of concrete possibility, compatible
with expected societal conditions, and traceable from current circumstances or based on
reasoned disruptive events. Researchers must be careful not to overly focus on the present
state, thereby reinforcing constraints, nor should they allow their imagination to drift too far
from empirical reality without critical reflection (Steinmiiller, 2022, p. 14).

To address the feasibility of the futures visions presented in this thesis, a broad spectrum of
current research fields is explored. This includes innovations on the cusp of commercial or
academic application, as well as those already in use. The thesis provides arguments to
distinguish between advancements that are foreseeable and those that remain speculative.
Regarding the modality of probability, this thesis explicitly presents one probable future. This
choice is based on a preliminary selection of probable futures, centering the vision on the
developments in the increasing computation and manipulation of biology. This focus is argued
to be the most significant influence on future developments, thereby narrowing the range of
probable futures considered.

The medium-range futures vision in this thesis will contain a brief section on other probable
fundamental developments. This aims to provide the reader with a contextual understanding
of the relational framework of potential developments. However, specific technological
advancements will not be the primary focus, due to the difficulty in accurately predicting their
trajectories and emergent properties. Additionally, the aim is to describe the future vision in

terms that are relatable to the reader.

15



The central vision presented will depict an optimistic and desirable future scenario. It will also
discuss the necessary prerequisites for its realization and potential threats that could impede
its manifestation.

Throughout, careful attention will be paid to rendering modalities as transparent as possible

and avoiding implicit value judgments (Steinmdiller, 2022, pp. 16f).

1.2.1.3 Validation by Argumentation

As previously mentioned, the principle of falsifiability, a cornerstone of scientific hypotheses
and theories as proposed by Karl Popper, is inherently unattainable in futures studies due to
the lack of empirical verification of knowledge about the future (Popper, 1963).
Consequently, other methods of validation are necessary. This thesis aligns with Armin
Grunwald's perspective, which posits that "Knowledge about the future arises through a
process that incorporates a broad series of elements, including disciplinary knowledge, causal
relationships, model assumptions, value judgments, assessments of relevance and
irrelevance, and, in the case of great uncertainty, more or less plausible, partially implicit
assumptions. These elements are combined through specific procedures and according to
specific rules to form statements about the future. [...] In this way, scientific knowledge about
the future emerges from individual components (“ingredients”) that are put together
(“composed”) in a specific way and in a controlled process" (Grunwald, 2022, pp. 22f).

This approach renders the knowledge of the future and its presentations falsifiable in the
present through criteria of argumentative validation. It underscores that futures studies,
rooted in the present, must rely on justifying claims based on current assessments and the
overall soundness of the argumentation, rather than the eventual materialization of the
proposed theories (Knapp, 1978).

Following Armin Grunwald's guidelines, this work will adhere to principles of consistency,
coherence, and transparency (Grunwald, 2022, pp. 24-26).

Consistency is a fundamental requirement in scientific examination, necessitating the
avoidance of self-contradictory information. This thesis presents a consistent vision of the
future by synthesizing heterogeneous fields and trends into a cohesive narrative. This

amalgamation is supported by several megatrends, as identified by Kreibich et al. (Kreibich et
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al., 2011), which include overlapping trends towards automation, interconnectedness,
autonomous and intelligent agents and intelligence architectures, and an increasing mastery
over biological life (Grunwald, 2022, pp. 24f).

Beyond mere consistency, the integrity of internal coherence is another epistemological
demand. This work will focus on explicitly highlighting the logical interconnections among
individual elements that form the empirical basis for the future vision. Robust, up-to-date
knowledge from the most recent academic literature and media about developments and
advances in the informational- and biochemical- centered sciences provides a solid foundation
for extrapolating future models (Grunwald, 2022, pp. 25f).

External coherence and adequacy are ensured by distinctly categorizing world phenomena
and the technological landscape into three domains: matter, information, and energy. This
thesis focuses on developments in the bio- and infosphere while deliberately setting aside
energy-focused technological advances (Grunwald, 2022, pp. 25f).

Epistemological, normative, and procedural transparency are paramount. The knowledge
base, extrapolations, and assumptions will be rigorously examined. Normative premises,
values, and interests will be clearly stated to ensure verifiability. Moreover, the approach to
argumentation and justification will be communicated transparently, for reasons of clarity and
understanding (Grunwald, 2022, p. 26).

In all aspects, the goal is to maintain the utmost transparency with the given assumptions and

aim for precise definitions, relationships, and proposed implications in the argumentation.

1.2.2 Future-oriented Technology Analysis and Backcasting

This work employs a multi-modal futures studies approach with a focus on foresight, primarily
through future-oriented technology analysis (FTA). FTA is dedicated to analyzing future
technology and its consequences. An informed understanding of current trends and imminent
advancements lays the foundation for assessing future developments. This aligns with
Halicka's definition of FTA as a process aimed at predicting the future of technology through
evaluation and detailed analysis (scanning) of its current state and identifying strategic factors

for its future development (Halicka, 2016). This approach is structured around megatrends
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and world concepts of the sustainable society and the science society respectively (Kreibich
et al., 2011).

Within this framework, two specific areas will be of special relevance: technology forecasting
and technology assessment. Technology forecasting is devoted to illustrating future
characteristics of technology through extrapolation from historical and current developments.
Meanwhile, technology assessment focuses on studying and evaluating new technologies,
considering their potential impacts and implications (Zweck, 2009, pp. 199-202). Additionally,
an element of backcasting is incorporated, where necessary factors for the emergence of a
desirable future are identified and discussed. This approach involves envisioning a preferred

future and working backward to determine the steps required to achieve that future state.

1.2.3 Explicit Research Methodology

The methodology of this thesis will be articulated following the research onion model, as
outlined by Melnikovas and Zolfagharian (Melnikovas, 2018, Zolfagharian et al., 2019). This
model provides a structured approach to detailing the research methodology.

The underlying research philosophy of this work aligns with the paradigms of positivism and
pragmatism. It focuses on positivist events, observations, and perceived tendencies, which
form the basis for the futures images. However, subjectivist ontological assumptions also
demonstrate implicit relevance. The importance of discourse and social constructions, among
other interpretive factors, is not only integrated into the described phenomena but is also
inherent in the author's process. This introduces a phenomenologically-based element to the
research.

The approach to theory development in this work is predominantly deductive, as hypotheses
are proposed and tested. However, these hypotheses are generated from the author's prior
observations and experiences. The presented futures visions serve as plausible explanations
and specific conclusions, lending an abductive quality to the research.

The research strategy primarily involves archival research, gathering, analyzing, and
synthesizing relevant and current academic literature through purposive non-probability
sampling methods. This is complemented by many years of informal interviews, observation,

and participation in the field (Popp and Schiill, 2009). While the primary focus of this research
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lies in the natural sciences, the methodology employed nonetheless is qualitative. The author
plays a crucial role, leveraging personal experiences, knowledge, and insights to generate logic
and structure. This approach is predominantly descriptive, incorporating explorative elements
and underlying normative aspects. One reason for this is the perception that the discussed
developments are driven by common problem recognitions and the subsequent creation of
corresponding solutions. Additionally, the illustrations presented here are shaped by the
author's desire to provide an exemplary vision of the future, grounded in principles of
sustainability, autonomy, and equality.

T Regarding the time horizon for information gathering, this study adopts a cross-sectional
approach. It is less focused on deriving conclusions from historical developments, providing
only essential quantitative context and relevant theories, such as Moore's law. Instead, it
deduces anticipated developmental landscapes by examining the scope, focus, and success of
current research and, to a lesser extent, industrial realizations. The timeframes for the future
scenarios presented are short-term, highlighting imminent developments; long-term, as
defined by Kreibich et al. to be 20-50 years - though strict adherence to this timeframe is not
critical in our context, as the goal is to illustrate tendencies and possibilities - and an even

longer timeframe, which is unconventional for futures studies (Kreibich et al., 2011).

1.2.4 Definition of the underlying structural and content-related scope

Information is the fractal interface mediating between energy and matter’

A brief description of the underlying structural classification will be given to better illustrate
the scope and boundaries of presented topics without delving too deep into the mechanics
and definitions of the related discourses (Floridi, 2008, Richmond, 2020). The concept of
above quote sets the stage for this work's foundational tripartition of perceivable phenomena.
This delineation establishes the broader scope of fields and developments considered in
constructing future scenarios.

The term 'infosphere', as used in this study, aligns with Floridi's definition: a comprehensive

system encompassing services, documents, and all entities that process data, information, and

Scasual representation
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knowledge (Floridi, 2002), including informationally embodied organisms (Floridi, 2014). This
definition extends to all information-processing mechanisms (Van der Veer Martens, 2015).
The concept of biosphere is used here as a pars pro toto for the physiosphere. It loosely
includes Boulden's other five physical spheres (Van der Veer Martens, 2015). While the
biosphere's informational aspects, such as social organization, genetic makeup, or protein
conformations, can be conceptualized within the infosphere, this work primarily focuses on
the biosphere's 'raw' physical nature.

In the fundamental triad of matter, information, and energy, this study will not explore
emergent developments in energy. It assumes continuity in the known and established forms
of energy harvesting and conversion. The future scenarios developed herein extrapolate
current energy needs, presuming they can be met sustainably utilizing known technologies.
Just as this work does not delve into the emergence of energy conversion as it is anticipated
to fundamentally transgress the current nature and focal point of human perception akin
examinations of the trans-dimensional, so reflections on artificial general superintelligence
with potential incomprehensible agendas are omitted. Such explorations, which might involve
radically different understandings of chemistry or complexity in intelligence, are more suited
to metaphysical discussions, including considerations of superpositions and coexisting reality
layers.

Definitions of technology-specific terminology within this research will primarily rely on
extensively referenced literature, serving as a basis for explanation. Exceptions to this
approach will be made only when it is deemed absolutely necessary or particularly beneficial
to the understanding of the content.

The interdisciplinary selection of fields and topics in the theoretical literature has been
carefully and purposefully curated. This selection is driven by inherent thematic necessity,
greatly influenced by my hands-on practical experience and long-standing theoretical
engagement with the subject. My practical experience stems primarily from my pursuits in
obtaining Master’s degrees in Chemistry and Biological Chemistry, with a focus on
bioinformatics. The curricular activities undertaken during these studies were strategically

chosen for their direct relevance to the research presented in this thesis.
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1.3 Intention of Present Work

The current work delves into advancements in information science, with a focus on computing
and computation, and natural sciences, particularly biochemistry, including molecular and
synthetic biology, and bioengineering. It aims to provide a concise yet comprehensive
overview of current standings and trends. This is achieved by presenting a carefully selected
array of the latest developments and possible future trajectories. The intention is to foster a
deep understanding and to inspire creative thought about future possibilities.

In addition, this work explores the societal impact of emerging technologies. It seeks to
approximate the influence of these technologies by presenting visions of the future. These
visions are designed not just to inspire but also to facilitate the identification of relevant
research areas and questions, and to expedite the development of sensible strategies towards
a desirable future. This includes reflecting on important developments and concepts, and
encouraging proactive engagement.

Futures images are presented as guiding beacons, portraying the architecture of a desirable
future that addresses current challenges through existing and anticipated technological
advancements (Grunwald, 2023, p. 299). Care is taken to ensure that these depictions are not
only inspiring but also grounded in probability, based on rigorous reasoning and solid
extrapolations of current developments, megatrends, and underlying tendencies.

The selection of current developments aims to provide an overview of the landscape of
relevant fields. The futures images intend to convey an understanding of the configuration,
patterns, and tendencies of advancements, their impacts, and the resulting architecture of
social, individual, and environmental assembly and organization. This is particularly aimed at
enabling the reader to identify pertinent exploratory fields of research, providing orientation,
and preparing anthropologists for emerging phenomena (Grunwald, 2023, pp. 316f).

While a brief reflection on potential dangers and necessary prerequisites is included for
thoroughness, the work consciously avoids dystopian visions. The focus is predominantly on
presenting probable and desirable futures visions derived from resolving current challenges
and deducing from trajectories of current developments and underlying megatrends. The
objective is to direct the reader's view and engagement towards constructive and fruitful

discourse and actions related to shaping the future.
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1.4 Hypothesis and Research Questions

The current advancements in information and natural sciences, particularly at the intersection
of computing, computation, and molecular and synthetic biochemistry, hold the promise of
enabling humanity to compute, design, and summon artificial intelligence and artificial life.
These creations are anticipated to become increasingly indistinguishable from biological
intelligence and life, in parallel with the growth in computational power and technological
sophistication.

Moreover, the technological progress being made heralds the potential to catalyze a
prosperous future, potentially even inaugurate a technospiritual golden age. This era is
envisioned to be characterized by sustainability, complexity, adaptability, and efficiency, driven
by human efforts to address global challenges and human nature's fundamental needs and
dispositions. These include necessities such as food, clothing, housing, and social contacts, as
well as desires for mobility, meaningful experiences, playfulness, and an inherent drive for
exploration and expansion. Current megatrends like automation, interconnectedness
(including virtual reality), and the emergence of increasingly capable and versatile
technologies and entities also play a significant role. Thus, the ensuing research questions
form the core of this work's research interest.

What are the relevant current scientific and technological advancements in the fields of
information science and molecular biology?

How can these developments provide solutions to current global problems and which
prerequisites have to be fulfilled?

How will these developments impact and shape global society and which underlying

tendencies can be anticipated?

22



1.5 Related research

1.5.1 Regarding the specific Content and Narrative of Present Futures Study

Since the first conceptualization of present work a bit over 11 years ago, much has happened
in the respective fields, which rather brought them from the periphery to the forefront of
scientific and technological discourse.

The past 15 years have seen a resurgence of techno-visionary futures, particularly with the
advent of new and emerging sciences and technologies. These include areas like
nanotechnology, converging technologies, synthetic biology, human enhancement,
autonomous technologies, various omics technologies, climate engineering, robotics, artificial
intelligence, and neuro-technologies (Grunwald, 2023, p. 309). Additionally, there has been
considerable discussion on the transformative potential of biology-centered technologies
(McKinsey - Bio-Revolution, 2023) as well as those centered around artificial intelligence
(Gruetzemacher and Whittlestone, 2022). While there is a rich tradition and extensive body
of work concerning futures visions in artificial intelligence (Kurzweil, 2000), comprehensive
futures visions focused on advancements in biochemical sciences remain notably scarce. This
is the case even though there is a longstanding appreciation of biology as a superior
technology (Rinaldi, 2007), and an increasing orientation of industry towards biological
methods (Voigt, 2020).

Recent efforts have been made by numerous researchers to offer a panoramic view of the
emergent technological landscape. However, these efforts have not provided a synthetic
visionary image, nor have they explicitly connected the impact of new computing technologies
with an emerging mastery over biology. While they do provide adequate clustering and a good
understanding of the impact of the topics discussed, they fall short of offering a
comprehensive and biology-centered vision of an artificially designed world (Betz et al., 2023).
The discourse surrounding emergent technologies is as varied as the technologies themselves,
with reflections on their positive transformative potential being as numerous as those on their
potential threats. Foresight, a method widely used by academic, private, and public
institutions, plays a crucial role in generating novel insights and gauging these dangers (Nelson

et al., 2021).

23



In their work, Nolin et al. explore ten influential concepts of technology-rich futures that have
emerged since the beginning of the century. These include System of Systems, Ubiquitous
Computing, Pervasive Computing, Semantic Web, Ubiquitous Web, Internet of Things,
Ambient Intelligence, Smart Environment(s), Web of Things, and Real World Internet (Nolin et
al., 2019, pp. 236-241). Each of these concepts has been integrated into the present work's
futures studies to varying degrees, reflecting the breadth and depth of technological

advancements and their potential impact on society.

1.5.2 Regarding Cultural and Social Anthropological Discourse

This section provides a selective overview of anthropological discourses related to futures
studies and the futures visions presented in this work. Anthropology offers a rich array of
perspectives on the concept of the future, each exploring it in distinct ways.

Anticipatory Anthropology, for instance, focuses on empowering people to actively shape
their future. This discipline seeks to understand and learn from the possible worlds of future

generations (Strzelecka, 2013, p. 267).

Participatory Futures represents a notable intersection between futures studies and
anthropology, highlighting their shared use of interdisciplinary approaches and
multidisciplinary knowledge. Both fields are, in various ways, anthropocentric. Stefanie
Ollenburg, for example, proposes a futures-design-process model for participatory futures.
This model integrates communication processes from human-centered design with concepts
from participatory normative futures studies. The goal is to generate knowledge and action

aimed at forging a more sustainable future (Ollenburg, 2019, pp. 55f).

Digital Anthropology and Material Culture research also play a significant role in the discourse
on futures. This research is particularly concerned with representations, as the digital realm
fundamentally operates as a representational system (Dourish, 2016, p. 31). It explores the
relationships between local and global scales of futures visions, aiming to steer the digital-
material world towards the development of affordable technology, accessible in the broadest

sense (Lanzeni, 2016, p. 45).
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Matthew Gladden employs a qualitative phenomenological and posthumanist anthropological
approach to analyze Japan's Society 5.0 paradigm. He delves into the interactions between a
diverse array of human and non-human entities. Gladden suggests that new types of
technologically posthumanized beings have parallels in earlier, non-technologically
posthumanized societies. This comparison offers robust insights into Society 5.0, including the
behaviors and interactions of its participants. He argues that intelligent technology in post-
digital organizations will predominantly assume managerial, supervisory, and advisory roles
(Gladden, 2019c, Gladden et al., 2022).

Peter Pels echoes similar sentiments, when he states "(...) multitemporality underscores the
need to recuperate the insights of classical anthropology into practices of classification,
kinship, religion, and gift giving, not only to restore to them futures that were long denied but
also to help us to cope with a world where modern temporal classifications seem to be as
salient as they are under siege" (Pels, 2015, pp. 789f).

Arjun Appadurai highlights that the future is neither a neutral nor a purely technical space,
especially for those living in the realm of the possible rather than the probable. He views the
future as a trauma inflicted on the present and urges those designing for the future to
recognize it as a cultural fact. This recognition is essential to address present inequalities and
to design a democratic and equal future (Appadurai, 2013, pp. 298f).

Space colonization offers a unique context for anthropological research. Researchers like Eller
use analogies of terrestrial migration and colonialism to explore potential new identities,
independence movements, and how space settlement will reshape the definition of humanity
and, consequently, the practice of anthropology (Eller, 2022).

At the 2014 Conference of The European Association of Social Anthropologists, the Future
Anthropologies Manifesto was established (Pink and Salazar, 2020, p. 2). This manifesto serves

as a pivotal reference for the study of future societies and the evolving role of anthropology:

1 We are critical ethnographers engaged with confronting and
intervening in the challenges of contested and controversial futures.

2 We are stubbornly transdisciplinary and transnational: we
collaborate, hybridize and compromise. We break boundaries and network
without fear of incapacity or contamination.

3 We de-centre the human, embracing larger ecologies and
technological entanglements.
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4 We probe, interrogate and play with futures that are plural, non-
linear, cyclical, implausible and always unravelling.

5 Anthropology of the future is accretive. It builds on traditions, reflects
on pasts.

6 We are bold enough to engage with complexity and stay with
differences and uncertainties. We traverse the macro, mundane and minute
and embrace the chaoticc multisensory, performative and material
dimensions of social life in the Anthropocene.

7 We understand and are understood. We foster a politics of listening
attuned to a diversity of voices and we tell stories that are imaginative,
illustrative and informative. We create and design a variety of materials
and processes that are provocative, disruptive, adaptable and reflexive.

8 We get our hands dirty. We are ethical, political and interventionist,
and take responsibility for interventions.

9 We may be epistemologically filthy, improvisational and
undisciplined. We may struggle, and fail and transform.

10 Anthropology of the future supports current and future members to
be part of a strong and recognizable community of practice.

The Future Anthropologies Manifesto encapsulates several key positions frequently
encountered in anthropological futures research. It asserts that anthropologists engaging in
futures studies must maintain a critical stance, recognizing that futures images are often
shaped by cultural biases and are rooted in both the present and the past. Such engagement
necessitates an awareness of ethical dimensions and a proactive approach to shedding light
on them. Constructing and reflecting upon futures images involves various dimensions and
angles, acknowledging the need for transdisciplinarity. This approach is especially pertinent
given the inherent complexity, plurality, and uncertainty in futures studies, often leading to
engagement filled with doubts and questioning.

Sarah Pink's research within anthropology actively explores energy futures. She collaborates
with others to investigate relevant images within this context, everyday futures, spaces, and
mobilities, as well as the energy politics of digitalization (Abram et al., 2022).

Olivia Macovei offers an anthropological perspective on synthetic biology. She delves into its
mythological dimension, portraying humans in a demiurgic role and synthetic biology as a
spiritual marker of the Anthropocene. Her work covers regulatory issues, the importance of
open-source approaches, the transformation of nature into an artifact, and the ethical
dimensions of these changes. She also discusses the distinct trends of techno-optimism and

techno-pessimism within the anthropology of synthetic biology (Macovei, 2022).
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Nelson and Selin propose a systematic framework for innovation processes, particularly in
human genome editing. Their framework involves broad expert and public consideration,
formulated through seven questions to discern plausible futures of this technology (Nelson
and Selin, 2023).

Sarah Pink, in her work on Digital Futures Anthropology, emphasizes that technology design
and realization are influenced by both global imaginaries and local or personal visions of the
future. She advocates for applying anthropological understandings to grasp the relationship
between the specificity and diversity of everyday sites where futures are imagined. This
approach aims to shift and shape these narratives towards ethical and responsible human
futures (Geismar and Knox, 2021, pp. 321f).

Matthew Gladden applies Ingarden's conceptual framework to view computer games as
organic works of art, contributing significantly to the field (Gladden, 2020).

Jared Farmer explores the concept of future fossils of the Anthropocene. He metaphorically
uses the imprint of a mobile phone to symbolize the anthropogenic effects, representing
elusive hyperobjects like global warming and biodiversity loss (Mitman et al., 2018, p. 198).
On a sidenote, this concept resonates with the Silurian Hypothesis, which suggests the
potential for a prior industrialized civilization on Earth, evidenced by large-scale anoxic events
(Schmidt and Frank, 2019).

Generative artificial intelligence raises questions about originality and copyright issues
(Fenwick and Jurcys, 2023). This is one of many emerging topics in the field of human-
computer interactions (Gladden, 2019b). Gladden notes that these interactions are
increasingly occurring within cyber-physical-social-intentional systems, involving workforces
operating in larger cyber-physical entities such as spaces, organizations, ecosystems, and
societies (Gladden, 2019a).

Paul Rabinow's concept of biosociality refers to the increasing tendency for biological
categories and markers, like genes, to form the basis of social organization (Rabinow, 1997)
p.99f. Catherine Waldby introduces the concept of biovalue, arguing that it is primarily
generated through the manipulation of biological fragments' time scales and trajectories in
biotechnological strategies. She suggests that technologies like stem cell research reveal the
human condition as a status emerging from a complex network of technobiological
production, rather than a mere natural, biological category (Waldby, 2002, pp. 314, 319). A

crucial question in this context relates to biological reproduction (Waldby and Cooper, 2008).
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Paul Rabinow and Gaymon Bennett delve into the coevolution of ethical, social, and cultural
dimensions with technological advancements in synthetic biology. They advocate for a design
approach that centers biological systems around the human systems they will interact with,
emphasizing the interconnectedness of technology and society (Rabinow and Bennett, 2012,
pp. 1-9).

Matthew Gladden explores the design of neuroprosthetic supersystems, organizations
comprising neuroprosthetically augmented human members. He focuses on ensuring these
systems respect human dignity and empower creativity (Gladden, 2017b, pp. 15-23).
Additionally, Gladden highlights the challenges posed by neuroprostheses in terms of
information security (Gladden, 2017a).

Donna Haraway, from a social-feminist perspective, calls for a reevaluation of the concept of
nature in the context of modern biotechnology. She discusses the human body and narratives
imposed on it, viewing the invention and reinvention of nature as arenas for hope, oppression,
and contestation (Haraway, 2013b, pp. 1-4, 230). She advocates for the cyborg imagery as an
icon symbolizing the variability of biological entities and the responsibility entailed in the
social relations of science and technology (Haraway, 2013a, pp. 67f). The cyborg metaphor
has also been applied to organizations, described as entities continually creating,

transforming, and dissolving internal units (Modlinski and Gladden, 2022, pp. 387f).

Art and popular culture offer a rich tapestry of interpretations and visions of the future,
significantly contributing to the public discourse on technological advancements and future
possibilities. Films like 'Tron,' 'The Matrix,' and 'Avatar' have played pivotal roles in shaping
societal perspectives on technology and the future. 'Tron,' particularly the original version,
was one of the first movies to immerse viewers in a digitized universe, influencing early
concepts of virtual reality and digital worlds. 'The Matrix' represents a nexus of artificial
intelligence within a dystopian vision, exploring themes of reality, control, and resistance.
'Avatar' can be interpreted as a utopian vision of the biology-centered nexus, highlighting
themes of ecological harmony and the intersection of technology with natural systems.

'The Simpsons' deserves a special mention for its decades-long depiction of a multitude of
intriguing future visions. The show has offered a satirical and often surprisingly accurate

portrayal of societal trends and potential technological developments.
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'Rick and Morty' stands out for inherently thematizing futures and technological
advancements. The show delves into complex scientific and philosophical themes, often with
a humorous twist. Notably and relevant to our context, it features the character Unity, an
entity, that colonizes inhabited planets, taking control and unifying all inhabitants, an
interpretation of the holobiontic topos. This depiction serves as a compelling narrative tool

for discussing themes of autonomy, identity, and the impact of technology on society.

2.0 Argumentation

“It is not a bad definition of man to describe him as a tool-making animal. His earliest
contrivances to support uncivilized life were tools of the simplest and rudest construction. His
latest achievements in the substitution of machinery, not merely for the skill of the human
hand, but for the relief of the human intellect, are founded on the use of tools of a still higher
order." Charles Babbage (Purbrick, 1993)

The argumentation for the futures visions presented in Chapter 3, will consist of highlighting
the underlying dynamics directing innovative developments in Chapter 2.1. This includes a
brief illustration of key fundamental tendencies, such as the law of increasing functional
information, and currently relevant megatrends. These are portrayed against the backdrop of
fundamental human needs.

Subsequently, Chapter 2.2 will present current global challenges. Addressing these perceived
fundamental problems is recognized as a primary driver of progress and a strong determinant
of the specific distribution of innovative efforts. Clarifying current challenges is also necessary
to sharpen our understanding of the elements that constitute a desirable future vision.

The majority of the argumentation will be in Chapter 2.3. This chapter aims to portray a
selection of current technological developments. It seeks to convey an understanding of the
landscape of relevant fields and disciplines, as well as the velocity and intensity with which
certain fields are progressing. Specifically, it will focus on areas like artificial intelligence,
processing hardware, and robotics in Chapter 2.3.1. Furthermore, it will explore how these
advancements accelerate progress in fields such as synthetic biology and biochemistry, as

discussed in Chapter 2.3.2.
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The fields are selected in such a manner as to provide the most concise and relevant
information necessary for an informed understanding of the tendencies and developments
shaping the future. This selection process aims to ensure that the discussion is both
comprehensive and focused, highlighting the most influential factors in current technological

progress and their potential impact on future advancements.

2.1 Underlying Dynamics and Factors of the Configuration of Advancement

2.1.1 Fundamental Tendencies

In this chapter, selected concepts of fundamental underlying tendencies are presented to
provide a theoretical toolset useful for approximating future visions. The basis for this
discussion is the observation that the universe constantly generates time-dependent, ordered
structures and patterned systems. This observation supports the fundamental temporally
asymmetric law of increasing complexity through the accumulation of functional information
in evolving systems. The primary sources of selection for diverse components are identified as
static persistence, dynamic persistence, and novelty generation (Wong et al., 2023)°8.

This fundamental law bears a conceptual similarity to the thermodynamic entropy as defined
by Ludwig Boltzmann and Josiah Willard Gibbs. Central to the second law of thermodynamics,
this principle states that the entropy of a closed system — defined as the measure of microstate
freedom over which energy is dispersed — cannot diminish in a closed system. Information
entropy, quantifying the uncertainty associated with a set of possible outcomes and serving
as an index of the information contained in a dataset, combines with physical entropy to form
the total entropy. This combination creates additional information microstates superimposed
onto the existing physical microstates, a concept established by Claude Shannon and Ralph
Hartley. Vopson proposed that the information entropy of systems containing information
must remain constant or decrease over time, contrasting with physical entropy. This has

profound implications for evolutionary biology, as it suggests mutations occur in a way that

6 Persistence as fundamental momentum of the law of increasing complexity sees its analogy regarding
thermodynamic entropy in the barriers brought by fundamental laws like Coulomb repulsion and the slow rate
of weak-interaction events amongst others, which leads to pockets of long-lived disequilibria in the universe.

30



minimizes information entropy (Vopson, 2023). Furthermore, described the biosphere as
retarding the global increase in entropy (Ayres, 1997, p. 116).

The complexity of a system, defined by Sabirov and Shepelevich as a combination of
information entropy and semantic information (Sabirov and Shepelevich, 2021), reaches its
lowest point both when entropy is at its minimum, such as at the universe's Big Bang, and
when entropy is at its maximum, as the system becomes simpler to describe. This complexity
behaves akin to the time derivative of entropy (Modis, 2022).

Within the scope of this work, emergent properties will be treated as manifestations of
increasing complexity. Specifically, consciousness and intelligence are defined as emergent
phenomena arising from complex, multilayered interactions among physical, neuronal, and
environmental agents (Sharma et al., 2023, Standish, 2001, Arsiwalla et al., 2023, Baker, 2020,
Larson et al., 1988, Whiten, 2000).

An interesting sidenote is the characterization of complexity itself as an emergent property,
particularly in relation to the Boltzmann-Gibbs entropy concept (Standish, 2001). This
perspective underscores the interconnected nature of emergent phenomena and
foundational physical principles.

Extrapolating from the advent of the first biological autogenetic information systems,
represented by reproducing nucleic acids (Wills, 2023), to the evolution of single-celled and
multicellular organisms with increasingly complex processing units, a discernible trend
towards the emergence of a global processing unit becomes apparent. This trend is
accompanied by a general increase in the diversity of functional information. However,
predictions beyond this scope venture into the realm of speculation, as they exceed the

bounds of reasonably probable estimations.

2.1.2 Megatrends, Human Needs and Dispositions

This section aims to succinctly present the underlying drivers of current and general
developments, as well as human aspirations, to contextualize current technological progress
and offer insights into probable patterns and structures of advancement.

Megatrends represent complex dynamics of change, characterized by four key attributes:

duration, ubiquity, globality, and complexity. They typically span at least several centuries,
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impacting all societal levels globally, albeit in varying degrees. These trends are complex and

interrelated, creating dynamic tensions and mutual interdependencies (Megatrends, 2023).

Current megatrends include globalization, mobility, connectivity, global health, sustainability
(alternatively framed as the threat of climate change), urbanization, digitalization,
automation, an aging population, gender shifts, and the rise of emerging markets, among
others (Haluza and Jungwirth, 2023, Megatrends, 2023).

Globalization and connectivity, key trends in this study, are subsumed under the broader
concept of interconnectedness. This illustrates the increasing connectedness of societies
worldwide, including the integration of humans and objects into shared spaces, both physical
and virtual. The trend towards automation stands out as a fundamental driver and
characteristic of technological innovation, increasingly realized across a wide array of fields
and phenomena.

The challenges posed by aging populations and urbanization serve as attractors for innovation,
reflecting societal needs and priorities. Mobility and emerging markets are intrinsically linked
to sustainability, underlining the urgency of meeting growing energy demands through
sustainable means. The ongoing shift in gender dynamics is poised to significantly influence
the design and deployment of artificial intelligence and robotics, especially in the context of
rising employment and interaction.

Global health has emerged as a potent driver for advancements, with extensive research
focused on health-related improvements, including the use of artificial intelligence for mental
health (Graham et al., 2019). The need for continuous discourse and reflection is paramount
to ensure just and desirable development in these areas (Gupta et al., 2023, Gabriel, 2020,
Kim et al.,, 2021b, Kaack et al., 2022). Digitalization, particularly grassroots movements
enabled by it, offers a platform for wider engagement and amplifies diverse voices (Artero et

al., 2020).

Furthermore, basic human needs such as food, clothing, housing, social contact, and
meaningful experiences, alongside the advent of increasingly capable technologies, serve as
consistent drivers of innovation, shaping the direction and structure of advancement.

It's also important to note that human ethological traits like curiosity and playfulness

(Kobayashi et al., 2019), encompassing exploration and sensory expansion (Hamou, 2022,
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Svechtarova et al.,, 2016, NASA Science Instruments, 2023), as well as problem-solving
orientation (Wang and Chiew, 2010), are integral to technological innovation. Acknowledging
humans as innate explorers and problem-solvers is essential (Rahman, 2019).

Consequently, intelligence architectures are being designed to exhibit these characteristics,
reflecting and leveraging these fundamental human qualities. (Kim et al., 2020, Gelernter and

Rochester, 1958).

2.2 Current challenges

The elucidation of current global challenges holds a twofold importance in the field of futures
studies. Firstly, when engaging in normative approaches to develop visions of desirable
futures, it is imperative to clarify existing values and preferences. These must be reflected
upon in the context of current conditions to make informed decisions about whether
advancements should aim to change the status quo or maintain it. This process of aligning
proclaimed values with current circumstances also serves to evaluate the consistency of these
values and preferences, especially when juxtaposed with perceived negatives.

Secondly, applicable to all futures studies, is the understanding that conditions, phenomena,
and circumstances viewed as troublesome—whether by directly obstructing the fulfillment of
desires or by creating conditions that make fulfillment more challenging—will inevitably lead
to efforts aimed at resolving them within a prioritized framework. Given that identifying and
solving problems is a fundamental human trait, a detailed examination of perceived current
global issues will enhance the accuracy of assessing probable future scenarios.

Accordingly, a list of current problems, drawn from the United Nations' compilation of global

issues, will be presented in a subsequent section (UN Global Issues, 2023).

2.2.1 Climate Change

Global warming, primarily driven by human-induced emissions of greenhouse gases, is
impacting weather and climate extremes globally. This phenomenon leads to a range of

adverse effects, including compromised water and food security, economic and societal
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disruptions, and losses and damages to nature and human populations. Vulnerable
communities, often those contributing least to current climate change, are disproportionately
affected (Aldunce, 2023).

Greenhouse gas emissions have continued to rise over the past decade, fueled by
unsustainable energy consumption, land use changes, lifestyle and consumption patterns, as
well as production and transport practices within and between countries (Aldunce, 2023).
While global warming may not pose a direct threat to life on Earth or the survival of humanity,
it significantly challenges the prospect of a sustainable and prosperous future for humanity.
Rapid climate changes are leading to abrupt shifts in the distribution of hospitable regions,
necessitating urgent action to mitigate these effects (Radunsky and Cadman, 2020). The
tendency for human settlements in coastal areas and along waterways exacerbates the risks,
as rising sea levels, increasing desertification, and changing arid regions' distribution patterns
could lead to heightened human migration, unrest, and potential conflicts over resource

redistribution.

2.2.2 Petroleum industry, Plastic Pollution, Production and Energy

Our dependence on oil not only contributes to climate change but also poses downstream
problems, as petroleum products are fundamental to current industrial processes. The
increasing demand for crude oil is set to collide with a predicted decline in overall crude oil
production starting from the 2030s (Rech et al., 2021). This impending shortage is likely to
cause significant conflicts and turmoil, given the widespread reliance on crude oil not only for
energy production but also as a raw material in various industries. The chemical industry, for
instance, utilizes refined crude oil products extensively, impacting sectors like pharmaceuticals
and materials, among many others.

Furthermore, current production methods reliant on the petroleum industry led to ecological
challenges such as marine pollution, pervasive microplastics, and infertility issues linked to
plastic pollution (Angelo and Meccariello, 2021). The absence of a natural ecological cycle for
the numerous artificially produced carbon derivatives and associated chemicals results in not
only the accumulation of plastics but also toxic effects through the biomimetic actions of many

compounds used in design, production, and the final products.
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2.2.3 Biodiversity Loss and Loss of Ecospheres (Deforestation, Land Degradation)

In addition to the aforementioned chemical pollution and climate change, which contribute
to biodiversity loss and the degradation of ecospheres, agriculture-driven deforestation is a
primary cause (Ellwanger et al., 2020, Pendrill et al., 2022, Veldkamp et al., 2020). Addressing
deforestation could yield significant global savings, estimated at 3.7 trillion US dollars, just by
avoiding greenhouse gas emissions, as calculated in 2010 (TEEB, 2010). Furthermore, it can
be argued that the biogenetic diversity of Earth is its most valuable resource, offering
untapped potential for energy production, computing, and advanced materials. This
perspective will be elaborated upon later. There is a broad consensus on the link between
biodiversity and ecosystem services, underscoring the importance of preserving biodiversity
for sustainable development (Cardinale et al., 2012).

Estimates suggest that approximately 30%, with an uncertainty range of 16-50%, of species
have been threatened or driven to extinction since the 16th century. This loss in global
biodiversity is believed to diminish ecosystem functioning and nature's contributions to
humanity (Isbell et al., 2023). Notably, larger-bodied species with slower life histories are more
vulnerable to extinction, while smaller-bodied species, which are more likely to transmit
zoonotic pathogens, tend to increase in abundance. This shift poses direct negative effects on
human health (Keesing and Ostfeld, 2021). Moreover, biogenic-based sequestration is
recognized as an immediately deployable, highly sustainable approach to mitigate climate

change to some extent (Fawzy et al., 2020).

2.2.4 Water Scarcity, Food Security, Population Growth, Aging Population

The increasing frequency and consequences of outbreaks of emerging infectious diseases can
be attributed to a combination of factors, including climate change, biodiversity loss, habitat
degradation, and more frequent wildlife-human interactions. These are exacerbated by the
synergies between persistent intense poverty and a growing human population (Schmeller et
al., 2020). In addition to the factors already mentioned, population growth and increasing

urbanization significantly contribute to escalating water scarcity and diminishing food security
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(He etal., 2021). Currently, 22 % of global food production relies on unsustainable uses of blue
water resources, highlighting the gravity of the situation (Rosa et al., 2020).

The current global population growth rate stands at approximately 0.837 % per year, with
estimates suggesting the world population will peak at around 11 billion during this century.
Notably, much of this growth is concentrated in the world's poorest regions, particularly in
Africa, while many industrialized nations face challenges associated with an aging population.
These demographic shifts will exacerbate global inequalities in wealth distribution and

necessitate solutions for supporting aging populations in developed countries’.

2.2.5 Global (Mental) Health Challenges, Pandemics, and Antimicrobial Resistance

Globalization has significantly contributed to the spread of antimicrobial resistance (AMR),
with enzymes conferring broad resistance against antibiotics rapidly disseminating worldwide.
The World Health Organization has warned that AMR is poised to become the leading direct
cause of death by 2050, surpassing current leading causes such as diabetes, heart diseases,
and cancer (Morrison and Zembower, 2020).

Additionally, the global increase in AMR is fueled not only by travel and trade but also by
imprudent use of antibiotics in agriculture, veterinary, and medical sectors. This has raised
concerns about the environment acting as a reservoir for AMR, highlighting the urgent need
for regulatory frameworks in pharmaceutical manufacturing, agriculture, and aquaculture
(Ahmad et al., 2021).

Pandemics further compound the issue of AMR, as evidenced by the rise of multidrug-
resistant organisms during the COVID-19 pandemic (Lai et al., 2021).

Novel influenza viruses represent a significant threat to national security and public health, as
they can emerge unexpectedly. Although all countries have shown vulnerabilities in pandemic
resilience and preparedness, with issues such as vaccine hesitancy in industrialized nations,
effective responses have been linked to factors like good governance and substantial health
system investment, which are less prevalent in disadvantaged parts of the world (Coccia,
2022). Despite the recent pandemic raising awareness for preparedness, it has been

concluded that the world remains unprepared for future pandemic threats (Clark et al., 2022).

7 values taken from Wolfram alpha, 04.08.2023
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Disasters and other traumatic experiences often lead to emotional instability, anxiety, trauma,
stress reactions, and other psychological symptoms. Given the anticipated impacts of climate
change and other global issues that could lead to mass migrations and potential conflicts, an
increase in these psychological conditions can be expected (Makwana, 2019).

The challenge of addressing mental health extends beyond marginalized groups struggling to
find treatment or prevention. In wealthy, industrialized nations like the United States, there
has been a dramatic increase in mental illnesses, contributing to a decline in life expectancy
due to rising rates of suicides, opioid overdoses, and alcoholic liver cirrhosis. This trend
underscores the need for multifaceted approaches to tackle physical and mental health issues,
considering the complexities of modern lifestyles and changes (Zeira, 2022). The demand for
mental health services is predicted to continue outpacing supply (Lattie et al., 2019).

There is growing evidence of direct relationships between nutrition, mental health, stress
susceptibility, and mental functioning throughout the lifespan. This issue is pertinent in
regions experiencing recurrent famines as well as in industrialized countries facing health
concerns related to processed foods (Adan et al., 2019).

The Global South faces systemic challenges in training and retaining competent researchers
and practitioners (Reidpath and Allotey, 2019).

The interconnected nature of malnutrition, stress, lack of physical activity, and inflammation—
which is a significant contributor to depression—is concerning. This is especially troubling
given the rise of such pathologies in the industrialized world (Lee and Giuliani, 2019) and the
steady increase in depressive symptoms since the 1990s (Keyes et al., 2019).

Lifestyle changes contributing to these trends include increasing sedentary behaviors and
nutritional challenges. Emerging evidence also links increased time spent on social media with
a modest rise in depression, conduct problems, and episodic heavy drinking (Brunborg and
Burdzovic Andreas, 2019).

Additionally, it has been argued that the surge in depression among U.S. adolescents between
2011 and 2018 may be linked to increased time spent on technology and the overall

technological environment (Twenge, 2020).
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2.2.6 Socio Economic Inequality, Social Injustice, Education, Political Polarization; General
Ethics

This complex and far-reaching topic requires a succinct presentation of key facts and regional
examples to illustrate the broader challenges of inequality.

While the gross domestic product (GDP) of the United States stands at approximately 23.32
trillion US dollars, India, with over four times the population, has a GDP of just 3.18 trillion US
dollars, less than a seventh of the US figure®. The World Inequality Report 2022 highlights a
stark disparity: the poorest 50% of the global population earned about 8% of the total global
income in 2021, while the richest 10% received around 52% (Chancel et al., 2022).
Low-income countries (LICs), despite contributing the least to climate change, are projected
to bear the greatest costs, with the poorest segments of their populations suffering the most
(Global Inequality, 2023). This pattern of crises disproportionately affecting LICs was also
evident during the Covid-19 pandemic, which further exacerbated global wealth disparities
(Global Inequality, 2023).

Inequality tends to compound and intersect within countries, with the greatest income
disparities observed in poorer nations. Marginalized groups face double jeopardy, as children
are more likely to live in poverty than adults, and women and persons with disabilities face
additional disadvantages (Global Inequality, 2023).

Selected examples further illustrate the pervasive effects of wealth-related inequality. In India,
unemployment was significantly associated with insomnia and the risk for pediatric
obstructive sleep apnea (Zoukal et al., 2023). In China, less wealth correlated with an
increased risk of obesity among school girls (Liu et al., 2023b). A multi-country analysis
revealed that children aged 6-23 months from low-income families received fewer vegetables,
fruits, and animal-source foods than those from wealthier families (Ricardo et al., 2023). In
Italy, regions experiencing faster precarization, lower incomes, and lower university education
levels tended to give more votes to polarizing political parties (Bloise et al., 2023).

Social injustice manifests in various forms worldwide, encompassing gender inequality,
systemic racism, economic disparity, and other forms of discrimination and marginalization

deeply ingrained in societal norms, policies, and habits. These factors have manifold effects,

8 values were taken from Wolfram alpha, 04.08.2023

38



including significant impacts on physical well-being. For instance, racism and social injustice
have been identified as prominent determinants of child health (Abman et al., 2020).

Limited healthcare literacy (LHL) is more prevalent in socially disadvantaged populations.
Increasing research suggests that LHL is a key factor in creating health disparities (Schillinger,
2020). Additionally, socioeconomic status has been positively correlated with intelligence
across all ages, highlighting wealth-induced developmental advantages (von Stumm and
Plomin, 2015). Educational opportunities and home environment quality, both influenced by
socioeconomic status, play significant roles in the development of educational inequalities,

underscoring a loss of academic potential in less privileged children (Paulus et al., 2021).

2.2.7 Other challenges

Beyond the aforementioned issues, other critical current challenges include general warfare,
nuclear proliferation, cybersecurity threats, the unsustainable methods of resource harvesting
and utilization, and animal suffering.

Technological disruptions and emergent technologies also present significant challenges.
Advances in synthetic biology raise fundamental bioethical questions and potential risks to
existing biological entities or biotopes, necessitating alignment and containment strategies.
Similarly, the rise of artificial intelligence brings challenges like deepfakes and the potential
risks associated with misaligned or malicious artificial general intelligences. These require
safety approaches analogous to those used for designed biological entities. Furthermore,
advancements in automation carry the potential for social upheaval, while space exploration
presents the risk of fueling conflicts over valuable resources in a largely unregulated

environment.
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2.3 Current Technology

This chapter will provide a concise overview of the most relevant current research
advancements and technological developments impacting human society and the

environment.

2.3.1 Biology-Oriented Science and Technology

2.3.1.1 Synthetic Biology

Synthetic biology, an interdisciplinary field merging biology, chemistry, engineering, and
computational sciences, aims to design and construct new biological parts, devices, and
systems. It also seeks to redesign existing natural biological systems for practical applications.
This field can be seen as a driving force in the biologization of material sciences. The central
concept involves regulating material synthesis and processing by engineering biological
systems to interpret both synthetic and natural instructions, thereby achieving desired
synthesis, modulation, and expression of materials or energy (Burgos-Morales et al., 2021).
The significance of biologization in current and emerging avant-garde technologies cannot be
overstated. For instance, 3D printing is rapidly evolving with research yielding diverse methods
and materials. The scale of this technology is also expanding, evidenced by commercially
available printers capable of micro-scale resolution. A recent project involved the author using
a printer, costing less than 200 €, to create a microfluidics gradient generator. This project
pushed the printer's limits, achieving channels as fine as 100 micrometers. Impressively,
recent advancements have achieved resolutions in the single-digit micrometer range at a cost
of only 1€ per piece (Hsiao et al., 2022). There is a growing trend to utilize proteins and other
biological molecules as versatile materials. A notable example is a study by Jia et al., which
demonstrated 3D printed complex protein-based micro-robotic structures. These structures,
powered by a minimal actomyosin exoskeleton, converted chemical energy into work,
exemplified by contracting microhands. This self-powered system, assembled from
biomolecules in a bottom-up approach, marks a significant leap towards sophisticated soft
robotic systems (Jia et al., 2022). It is conceivable that this trend will advance towards the

design and creation of specific engineered biological systems.
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It is crucial to note that humanity's reliance on fossil fuels for energy generation is not only an
ecological concern but also a looming threat to our supply chain. This dependence extends to
the chemical industry and, by extension, to the production of vehicles, electronics, medical
equipment, and pharmaceuticals, among others. The increasing demand juxtaposed with a

potential decline in supply presents a dire scenario (Rech et al., 2021).

As a participant in the iGem 2023 competition with the BOKUiGem team, | define synthetic
biology as a discipline grounded in modularity, standardization, and iterative design. This
approach aims to create a systematic framework for engineering biology, involving the design
of standardized biological parts, known as BioBricks. These parts can be assembled to
construct more complex systems (Endy, 2005).

Our team's project involves genetically modifying the yeast model organism Pichia pastoris to
express cholesterol instead of ergosterol, subsequently used to produce testosterone
derivatives. The previous year's BOKUiGem team developed Escherichia coli strains expressing
spider silk genes, potentially replacing concrete in certain applications.

A groundbreaking publication from last year demonstrated a significant advancement in
agricultural biotechnology. Researchers successfully expressed the Fe protein of nitrogenase
in transgenic rice, marking a major step towards engineering functional nitrogenase in cereal
crops. This achievement involved expressing NifH in rice plants, which actively transferred
electrons to the NifDK unit and initiated iron-molybdenum cofactor biosynthesis (Baysal et al.,
2022, He et al., 2022).

| am particularly excited about recent developments in bio-computation, especially those
utilizing spatial diffusion and engineered bacteria. Drawing inspiration from the adage 'The
world is a large-scale laboratory,' the initial concept of this work a decade ago contained a
comprehensive chapter dedicated to exploring the use of diverse biological phenomena and
complex systems as computational media. It encompassed multiple scales — from subcellular
components to individual cells, from consortia to societies, and from ecological biotopes to
the Earth as an integrated system. The chapter delved into the application of automata theory
in understanding and harnessing these levels for computational purposes, illustrating the vast
potential of biological systems in computing. (Lloyd, 2013, Mainzer and Chua, 2012). Given

that a single cell possesses numerous feedback loops enabling fine-tuned modulation and
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adaptation, a biotope amplifies this computational capability through complex microbial
interactions (Simpson et al., 2001, Gofii-Moreno and Nikel, 2019, Karkaria et al., 2020). By
feeding the system defined inputs, like sonar waves or chemical compounds, and decoding its
output, we can access a vast, multilayered computational system akin to superposition in
quantum computing.

Recent research in 2023 has made a significant contribution to biocomputing. It involves
engineering bacterial colonies to process information through spatial patterning. The
computation is determined by the physical locations of morphogen input sources and output
receiver colonies, opening new possibilities in bioengineering, biomaterials, and biosensing
(Fedorec et al., 2023).

Another innovative approach involves using orthogonal light-activated DNA for patterned
biocomputing within synthetic cells (Hartmann et al., 2023).

Biofoundries, which are integrated molecular biology facilities equipped with automated
robotic handling, high-throughput analytics, and biomanufacturing capabilities, are attracting
increasing investment and interest. They are rapidly becoming an industrial cornerstone
(Hillson et al., 2019, Holowko et al., 2020, Holub and Agena, 2023, Kitney et al., 2021, Dixon
et al., 2022).

However, it is important to address the concerns regarding the containment of genetically
modified organisms and the prevention of biosafety risks, such as horizontal gene transfer.
This could lead to genetic contamination or the disruption of ecological niches and
ecosystems. Various biocontainment strategies have been developed to address these
concerns, surpassing the international standard of controlling escape rates below 108, These
strategies include chemically regulated transcriptional switches (Cai et al., 2015), the use of
tough, encapsulating hydrogel biofilms (Tang et al., 2020), and designing non-natural amino

acid auxotrophic organisms (Pei et al., 2022) amongst others.

2.3.1.1.1 Biotechnology, Biofactories

As our understanding of natural biosynthesis pathways deepens and our metabolic models

become more sophisticated, our ability to engineer cells at multiple levels is also advancing.
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This progress allows for the design of cells to produce molecules and materials with desired
properties. Such engineered products aim to replace materials currently derived from energy-
intensive, non-sustainable, and wasteful processes, like those based on petroleum and metals.
Moreover, this approach enables the creation of materials with novel functionalities that were
previously unattainable through conventional mechanical or chemical production methods

(Wang et al., 2019).

An example of the shift from petrochemicals to bio-generated materials is evident in the
development of biotechnological strategies for nylon production. Nylon, a widely used
synthetic polymer, can now be produced entirely through biosynthesis or by using biological
precursors. These innovations represent a significant move towards sustainable production of
commodity materials (Li et al., 20204, Lin et al., 2023b, Turk et al., 2016, Burgos-Morales et
al., 2021).

Furthermore, the scope of biotechnology now extends to inorganic materials and structures,
such as amorphous glass-like or crystalline structures, achievable through biomineralization
processes (Durak et al., 2019, Li et al., 2020b, Chellamuthu et al., 2019, Cheung et al., 2009,
Delalat et al., 2015, Griffiths, 2022, Liang et al., 2018, Xiong et al., 2016).

2.3.1.1.2 Microorganisms and Carbon and Nitrogen Fixation, Added Value Chemicals
Production, Photovoltaics,-catalytics, and -synthesis; Artificial Enzymes

Many microorganisms, such as the microalgae Nannochloropsis oceanica, exhibit a
remarkable capacity for carbon fixation and biomass production. These organisms can utilize
high concentrations of carbon dioxide, offering a sustainable solution for carbon management
(Feng et al., 2023). Additionally, by feeding on phosphates and nitrates, these microorganisms
can combine carbon fixation with the purification of various water sources, including viaduct
rainwater, demonstrating a multifaceted approach to environmental sustainability (Bi et al.,
2023).

Nitrogenase, a unique natural enzyme capable of fixing nitrogen from atmospheric elemental
nitrogen—one of the most stable and inert natural compounds—is responsible for fulfilling

half of humanity's annual nitrogen fixation needs. This enzyme has existed for over 2.5 billion
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years, originating in a reducing, almost oxygen-free environment from tetrapyrrole-reducing,
maturase-like ancestral enzymes (Garcia et al., 2022, Garcia et al., 2020, Ghebreamlak and
Mansoorabadi, 2020). It is closely related to enzymes involved in the biogenesis of
methionine, ethylene, and methane (North et al., 2020) and possesses a highly sophisticated
and unique structure. The functional nitrogenase complex consists of a mirrored dimer, with
each MoFe protein bonded to an Fe protein via ATP induction (Einsle and Rees, 2020, Martin
del Campo et al., 2023). This bonding initiates an electron transfer cascade involving a complex
relay mechanism that delivers electrons through multiple FeS clusters to the FeMoCo
enzymatic center. This center is unique in nature, with a centrally coordinating carbide, rare
use of molybdenum and homocitrate (Burén et al., 2020, Pérez-Gonzalez et al., 2021). Here,
an elegant multi-step reduction of dinitrogen to ammonia occurs (Hoffman et al., 2014).

This overview of nitrogenase's sophisticated mechanics provides context for understanding its
economic and ecological advantages over the Haber process, the only other significant
nitrogen-fixing method currently in use. The Haber process, a key factor in the population
boom of the 20™ century and a notable contributor to climate change, consumes about five
percent of the world's annual gas production. It operates at several hundred degrees Celsius
and under immense pressure, releasing substantial amounts of CO, (Song et al., 2018). In
contrast, the nitrogenase process operates below 38°C, at atmospheric pressure and does not
release CO2. Consequently, there is a strong interest in augmenting or introducing nitrogenase
expression in natural systems, such as coupling with carbon-fixating photosynthetic pathways,
and in creating artificial mimetic systems (Baysal et al., 2022, Bennett et al., 2023, Eseverri et
al., 2020, He et al., 2022, Layer et al., 2017, Okada et al., 2020, Rapson et al., 2020, Wang and
DeBeer, 2021, Xiang et al., 2020). This trend towards designing semi-biological, artificial
hybrid, biomimetic, modified natural, and structurally embedded enzymes is particularly
evident in fields like photosynthesis, bioelectrocatalysis, photocatalysis, and added-value
chemical production (Albero et al., 2020, Arif et al., 2022, Bellardita et al., 2020, King et al.,
2021, Kou et al., 2021, Nguyen et al., 2020, Wang et al., 2022c, Zhang et al., 2020a, Zhang et
al., 2022a, Wan et al., 2020, Yi et al., 2019, Cai et al., 2021).
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2.3.1.1.3 Biofilms,-structures, and-composites

Biofilms are three-dimensional bacterial structures that adhere to both abiotic and biotic
surfaces. These structures, often initiated by single cells or small clusters, are characterized by
extracellular matrices consisting of water channels, embedded proteins, lipids, nucleic acids,
and predominantly carbohydrates formed by polymeric substances. Beyond promoting
adherence, these matrices play crucial roles in environmental protection, survival,
communication, and food acquisition strategies. The characteristics of biofilms can vary
significantly across different species and genera, and they often exhibit increased resistance
to antibiotics, competition, heat, physical forces, desiccation, and UV radiation, among other
environmental challenges (Kassinger and van Hoek, 2020). The development, formation, and
persistence of biofilms are intricately regulated by signaling molecules and complex
interactions (Fang et al., 2020a). Biofilms are a prime focus in synthetic biology. With an
expanding understanding of microbial community interactions, the potential for manipulation
grows. This is exemplified by electroactive biofilms, which are garnering attention in
environmental engineering, particularly in the study of conjugative plasmids and non-
exoelectrogens in consortia (Fessler et al., 2022).

Engineered biofilms are already finding applications in biomedical, electromedical, and
environmental fields. For instance, the biofilm developed by the Joshi group for mercury
bioremediation (Tay et al.,, 2017) showcases the potential in bio-manufacturing. Future
advancements are supported by tools such as optogenetic control of biofilm behavior, the use
of non-model organisms, and the functionalization of the biofilm extracellular matrix (Tran
and Prindle, 2021).

There is also significant interest in the medical application of engineered biofilms for
microbiome diagnostics and therapeutics. Strategies range from transplanting beneficial gut
microbiome bacteria via self-coating biofilms to programmable and printable Bacillus subtilis
biofilm production platforms with self-healing and evolvable functionalities. These platforms
are engineered to produce therapeutic and signaling biomolecules (Huang et al., 2019, Wang
et al., 2020, Chen et al., 2014) and are being coupled with bioelectronics applications (Chen
etal., 2021b). An intriguing study highlighted the potential of microorganisms in designing the
structural and mechanical properties of materials with unconventional phases, enabling the

creation of thermally inaccessible structures in a chiral fashion. This allows for highly
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sophisticated and tunable aggregates, gels, and reticular structures with non-conventional
mechanical and rheological properties (Grober et al., 2023).

The trend towards utilizing biology in the materials sciences is further illustrated by the
bacteria-induced 3D printing of living structural biocomposites, such as bone-like structures
with highly desirable properties for a range of applications (Grober et al., 2023), and the
production of high-strength, ultra-tough whole spider silk fibers from transgenic silkwormes,
surpassing the mechanical properties of materials like Kevlar (Mi et al., 2023).

Significant progress has also been made in three-dimensional bioprinting, as demonstrated in

eye tissue engineering (Ruiz-Alonso et al., 2021).

2.3.1.2 Biocomputing

Biocomputing, which involves using biological substrates as computation hardware, has seen
numerous innovative efforts. The field of molecular computing has advanced to the stage
where virtually any computation can be implemented using standard DNA oligomers and
DNAzymes. Multi-input systems employing these elements are currently in clinical trials for
therapeutic applications (Benenson, 2012, Jaekel et al., 2021). Programmable intracellular
biocomputing circuits have been developed for precise cell recognition (Gong et al., 2019).
Additionally, hybrid synapses based on various metals or metal oxides on silk protein
substrates have demonstrated exceptional analog switching capabilities with high reliability
(Dang et al., 2018). Other approaches include utilizing transcriptional and metabolic pathways
for high-performance computing (Goni-Moreno and Nikel, 2019), as well as cell consortia
(Simpson et al., 2001, Karkaria et al., 2020). There are many approaches involving DNA
computing (Fan et al., 2020, Mondal and Ray, 2022) (Wang et al., 2022a), like for example
based on strand displacement (Lv et al., 2021) and already mentioned orthogonal light-
activated DNA within synthetic cells (Hartmann et al., 2023) or recombinase assisted
transcriptional effectors in mammalian cells (Letendre et al., 2022). DNA is not only an efficient
data storage medium with a significantly longer half-life than conventional digital storage
media, but it also offers enhanced data security, especially in cloud environments (Namasudra

et al., 2020).
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Notably, the use of photonically enabled chiral bio-organic structures for optical computing
(Han et al., 2022b) and cilia biocomputing (Mayne and den Toonder, 2018) represent
particularly intriguing approaches. The integration of biocomputing within smart
nanomaterials holds great promise, especially for therapeutic and diagnostic applications in

internally applied nanorobots (Tregubov et al., 2018).

2.3.1.2.1 Organoid Intelligence

The human brain is an exemplar of biological machines, surpassing artificial systems in
complexity and computational power. It can be regarded as the most sophisticated
computational system in use, processing vast amounts of information with exceptional
adaptability. The brain effectively filters noise, discerns signals, and performs various other
complex functions, all while operating on merely 10-20 watts of power (Morales Pantoja et
al., 2023).

Organoid intelligence refers to the use of brain organoids, which are three-dimensional
structures grown artificially from stem cells. These organoids aim to replicate aspects of
intelligence and memory. The potential applications of this technology are vast, ranging from
biocomputing and disease modeling to drug development (Smirnova et al., 2023a, Smirnova
et al., 2023b).

A key advantage of biological systems over current technological approaches is their ability to
lower activation energies for chemical reactions through structural enzymology.

The efficiency of biological systems is starkly illustrated when comparing the human brain to
modern supercomputers. While a single brain, operating at an estimated speed of 1 exaFLOPS,
uses only 10 to 20 watts of power, the supercomputer Frontier, with a similar computational
speed of 1.102 exaFLOPS, requires a staggering 21 megawatts. Additionally, the spatial
requirements are vastly different: Frontier occupies 680 square meters, whereas the human
brain has a volume of just over 1000 cubic centimeters. Frontier comprises 58 billion
transistors, in contrast to the brain's 125 trillion synapses (Smirnova et al., 2023a, Smirnova et
al., 2023b).

Organoid intelligence is acknowledged as a potential game-changer in understanding the

human brain and addressing current computational limitations. However, concerns about
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brain organoids developing consciousness have been raised, leading to ethical debates and
the establishment of guidelines, such as those outlined in The Baltimore Declaration on the
exploration of organoid intelligence (Friston, 2023, Lavazza and Reichlin, 2023) and the related
dangers and ethical concerns, which resulted in The Baltimore declaration toward the
exploration of organoid intelligence (Hartung et al., 2023). Recently, research interest has
increased to explore leveraging artificial intelligence for bioprinting organoids (Lee, 2023a).

This topicis well suited toillustrate the trend towards an amalgamation of natural and artificial

intelligence.

2.3.1.3 Bioengineering

Bioengineering denotes the application of biological principles and phenomena with the tool-
and mindset of engineering, encompassing and overlapping a wide array of pure and applied
sciences due to the immense power of biological technology and the characteristics of human
practical approaches leveraging the apparent teleonomy of biological phenomena (Clawson
and Levin, 2023).

The field of bioengineering is diverse, covering areas such as biomedical engineering, which
includes the engineering of human organs, environmental health engineering like
bioremediation, biotechnology, bioinformatics, and bioprocess engineering including
biocatalysis. These areas represent just a few examples of the fruitful interaction between

biology and engineering (Eskandar, 2023).

2.3.1.3.1 Engineered Living Materials

Engineered Living Materials (ELMs) represent a pioneering class of materials, defined by their
composition of living cells that either form the material itself or modulate its functional
performance. This concept reimagines living systems as dynamic, responsive entities with
emergent and programmable functionalities. The advantages of ELMs are evident when
considering the attributes of natural materials, which display properties like programmability,

multifunctionality, self-growth, self-healing, self-adaptation, and self-assembly. In this
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context, the living cell is seen as the archetypal synthesis machine—a living chemical factory
and the epitome of a biological machine (Burgos-Morales et al., 2021).

Current methodologies for the spatiotemporal development of ELMs encompass genetic
and/or chemical engineering of cell-cell interactions, utilizing techniques such as optogenetics
or nanobodies. Biofilms engineering is also increasingly significant in this area (Burgos-
Morales et al.,, 2021). Regarding practical production processes, 3D printing and
electrospinning are currently the predominant fabrication strategies (Rivera-Tarazona et al.,
2021). The engineering efforts extend beyond mere structural formation to create responsive
materials that proactively engage with environmental stimuli, such as inducing biofilm
formation upon detecting a triggering signal (Tay et al., 2017). The application of optogenetics
is one such example, where microorganisms like Escherichia coli are engineered to distinguish
colors and respond by adapting genetic and substance expression (Fernandez-Rodriguez et al.,
2017, Moser et al., 2019). This is just one instance of creating an input-output interface in
ELMs.

Stimuli-responsive ELMs are poised to play a critical role in environmental applications,
particularly as biosensors. They can be used for monitoring and directing environmental
conditions, with the capability to detect a wide range of pollutants and nutrients, such as
copper, estrogen, and hydrocarbons. Various model organisms, including Escherichia coli,
Saccharomyces cerevisiae, and Pseudomonas fluorescens, can respond to these substances
with optical signaling (Rivera-Tarazona et al., 2021).

In the biomedical field, ELMs have been developed for applications like wearable biosensors.
For instance, Escherichia coli wearables can detect chemical inducers like N-Acyl homoserine
lactone with a sensitivity of 100 nM or monitor gut biomarkers such as heme with a resolution
of up to 32.5 ppm, responding with bioluminescence. Additionally, drug-delivery applications
have been explored, such as using Lactococcus lactis to control the behavior of human
mesenchymal stem cells in response to Nisin. This control induces the production of
fibronectin for stem cell adherence and bone morphogenic protein for osteogenic
differentiation (Rivera-Tarazona et al., 2021).

The profound significance and extensive reach of these biological applications cannot be
overstated. They represent the cornerstone of future technology, engineering interactive
materials and systems that respond to inputs and produce desired, appropriate outputs—

whether it be information, materials, or energy. Currently at an early stage of research, the
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focus is on understanding single, direct causalities. However, as research progresses, these
materials are expected to intelligently sense a variety of complex stimuli and generate a wide
range of adaptive outputs. While the primary emphasis is on fundamental research, the
engineering of cellular signal sensing, processing, and actuation is already making a
substantial impact across various fields, including biomedical, energy, fine and bulk chemicals,
agriculture, and environmental sectors (Burgos-Morales et al., 2021). Proof-of-concept
applications have been convincingly demonstrated, indicating imminent commercial
adoption.

The biomedical applications of Engineered Living Materials (ELMs) are particularly promising.
Innovations in wearables and enterically introduced symbionts could allow for the monitoring
of health parameters and response to specific stimuli, such as pathogenesis-associated
proteins, by releasing drugs and antigens. This, however, is likely just the beginning. As
technologies evolve, a sophisticated symbiosis between wearables and enterically integrated

ELMs is conceivable, with far-reaching implications.

2.3.1.3.2 Bioelectronics,-photovoltaics

Bioelectronics, a field at the intersection of biological systems and electronic devices, traces
its origins to Luigi Galvani's groundbreaking experiments in bioelectromagnetics at the
University of Bologna in the 1780s (Berggren and Richter-Dahlfors, 2007). Recent
advancements have seen the rise of plastic bioelectronics, offering mechanical flexibility,
large-area and facile thin film processing, controlled biological properties, and mixed
electronic and ionic conductivity. These attributes are crucial for applications involving direct
contact with living organisms, such as skin or heart tissue (Someya et al., 2016).

In the realm of bio-photovoltaics, photosynthetic organisms are being harnessed by rewiring
photosynthetic electron transport chains for solar energy conversion (Lawrence et al., 2023).
The integration of nanoelectronics into synthetic or in vivo three-dimensional tissues is a
subject of intense research, focusing on the development of nanoelectronic devices within
cellular circuitry. This integration is anticipated to merge seamlessly with biological
information processing systems, such as the brain. Such advancements could revolutionize

our understanding of the interaction between nanostructures and biosystems. For example,
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this technology could be used to map brain activity in vivo with high spatial and temporal
resolution, significantly impacting both fundamental research and healthcare sectors (Zhang
and Lieber, 2016). Recent progress in the field of soft bioelectronics, such as the use of
hydrogels combined with conductive polymers, has enabled new applications including
continuous intrathecal drug release, spinal and neurostimulation, closed-loop neural and
cardiac interfaces, skin-mounted electroencephalography sensors, and even biomimetic soft
robotics (Fang et al., 2020b, Phillips et al., 2022, Sunwoo et al., 2020).

There is also considerable interest in establishing closed-loop systems that utilize the body's
warmth for energy and artificial intelligence for smart adaptability. These systems aim to
develop increasingly smaller, smarter, and more capable devices to address unmet clinical
challenges in monitoring and modulation (Cho et al., 2021).

Moreover, research is not limited to in vivo systems; in vitro applications are gaining
momentum. These applications are at the forefront of revolutionizing research, serving as an
ideal interface between automated nanoscale microfluidics systems and biological tissue.
Their potential for bidirectional interfacing, through continuous, label-free monitoring and
precise control of biological activity, is a driving force in the effort to render animal testing

obsolete (Pitsalidis et al., 2021).

2.3.1.3.2.1 Protein- and Oligonucleotide Bioelectronics

Recent advancements have brought significant attention to bioelectronic systems based on
amino acids, nucleic acids, oligonucleotides, and proteins. These systems are being developed
for applications such as logic gates, memory devices, processors, and sensors (Ramesh et al.,
2022).

They offer advantages in terms of versatility, flexibility, and adaptability in dimensions,
morphologies, and functions, surpassing the limitations of current synthetic materials. Their
production is not only cost-effective but also environmentally friendly. Current research is
exploring the self-assembly capabilities of proteins, presenting vast opportunities ranging
from delivery systems to modulation. Furthermore, leveraging the intrinsic electronic
properties of proteins, such as semiconductivity and piezoelectricity, is another area of focus.

The potential applications of peptides as semiconductors and active components in fields like

51



optoelectronics and as reducing agents are comparable to the functionalities of enzymatic
centers or synaptic action potential generation (Chen et al., 2021b, Ha et al., 2021, Zhang et
al., 2021a).

2.3.1.3.2.2 Microbial Nanowires

The blurring of boundaries between biotic and abiotic realms at the interface of biological
entities and an increasingly interconnected, biologically integrated technology is exemplified
by microbial nanowires. As previously discussed in the context of nitrogenase, living organisms
extensively utilize the redox potential of metals for respiratory processes. Although most of
this utilization occurs within cells through complexes and ions acting as cofactors, certain
bacteria—particularly those from the Geobacter and Shewanella genera—have developed
electrically conductive appendages known as microbial nanowires. These nanowires are
composed of stacked cytochromes, redox-active proteins containing a heme group with a
centrally coordinated iron atom. They have diameters in the single-digit nanometer range and
can transport electrons over micrometer distances. Recent theories also suggest that some
archaea, specifically anaerobic methanotrophic archaea, may use archaella as electrical
conduits via tightly packed phenylalanines for electron transfer to sulfate-reducing partners
(Lovley and Holmes, 2020). Microbial nanowires are being utilized in microbial fuel cells and
are gaining attention as key components in the development of the Internet of Things. Unlike
the energy-intensive and environmentally harmful processes required to synthesize artificial
nanowires, biological nanowires can be sustainably grown, even from waste. Innovative
applications have emerged where microbial nanowires generate electricity from ambient
humidity, offering the potential to design wearable devices capable of electricity generation
comparable to solar panels but without the need for sunlight (Lovley, 2022). Additionally,
microbial nanowires have been used in creating memristors, integral to the development of
self-sufficient, long-lasting environmental and biomedical implants, functioning similarly to
neurons and sensors. Remarkably, these protein-based electronic materials exhibit stability
and high conductivity even in very low pH environments. Recent studies have even suggested

guantum-coherence effects in the conductivity of OmcS type nanowires.
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Therefore, microbial nanowires stand as a pivotal technology at the crossroads of synthetic
biology and semiconductor technology. Their applications span energy harvesting, sensor
development, ultra-low power computing, and bioelectronics, including living transistors and

super-capacitors (Yalcin and Malvankar, 2020).

2.3.1.3.3 Biomolecular Nanotechnology

Biomolecular nanotechnology illustrates how human innovation, often sparked by curiosity
and playful experimentation, can lead to practical applications. The field of molecular
machines is a prime example. Initially regarded as toys or artworks, these molecular machines
soon proved their utility as tools, given that biological organisms themselves can be viewed
as networks of highly sophisticated biomolecular machines. This realization opened up vast
potential for refined applications, either by integrating artificial molecular machines into
biological systems or incorporating biomolecular machines into artificial supramolecular
structures (Ariga, 2020).

A notable biomimetic artificial system is one developed by Li, Feng, and colleagues. They
loaded ATP-synthase into proteoliposomes as a motor protein on an artificial membrane. This
membrane, containing a photoacid generator and a proton conductor, was structured as a bi-
layer to create a photoactive ATP producer (Feng et al., 2016).

The world of molecular biological machines is vast, encompassing well-known examples such
as kinesin molecules walking on microtubules, ribosomes assembling proteins, the DNA
replication and translation apparatus, ATP synthase, and CRISPR-associated proteins.
Enzymes, which consist of a discrete number of molecular components and produce
mechanical movement in response to external stimuli, thus initiating their enzymatic activity,
also meet the definition of molecular machines.

The field of molecular machines reached a significant milestone with the awarding of the 2016
Nobel Prize in Chemistry for the design and synthesis of molecular machines. This field, a
central theme of supramolecular chemistry, involves molecular self-assembly, folding,
recognition, and dynamic interactions such as host-guest chemistry, mechanically-interlocked
architectures, and dynamic covalent chemistry. There is a visible trend towards biomimetic

architectures as the field advances in sophistication (Nicoli et al., 2021).
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It is important to note that nanoscale machines differ fundamentally from their macroscopic
counterparts, as their operation is influenced by the energetics of random thermal motion
(Nicoli et al., 2021).

Current research in artificial molecular machines (AMM) mirrors chemistry's focus on reducing
reactants and reagents to achieve reproducible and desired outcomes, analogous to the
myriad of chemical reactions occurring within a single cell. Types of AMM, such as molecular
balances, hinges, logic gates, motors, necklaces, propellers, shuttles, switches, tweezers, and
nanocars, hint at our emerging ability to manipulate biological systems. This capability will be
further enhanced as computational power advances, allowing for in silico understanding and
in vivo production. Modeling is leading the way in understanding self-assembly processes, and
several proof-of-concept realizations have been achieved in the last two decades. For instance,
semi-biological AMMs with integrated and-logic gates for protein folding regulation have been
developed. This was achieved by genetically engineering the chaperonin GroEL to have
cysteine residues at both entrances of its cylindrical cavity, which were then functionalized
with azobenzene derivatives to create photoresponsive mechanical gates. The engineered
chaperonin, as an example of the complexity in biological systems, trapped denatured green
fluorescent protein (GFP), preventing its refolding. Upon simultaneous detection of ATP and
UV light, it rapidly released GFP. In contrast, with only one of these stimuli present, it released
GFP slowly or not at all. This demonstration of a system's ability to respond to multiple diverse
stimuli was achieved as early as 2006 (Muramatsu et al., 2006). Further developments include
motor-polymer conjugates with varying PEG sizes that polymerize under click-chemistry
conditions and contract upon UV irradiation, as well as covalent polymer networks in the form
of daisy chain rotaxanes, which polymerize upon light irradiation and contract in acidic
conditions (Moulin et al., 2020). With the current surge in artificial intelligence technologies,
this field is expected to experience rapid advances, first in computational modeling and then
in manufacturing capabilities.

The complexity within a single cell is immense, as evidenced by the enormous number of RNAs
and their functions, exemplifying emergent complexity where information and physical
function converge. Another illustration of complex multilayered functionality is membrane
patterns carrying ontogenetic information, independent of DNA (Wells, 2014). This concept
aligns with the hypothesis that DNA's origin can be traced back to viruses hijacking RNA-

protein-based entities in the early stages of life (Ribas de Pouplana et al., 2004).
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2.3.1.4 (Bio)chemistry and Analytics

2.3.1.4.1 Reticular chemistry

Reticular chemistry focuses on constructing extended crystalline structures by connecting
molecular building units through strong bonds (Yaghi, 2020). Prime examples include metal-
organic frameworks (MOFs) and covalent organic frameworks (COFs), with recent
advancements leading to bio-MOFs. These structures are three-dimensional, porous, and
have multivariate functionality and mixed metals, allowing for the incorporation of various
functional groups and metal ions. This versatility extends to physical properties like rigidity
and pore size, as well as catalytic capabilities. Recent developments have even seen
frameworks used as photocatalysts, among other applications.

There is a significant emphasis in this field, as in all materials research and development, on
data-driven science (Zhou et al., 2019a). The advent of Big Data and artificial intelligence has
led to the emergence of 'digital reticular chemistry' (Lyu et al., 2020). Materials genomics has
become increasingly important given the synthesis of thousands of porous and non-porous
MOFs, COFs, porous polymer networks (PPNs), zeolites, and other porous materials in the past
decade. This is out of millions of potential materials, each with a plethora of possible
applications. The vast landscape of possible structures, combined with the limitations of
practical synthesis and property examination, make reticular chemistry particularly suited for
machine learning and deep learning approaches (Jablonka et al., 2020).

In summary, reticular chemistry is about creating enclosed environments, akin to cells and
their compartments. The field is expected to continue producing materials with a wide range
of applications. These materials can be functionalized with enzymatic, catalytic, and
separating properties, serving as hosts that provide protected microenvironments with high
surface area and acting as the catalytic 'inhabitant,' similar to a coral and its microbial

consortia.

Bio-metal organic frameworks (bio-MOFs) are a class of MOFs synthesized using cost-effective
and environmentally friendly biomolecules such as porphyrins, proteins, peptides, or amino
acids. A significant body of research is focusing on carbon capture and storage via bio-MOFs.
These frameworks offer solutions to the limitations of traditional methods like amine

scrubbing, which is known for high energy consumption, environmental damage, and health
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risks. Moreover, bio-MOFs are characterized by their large surface area, thermal and chemical
stability, and moisture resistance, making them highly efficient in these applications (Zulys et
al., 2020).

Materials discovery and science are undergoing a revolution driven by in silico deep learning
methods. An example of this is DeepMind's GNoME, which has expanded the known material
space by 2.2 million crystals, including 380 thousand stable materials. This expansion
represents a significant leap forward, equivalent to hundreds of years of conventional human
research, and offers a wealth of possibilities for future technologies (Merchant et al., 2023,

Zhongming et al., 2021, Szymanski et al., 2023).

2.3.1.4.2 Analytics

Analytical chemistry, often described as 'the eyes and ears of chemistry,' is crucial for
unlocking a deeper understanding of our world. Recent advancements in analytical chemistry
have catalyzed further developments across various scientific fields.

Notably, the rise of omics sciences represents a significant trend in molecular biology and
chemistry. These fields, including genomics, transcriptomics, proteomics, metabolomics,
epigenomics, and pharmacogenomics, utilize high-throughput techniques to analyze
biological data on a large scale. The term 'omics' is derived from the Greek word 'ome,’
meaning group or whole. The advancement of these fields is largely attributable to
improvements in analytical detection technologies and informatics, enabling the generation
and processing of vast, often heterogeneous, biological datasets. While these fields have
traditionally been studied individually, there is an increasing emphasis on integrating these

data to gain a more comprehensive understanding of biological systems (Manzoni et al., 2016).

2.3.1.4.2.1 Metabolomics

Metabolomics involves the global identification and quantification of metabolites, typically
small molecules with a molecular weight under 1500 Da. As an omics technology,

metabolomics provides critical insights into the state of biological systems that may not be
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evident from other data types. It has become a pivotal tool in systems biology, personalized
medicine, and the rapid, non-invasive detection of specific markers and pathologies. Due to
the vast scope of data generated, metabolomics heavily relies on databases and
computational assistance (Abram and McCloskey, 2022, Dmitrenko, 2022). High-throughput,
nanoscale, and automation techniques are extensively used in the analysis of biological
samples (Cai and Zhu, 2019, Deborde et al., 2019, Malinowska et al., 2022, Vignoli et al., 2019,
Zampieri et al., 2017).

One notable application is the metabolomic fingerprinting of sweat, which has been
successfully used to detect caffeine consumption. This demonstrates the potential of non-
invasive analytics in healthcare and the opportunities it provides for metabolic biomonitoring
(Brunmair et al., 2021).

Recent advancements in informatics and analytical technologies have expanded the scope of
metabolomics beyond biomarker discovery, enabling system-level analyses of metabolite
effects. The inherent sensitivity of metabolomics allows for the detection of subtle changes in
biological pathways, providing deeper insights into the mechanisms behind physiological and
pathological conditions (Johnson et al., 2016, Khanijou et al., 2022).

In cancer research, metabolomics has been instrumental in shedding light on the complex
biological characteristics and dynamics of the disease. It has been used to examine the
interactions between cancer, cancer therapies, and metabolism at both cellular and systemic
levels (Lei et al., 2021, Liesenfeld et al., 2013, Schmidt et al., 2021).

The field of personalized medicine has also seen the introduction of gender medicine, which
considers the interplay between biological markers like sex and psychological/cultural
indicators like gender. This approach is vital for effective disease prevention, clinical sign
identification, prognosis definition, and therapy optimization. The omics approach has
become a potent tool in identifying sex/gender-specific disease markers (Gemmati et al.,

2020).

2.3.1.4.2.2 Fully Automated High-Throughput Multiomics

Fully automated high-throughput multiomics represents a significant advancement in data

science, enabled by machine learning and increasingly sensitive analytical instruments. This
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technology allows for the comprehensive analysis of cells and biological substrates like
blood, brain, or muscle tissue. Techniques like liquid chromatography coupled with mass
spectrometry generate millions of data points. Machine learning algorithms then structure,
filter, and organize this data, providing detailed insights into the ensemble of lipids or
peptides, the landscape of the metabolome, specific compounds or markers such as
alkaloids or eicosanoids, and novel relationships through the application of volcano plots,
heatmaps, or principal component analysis.

While these workflows are substantially aided by machine learning models, they remain
complex and labor-intensive, often resembling a multidimensional sudoku puzzle for
researchers.

Deep learning models, particularly those based on multimodal knowledge-driven or
representation learning, are poised to overcome one of the major bottlenecks in high-
throughput analytics: data analysis. The other bottleneck being the measurement itself (Shu
et al., 2023, Xiong et al., 2023, Wu et al., 2021, Xu et al., 2022b, Guo et al., 2021c).
Techniques like mass spectrometry and nuclear magnetic resonance spectroscopy,
considered the gold standards in high-throughput analysis, are continually improving and
being integrated into fully automated systems (Corsaro et al., 2022, Deborde et al., 2019,
Vignoli et al., 2019, Wishart et al., 2022, Ali et al., 2019, Cai and Zhu, 2019, Dmitrenko, 2022,
Hall et al., 2022, Holbrook-Smith et al., 2022, Janzen et al., 2019, Zampieri et al., 2017).
Microscopy, historically limited by the diffraction limit, is undergoing transformative
advancements. The development of super- and hyperlenses, not constrained by the
wavelength of visible light, has made significant progress, offering practical solutions for
overcoming the intrinsic losses of plasmonic systems (Guan et al., 2023). These lenses are
invaluable for high-throughput single-cell multiomics and metabolic engineering analytics,
and represent a cornerstone for spatial profiling and modality measurements. They enable
increasingly accurate reconstructions of gene-regulatory and signaling networks that drive

cellular identity and function (DelLaney et al., 2019).
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2.3.1.4.2.3 Microfluidics

Microfluidics technologies and their applications epitomize the trend towards automation and
high-throughput efficiency in research and development. These technologies, focused on
manipulating and controlling fluids at the micro- and nanoscale, have facilitated remarkable
advancements in miniaturization. Recent progress in microfluidics is set to play a crucial role
in imminent technological advancements by accelerating analysis, research, production, and
a broad spectrum of applications. These range from personalized medicine, drug discovery
and development, environmental monitoring, to complex biochemical research. The
technology's applicability extends to modeling brain functions, understanding particle
dynamics in viscoelastic flows, developing new materials, and exploring the microbial
universe. The synergy of microfluidics with advancements in automation, robotics, and
artificial intelligence is significantly enhancing its capabilities (Ali et al., 2019, Alsaeed and
Mansour, 2020, Aubry et al., 2023, Battat et al., 2022, Galan et al., 2020, Goda et al., 2023,
Grebenyuk et al., 2023, Guo et al., 2021b, Liu et al., 2021b, Mogera et al., 2022, Wu et al.,
2023b, Zhou and Papautsky, 2020, Zhu et al., 2023c).

The miniaturization and automation of biochemical, synthetic, and analytical laboratory
setups are drastically accelerating the generation of practical data for deep learning models.
This acceleration is providing insights into biological mechanisms at a molecular level. Flexible
microfluidics devices are being experimentally applied in areas such as energy storage,
sensors, and wearable devices. For example, plasmonic paper-based microfluidics are used
for continuous sweat analysis, vital sign monitoring, biomarker detection, and even in the
regeneration of neuronal tissue (Mogera et al., 2022, Xu et al., 2018, Guo et al., 2021a). The
integration of various sensors into microfluidic systems is also increasing (Buttkewitz et al.,
2023).

Furthermore, the modular and dynamic properties of microfluidics make them ideal for
assembling human brain organoids in a controlled, high-throughput manner. This approach is
advancing realistic human brain models and assembloid models for studies in neuronal
development, disease modeling, and drug screening (Zhu et al., 2023c). Synthetic 3D soft
microfluidics offer solutions to challenges like vascularization of engineered tissues and
organoids (Grebenyuk et al., 2023). The merging of microfluidics with artificial intelligence

marks a significant shift in lab-on-a-chip technologies (Goda et al., 2023, Galan et al., 2020).
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Applications of microfluidics extend to diagnostics, therapeutics, genomic screening, and
microbiome profiling for disease marker identification. They are also employed in consumer
product safety, such as identifying foodborne bacteria and producing active pharmaceutical
ingredients (Battat et al., 2022). The versatility of microfluidics is further supported by
advancements in 3D printing technologies, integration with various other technologies such
as acoustic microfluidics, and their modular design (Nielsen et al., 2020, Raj M and
Chakraborty, 2020, Zhang et al., 2020b, Wu et al., 2023b). Microfluidics is poised to be at the
forefront of an explosion in data generation and interconnectedness, particularly in the era of
the Internet of Things.

The significance of high-throughput automated microfluidics systems in drug discovery and
development is immense. These systems are vital for both screening and synthesis processes,
significantly contributing to the rapid increase in the discovery of new drugs. When combined
with in silico modeling, these technologies are revolutionizing the landscape of drug
development, enabling more efficient and targeted approaches to new pharmaceuticals (Liu

et al., 2021b).

2.3.1.5 Microbiology

Microorganisms encompass a diverse range of microscopic life forms, including bacteria,
archaea, various eukaryotic clades, fungi, and viruses—the latter not considered living
organisms by current biological definitions. These organisms are ubiquitous in all ecological
niches and represent the oldest forms of life, forming the foundation of Earth's trophic
systems.

While current estimates suggest that plants, with 450 Gt carbon, represent the most abundant
group in terms of biomass compared to 70 Gt C for bacteria (or 100 Gt C collectively for
bacteria, fungi, archaea, protists, and viruses), this comparison requires further context.
Approximately 70 % of plant mass consists of woody stems and tree trunks, which are
relatively metabolically inactive compared to the generally highly active mass of
microorganisms. For perspective, animals contribute around 2 Gt C to the Earth's biosphere

(Magnabosco et al., 2018).
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There are estimated to be approximately 10% cells of bacteria and archaea on Earth. Although
the total number of individual plants is challenging to estimate due to their vast size and mass
variation, it is undoubtedly much lower than that of microbial cells (Cavicchioli et al., 2019).
To put this in context, the human population, approaching 10*! individuals - a value reached
by just 1 gram of soil (Rossell6-Mora and Amann, 2001) - is far surpassed by the microbial
population in a single human's intestines, which is about 10*3 cells, slightly more than the
number of human cells in the body (Abbott, 2016). While fewer microorganisms inhabit the
sea surface layer or the atmosphere compared to within humans alone, the major habitats for
microbes include the deep oceanic subsurface, soil, the ocean, and the deep continental
subsurface. Most of these microbes reside within biofilms, creating their own habitats and
interfaces with the environment (Flemming and Wuertz, 2019). Organisms like corals or
sponges have evolved to contain vast surface areas within protected microenvironments,

populated with microbial biofilms, forming holobionts.

2.3.1.5.1 Microbiome

"We are but mere sacks of meat, transportive vehicles

for the rulers of Earth residing within us."

The human body contains approximately as many bacterial organisms as it has endogenous
cells, with these bacteria encoding about 150 times more genes than the human genome.
These genes have the capacity to change in composition, forming what is collectively known
as the holobiome, which also includes a vast number of active and dormant viruses (Shine and
Crawford, 2021). The recent surge in microbiome research is a result of advancements in
bioinformatics and analytical chemistry capabilities (Arnold et al., 2016).

The human microbiome functions akin to an organ, influencing various aspects of human
physiology. It affects development, body functioning, nutrition, metabolism, behavior, and
disease occurrence (Hoffman et al., 2022, Natalini et al., 2023, O’'Donnell et al., 2023, Pennisi,
2020, Sanchez-Pellicer et al., 2022, Tan et al., 2022). Notably, it plays a significant role in
modulating the GABAergic and dopaminergic systems (Mazzoli and Pessione, 2016, Hamamah

et al., 2022). This has led to numerous clinical studies that focus on administering engineered
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bacteria or viruses for treating various diseases (Bai et al., 2023b, Rutter et al., 2022).
Engineered probiotics are being used to deliver CRISPR-Cas9 systems for precise microbiome
editing, particularly against antibiotic-resistant strains (Neil et al., 2021). The microbiome-
shaping function of bacteriocins is another area of intense research (Heilbronner et al., 2021).
Efforts are underway to enable real-time profiling of the gut microbiota to modulate the
microbiota-gut-brain axis (Yang et al., 2022), and there has been success in genetically
modifying the mobilome through in situ conjugation (Ronda et al., 2019). Dietary measures to
engineer the gut microbiome have also been explored and demonstrated (Wolter et al., 2021).
The increasing resolution in understanding cellular composition and function opens new
avenues for modulation and manipulation. This is exemplified by the rise of RNA and
biomolecular condensate drug targets (Arunachalam et al., 2022, Banani et al., 2017, Shin and
Brangwynne, 2017, Barraza et al., 2022, Chen et al., 2022, Loganathan and Doss C, 2023).

Analogously, these insights are applicable to all ecosystems, with efforts to develop precision

microbiome management strategies in diverse agroecosystems (French et al., 2021).

2.3.1.5.2 Microbial Interactions

Microbial environments are densely populated with a wide array of competitors forming
diverse consortia and communities. These include different strains, species, and genera in
varying physiological and phenotypic states, from dormant to proliferating cells and from
stationary to motile organisms. The interactions within these microbial communities are
mediated by an array of agents, such as metabolites that serve as communication signals,
trigger factors, cargo transporters, lubricants, toxins, and weapons. The effects of these
metabolites are as multifaceted as their roles, influencing not only a microbe's interactions
within its own mutualistic and competitive network with their next of kin, predators, prey and
viruses but also its impact on hosts, including humans. This understanding is crucial for

considerations in human health (Bottcher, 2020).
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2.3.1.5.3 Therapies

The complex relationship between multicellular organisms and their unicellular counterparts
is exemplified in plants living in symbiotic associations with mycorrhizal fungi and rhizobia.
These beneficial microbial relationships enhance the plants' innate immune systems and help
ward off pathogens (Nishad et al., 2020, Hassani et al., 2018).

Equally important for the health of multicellular organisms in this respect is the ambivalent is
the relationship between different microbes, shaped by the pressures of competition. These
interactions have been harnessed for therapeutic purposes, giving rise to antibiotics among
other treatments. Interestingly, antibiotics are used by microbes at far lower concentrations
for various modulatory functions, such as inhibiting the swarming behavior of competitors,

rather than just for plain extermination (Ritschlin and Bottcher, 2020).

A highlight in this regard is the selective prophage induction by pyocyanin, one of the many
toxic compounds produced by the Gram-negative pathogen Pseudomonas aeruginosa. It is a
chemical multi-talent, as it is not only a potent weapon in redox warfare, but an exuberant
blue-colored phenazine, both with a plethora of technological and economical applications
(Mavrodi et al., 2001).

Bacteriophages, which are viruses infecting bacteria, are the most diverse and abundant
biological entities on our planet. The human microbiota harbors an enormous diversity and
their composition has been linked to human diseases and contributions to the maintenance
of intestinal immune functions. While in a dormant state as prophages integrated into the
host's genome, they can confer benefits to the bacterial population, such as competitive
advantages against non-lysogenized bacteria (Jancheva and Bottcher, 2021). Selective
prophage induction is only one way of many to manipulate and alter the microbiome, in
addition to completely designing it, yet certainly a highlight. The author has generated
pyochelin, a potent siderophore of Pseudomonas aeruginosa by means of total synthesis,
which is currently investigated for its promising selective prophage induction potential, which
would make it another example for a compound that developed to serve secondary functions,
especially in regard to interactions with surrounding organisms, by means of fierce

evolutionary pressure.
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The intricate interactions between microorganisms underscore the importance of
computational assistance in deepening our understanding of these complex microbial

networks, a dense microcosm (Faust and Raes, 2012).

2.3.1.5.4 Systems Biology and Metabolic Engineering

Automated high-throughput analytics, enhanced by deep learning for microorganism
identification, are significantly accelerating the exploration of Earth's largely unknown
biological realms. The application of multiomics approaches facilitates the detailed elucidation
of cellular components at a molecular level. This provides comprehensive insights into a vast
array of lipids, proteins, sugars, and their interrelationships. Deep learning architectures are
instrumental in determining the three-dimensional structures of these molecules and
modeling their potential interactions. This information is crucial for Al-assisted prediction of
metabolic pathways and for the in silico modeling of these systems. The rapidly increasing use
of Al-guided enzyme and pathway design is expected to expand the range of synthetic
pathways and enzymes for diverse chemical production (Jang et al., 2022).

Figure 1 showcases an interactive metabolic pathway map for the model organism Escherichia
coli. This map illustrates all major metabolic pathways and dynamically adjusts to show
varying pathway activities under different conditions, such as changes in oxygen availability.

(Pathway Map, 2023).
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Figure 2. Interactive Metabolic Pathways Map for Escherichia coli

The advancements in this field are moving towards an ever-increasing resolution of metabolic
interactions. Similar to how deep learning enables the live resolution of complex, dynamic
datasets like weather patterns or the Earth's surface, we are approaching a future where

models will be capable of simulating living systems with high precision and resolution.

2.3.1.6 Genetic Modlification

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a family of DNA
sequences found in prokaryotic organisms such as bacteria and archaea. These sequences
originate from DNA fragments of bacteriophages that have previously infected the prokaryote.
Functioning as a form of memory and immune system, CRISPR allows prokaryotes to recognize

and destroy foreign DNA.
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The CRISPR system is an adaptive immune system. It works in conjunction with CRISPR-
associated proteins, or Cas proteins, whose origins can be traced back 2.5 billion years
(Alonso-Lerma et al., 2023).

To clarify the mechanism of the CRISPR system, here a brief step-by-step explanation:

The first phase, called adaption, happens upon entry of a plasmid or bacteriophage infection,
when incorporation of a segment of the foreign DNA into its own DNA at the CRISPR loci is
initiated by the bacterium. This new segment becomes a new spacer in the CRISPR array.
The second stage is constituted by the production of CRISPR RNA, which matches a
complementary foreign DNA sequence, via transcription and splicing of the CRISPR array.
The third stage is marked by interference, when the so produced CRISPR RNA complexes with
a Cas protein and guides it to invading RNA.

In gene editing, the cut sequence is repaired by the cell's repair machinery. Research in this
field includes various strategies for insertion, deletion, and base editing. Notable
developments include programmable base editing from adenosine to thymine and guanosine
to cytosine in genomic DNA without DNA cleavage (Gaudelli et al., 2017). This is particularly
significant as over half of human pathogenic genetic variants are due to point mutations (Rees
and Liu, 2018).

CRISPR RNA-guided integrases are employed for one-step, efficient genomic integration of
ultra-long RNA sequences, where for example Bxb1 integrase is complexed with a Cas9 protein
via M-MLV RT, which offers simultaneous, multiplexed insertions in three genomic loci and
facile, multi-loci deletions by combining orthogonal integrases and recombinases (Vo et al.,
2021, Yarnall et al., 2023).

The Protospacer Adjacent Motif (PAM) is a short DNA sequence required for the CRISPR-Cas9
system to bind and cut DNA. SpyCas, the most commonly used Cas9 protein, from
Streptococcus pyogenes, requires 'NGG' as a PAM sequence, where N is allowed to be any
base, which limits the number of targetable sites in the genome. Different Cas protein systems
exhibit different PAM requirements, like PAM-less, meaning requiring less specific bases, like
for example a Cas9 from the bacterium Staphylococcus aureus recognizing 'NNGRRT', with R
allowing for A or G, up to engineered, completely PAM-less systems, which of course offer
freedom of targetable sequences yet come at the price of increased off-target activity, which
need to be taken care of by modulating R-loop formation or the structural enzymology of the

Cas protein itself, for example (Collias and Beisel, 2021, Wu et al., 2022, Zhou et al., 2022).
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Genetic modification has become a staple in the daily work of many geneticists and molecular
biologists. The CRISPR-Cas9 system and Goldengate cloning are robust techniques with high
success rates, marking them as crucial tools in the current research landscape. The future
importance of genetic modification is underscored by the significant number of academic
publications, increasing investments, and the founding of new companies in this field
(Brinegar et al., 2017).

The application of large datasets and machine learning algorithms is becoming increasingly
important in gene editing. They are used for predicting repair outcomes post-editing (Leenay
et al., 2019) and refining the CRISPR system's on-target and off-target effects. The latter is
especially critical in therapeutic applications, such as potential anti-cancer strategies,
highlighting the value of artificial intelligence-assisted research in this domain (Bhat et al.,
2022).

A recent discovery that exemplifies the vast, largely unexplored potential of microorganisms
is fanzors—eukaryotic programmable RNA-guided DNA endonucleases found in the diverse
domain of protists. These molecules have only recently garnered attention, yet they promise
a multitude of applications and enhancements in highly specific gene editing. Fanzors
represent not just a technological marvel from the biological realm but also signal that our
understanding and utilization of such biological systems are just beginning. The discovery of
fanzors suggests a wealth of yet untapped resources and tools for genetic manipulation and
opens new avenues for research and application (Awan et al., 2023, Saito et al., 2023, Jiang et

al., 2023c, Patinios and Beisel, 2023, Yoon et al., 2023).

2.3.2 Information Science centered current developments

We are currently witnessing an era defined by the burgeoning fields of computation and
automation, characterized by a rapid proliferation of discoveries, advancements, and
innovations. Among these developments, the rise of versatile, all-purpose networks, agential
frameworks, and mission-oriented polymorphic computing stands out. These seem
predestined to be retrospectively viewed as hallmarks of the initial disruptive wave of

technological emergence.
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A pivotal moment in this trajectory was the introduction of the transformer model
architecture by Vaswani et al. in 2017 (Vaswani et al., 2017), building upon earlier attention-
based models (Luong et al., 2015, Bahdanau et al., 2014). This marked the onset of the current
Al spring (Al spring - Stanford, 2023). While many in their respect equally capable and heavily
utilized deep learning architectures exist, and the transformer architecture sees employment
in a broad range of machine learning fields with great success (Chen et al., 2023c, Esser et al.,
2021, Kamath et al., 2022, Le et al., 2021, Liao et al., 2023, Ma et al., 2023a, Micheli et al.,
2022, You et al., 2023), its exceptional proficiency for natural language processing is currently
the center of attention.

Transformer models offer several significant advantages, including parallelization, improved
capability to capture long-range dependencies and thus better contextual understanding.
Their scalability presents a major advantage, as it allows for efficient handling of large datasets
and complex tasks. Transfer learning has also proven highly effective, which involves
pretraining the models on extensive datasets and fine-tuning them for specific tasks. In
comparison to previous language models, like Recurrent Neural Networks or Long Short-Term
Memory networks, these models can effectively harness the capabilities of conventional GPU
and TPU infrastructure, which proved convenient for development and industrial scalability
(Lecun et al., 1998, Sutskever et al., 2014, Chellapilla et al., 2006).

The transformative aspect of such advanced language models is the ability to use natural
human language as a high-level programming language. This provides an intuitive, easy-to-
use, versatile, and flexible user interface with a low barrier to entry.

Its revolutionary quality was quickly recognized, as evidenced by the widespread use of tools
like ChatGPT. This tool has demonstrated its capability in autonomously writing functional
scripts, aiding experienced programmers in increasing efficiency by handling routine tasks and
drafting initial versions. Moreover, it has proven to be an invaluable aid for beginners, enabling
them to quickly learn, understand theoretical concepts, and write functional scripts tailored
to their goals (ChatGPT coding March, 2023).

The widespread adoption of interfaces enabling high-level command interactions will have a
profound impact, revolutionizing fields such as education, finance, and research, and further
accelerating the pace of technological innovation.

First and foremost, artificial intelligence can serve as an empowering and equalizing tool,

when reflecting on the technology and momentarily setting aside the real-world issues of
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discrimination, disadvantages, marginalization, and bias - such as underrepresentation in
datasets and model conceptions of populations already marginalized. These issues stem from
barriers to full participation in scientific and economic arenas. This can be starkly illustrated
by the fact that as of today not a single supercomputer in the TOP500 is in Africa (TOP500,
2023).

Artificial intelligence diminishes barriers and restrictions that arise from the need for expert
knowledge. It provides a low-level entry point and supportive access to an extensive range of
human knowledge. Moreover, it enables individuals to be productive across various fields by

fostering critical thinking, creativity, and problem-solving skills.

2.3.2.1 Computational Hardware

The current Al revolution is deeply rooted in advancements in hardware, particularly in the
efficient utilization of accelerators, such as graphics processing units (GPUs). This boom was
sparked significantly by the paper ‘Attention is all you need', which introduced the
transformer model running on conventional GPUs instead of custom-built solutions. This
innovation greatly facilitated ease of development and deployment (Vaswani et al., 2017).
Currently, GPUs are predominant in Al-related deployment. However, there is a general
trend towards heterogeneous computing architectures in Al acceleration. This trend is
evident in various projects, ranging from specialized tensor processing units to RISC-V
architectures (Ganahl et al., 2023, Huang et al., 2023, Lotti et al., 2023, Peserico et al., 2023,
Fritscher et al., 2023, Ngo et al., 2023). Contrasting with the internet revolution, which relied
on the cheapest possible computing parts, Al computing favors capital-intensive enterprises.
Despite this, current trends in open-source, embedded, and distributed computing suggest

that advancements in computing can meet demands for empowerment and equality.

2.3.2.1.1 Conventional and unconventional Computation Hardware

While general practical limits of computation are derived from physical principles, such as
Bremermann's limit (which describes the maximum computation rate in a self-contained

system), the Margolus-Levitin theorem (limiting the maximum computational speed per
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energy unit in conventional computing), and the von Neumann-Landauer limit (setting a
theoretical minimum for energy dissipation per irreversible bit operation), current
conventional computing is approaching its physical boundaries. Based on metal-oxide-silicon
semiconductors, this form of computing is nearing the limits of semiconductor scaling,
signaling a potential end to Moore's Law. Moore's Law predicts the doubling of the number
of transistors on integrated circuits every two years, a trend now constrained by physical
limitations.

Consequently, there is an increasing focus on revising processor architectures, such as system-
on-chip designs, and exploring unconventional computing methods that operate on different
principles, each presenting unique limitations and opportunities. These approaches can
complement conventional computing architectures. Current trends are leaning towards the
miniaturization of mobile computing devices, specialized computing devices for distinct tasks,
and the enhancement of cloud computing power. The cloud computing market is projected to
experience the most significant growth trajectory this decade (Cloud Computing Growth,
2023). Additionally, there is a focus on increasing computational efficiency, primarily by
reducing the energy required for computation, as this area offers the most significant margin

for improvement (Computation Efficiency, 2023).

Currently, photon-based quantum computers are at the forefront within the alternative
computing cosmos, having made significant advances over the last decade (Cheng et al.,
2023a). However, inherent noise remains the greatest challenge on the path to realizing the
full potential of quantum computing. While the implementation of fault-tolerant quantum
circuits and error correction is seen as the ultimate solution to this issue, utility in the pre-
fault-tolerant era has been arguably demonstrated (Kim et al., 2023a). Projects are underway
to unlock the potential of noisy quantum computers (Egger et al., 2023). Several approaches
to error mitigation have been proposed and successfully implemented, improving the
approximation to ideal quantum computation (Kim et al., 2023b, Nation and Treinish, 2023,
Temme et al., 2017, Tran et al., 2023, Vallury et al., 2023). New models offering increased
accuracy are being published continually, pushing the frontier (Kim et al., 2023b) and
providing methods for measuring noise-free observables, even in larger circuit volumes (van
den Berg et al., 2023). There is a strong sense of optimism within the research community,

with efforts being invested in theoretical optimization of early fault-tolerant quantum
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computers (Ding and Lin, 2023) and the proposal of various architectures for optimization
(Bartolucci et al., 2023). Algorithms are improving not just in noise reduction but also in their
theoretical capacity to tackle classical problems (Jumade and Sawaya, 2023). This
transformative technology is expected to significantly impact many industry sectors, with the
financial industry showing particular interest (Herman et al., 2023). However, the most
naturally suited field is quantum chemistry. Numerous advancements across various sciences,
industries, and applications have benefited from quantum chemical computations, which are
currently emulated by supercomputers using vast resources. These tasks could be more
efficiently performed by smaller quantum computers (Shang et al., 2023). IBM, one of the
industry leaders, has dubbed this era the Quantum Decade. They anticipate fundamental
breakthroughs in quantum computing within the next ten years, completing the trinity of bits,
neurons, and qubits that will revolutionize computing. IBM highlights the chemical industry -
which provides 120 million jobs and contributes to approximately 7 % of the global domestic
product - as a prime candidate for quantum computing. For instance, the simple hydrocarbon
naphthalene could be modeled with around 116 qubits but would require 103 bits, which is
7.1 billion times the amount of data predicted to be electronically stored in 2025 (Quantum
Decade IBM, 2023, pp. 3, 87).

Recently, phonons have been shown to be a viable source for operating hybrid linear
mechanical quantum computing (Qiao et al., 2023).

Within quantum information science, the subfield of quantum sensing has achieved early
successes, notably in enhancing the detection limits of gravitational waves. Quantum sensing
is poised to explore theoretically predicted phenomena and matter. The anticipated use of
paramagnetic molecules as highly selective sensors, akin to drug targets, promises a wide
range of applications in molecule-based quantum sensors (Yu et al., 2021).

Beyond chemistry, quantum computing holds significant potential for biology and machine
learning. These fields are interlinked and promise to advance the control of quantum systems
(Baiardi et al., 2023, Cerezo et al., 2022, Krenn et al., 2023b, Lamata, 2020, Marchetti et al.,
2022, Martin-Guerrero and Lamata, 2022, Marx, 2021). Quantum biomimetics, encompassing
quantum memristors and quantum artificial life, and quantum machine learning, particularly
in quantum artificial networks, share many parallels. Both draw inspiration from biological

systems and establish analogies (Lamata, 2020).
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Pioneers of Quantum Mechanics, including Erwin Schrodinger, believed that quantum
mechanics plays a vital role in biological processes and that biological systems may utilize non-
trivial quantum mechanical effects (Danylova and Komisarenko, 2020, Moberg, 2020).
Quantum Biology, merging biochemistry and physics, aims to explore these mechanisms -
deepening our understanding of biological processes, energy conversion, and computation,
among others. Significant progress has been made in this young field, with in vitro studies of
ion channels, DNA pair-building, and photosynthetic porphyrins, along with theoretical work

on neurophysiological electrical fields (Kim et al., 2021c).

The ever-growing demand for computing resources, particularly for deep learning
applications, challenges in sub-10 nm CMOS nodes, and the 'memory-wall' inherent in von
Neumann architecture have created a negative imbalance between computing resource
demand and its practical growth rate. This gap is increasingly being bridged by novel
architectures and materials. Neuromorphic computing, especially those utilizing memristive-
dynamics, has gained prominence (Yan et al., 2023a), enabling massively parallel computing
(Tang et al., 2019).

Neuromorphic computing draws inspiration from the human brain to develop hardware that
is energy-efficient and capable of handling sophisticated tasks. This approach includes
imitating the probabilistic and stochastic nature of synapses, potentially leading to
optimizations in the information transfer-to-energy ratio. Concepts inspired by neuroscience
are ideally implemented using bioinspired algorithms and computing models, developed in
tandem with suitable physical substrates (Markovi¢ et al., 2020). The significance of algorithm-
hardware co-design is frequently emphasized in this context (Roy et al., 2019). The field is
dynamic, exploring a variety of concepts to emulate brain-like dynamics, complexity, and
efficiency through diverse mechanisms and materials for artificial synapses and neurons (Zhu
et al.,, 2020a). One notable effort involves the development of self-organized networks of
nanoparticles, exhibiting brain-like criticality through power law distributed switching events
(Mallinson et al., 2019). Third-generation neural networks, classified by the use of spiking
neurons, primarily function through an 'integrate-and-fire'’ model of information exchange

(Roy et al., 2019).
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Brain-like spatiotemporal correlations have been observed in distributed, self-organized
networks of nanoparticles, especially when fabricated at a percolating phase transition. The
sizes and durations of these networks’ avalanche switching events follow a power law
distribution, satisfying stringent criteria for criticality in such multi-agent evolutionary

networks (Xu et al., 2022a).

Parallel to this, the use of quantum mechanical effects in biological systems, like the
porphyrins active in photosynthesis (Kim et al., 2021c), is gaining increasing recognition. This
reinvigorates the longstanding debate about neurobiological quantum effects in cognition and
consciousness (Swan et al., 2022). Recent studies suggest the possibility of consciousness-
mediated entanglement, adding a fascinating dimension to our understanding of cognitive

processes (Kerskens and Lopez Pérez, 2022).

Perovskite can find parallel employment harvesting solar energy and providing memristive
functionalities for computational purposes (John et al., 2022, Rogdakis et al., 2022).
Additionally, hydrogen-doped perovskite-nickelates, known for their inherent stochastic
properties, have been identified as promising and scalable candidates for probabilistic
computing (Park et al., 2022). Reconfigurable halide perovskite nanocrystal memristors, which
allow for electrochemically controlled switching between volatile and non-volatile modes,

further demonstrate the material's versatility (John et al., 2022).

Graphene, due to its high surface area, ease of conductance regulation, and advantageous
thermal properties, has emerged as a promising material for sensors, actuators, and
processors. Its applications span across devices that mimic human sensing and actuation,
including models of the five senses, nervous systems, muscle tissues, as well as in biosensors
and ultrafast light-based logic gates. Graphene's potential in neuromorphic computing is
underscored by its use in metaplastic, energy-efficient, biocomputible artificial synaptic
transistors for enhanced accuracy in neuromorphic computing (Ahmed and Mohamed, 2023,
Balan et al., 2023, Cheraghi et al., 2022, Dejpasand et al., 2021, Pang et al., 2023, Pefia-
Bahamonde et al., 2018, Tielrooij, 2023, Zhu et al., 20233, Kireev et al., 2022, Schranghamer
et al., 2020).
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It is crucial to note that bio-informational engineering extends beyond processing
architectures. It encompasses the continuous development of interfaces for two-way
communication across organic, inorganic, and biological substrates, integrating biological,
digital, and cyber-physical systems. This field also explores a vast array of potential sensing
substrates and architectures, with numerous avenues currently under investigation (Dixon et

al., 2021).

Analog computer will see wide employment in edge computing and loT infrastructures, which
will exhibit a high density of sensors, as analog units can be built to resonate solely upon
certain analog signals, allowing for continuous monitoring with minimal computing and
energy investment. Furthermore, analog signals can be dealt with highly energy efficient
compared to digital processors, which will only be activated when an analog sensor and

processor unit registers 'wakes' them with information.

The examples provided illustrate just a small yet significant segment of the diverse approaches
to computation hardware. Other important areas of research include photonic processors,
analog computers (Ambrogio et al., 2023, Li et al., 2023c, Ulmann, 2022, Zangeneh-Nejad and
Fleury, 2019, Zangeneh-Nejad et al., 2021), and combined strategies like analog
nanophotonics (Giamougiannis et al., 2023), as well as probabilistic computing architectures
(Misra et al., 2023), among many others.

The diversity indicates that various computing architectures will likely be employed in parallel,

either in combined devices or for specific use cases.

2.3.2.1.2 Supercomputer

Technological advances, often products of problem-solving tasks, can generally be viewed as
successful computations. These are typically understood in mathematical or algorithmic
terms, as they represent the essence of rational abstraction in problem-solving. The term
‘computer,' derived from the Latin 'computare' meaning 'to calculate, count, think, sum up,'
has evolved significantly over time. Initially used from 1613 on to refer to individuals

performing calculations, the need for computational skills has been prominent since the
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advent of sedentary agriculture and metallurgy. This need arose primarily due to
administrative tasks in accounting, taxation, (re-)distribution, and judicial matters.
Throughout history, various devices have aided in computation. The Lebombo Bone, found at
the archaeological site Border Cave in South Africa's Lebombo Mountains, is a compelling
example. Dated to approximately 44,000 years old, its 29 notches suggest use for monitoring
lunar phases (Beaumont, 1973, d’Errico et al., 2012). However, this interpretation is debated,
as the bone is broken at one end, and tally sticks and bones have been used in various contexts
throughout history. Counting beads, particularly from ostrich eggshells, have been dated to
around 50,000 years ago (Beaumont and Bednarik, 2013).

The practice of tracking, computing, and manipulating data related to astronomical, annual,
and phenological cycles likely predates concrete evidence, as many artifacts were made from
ephemeral materials. However, ancient civilizations such as Sumer and Egypt indirectly testify
to a long-established tradition of engaging with natural phenomena through their
sophisticated astronomical and mathematical systems. Notable archaeological sites, such as
Go6bekli Tepe in Turkey, dating back to the Pre-Pottery Neolithic A period around 12,000 years
ago, are believed to exhibit astronomical alignments (De Lorenzis and Orofino, 2014). This
suggests an ancient integration of environmental, societal, and individual transitions,
documented and likely used as guiding logic for rites of passage and other significant societal
structures.

Many analog and mechanical computers have been in use historically, and analog computers
are garnering renewed interest, particularly as spiking neural networks are compatible with
analog neuromorphic computers (Cramer et al., 2022).

The concept of the first all-purpose computer is often attributed to Charles Babbage in the
early 19th century. However, the modern era of computing began with the advent of digital
computers, initially electromechanical, then transitioning to vacuum tubes and digital
electronic circuits, before evolving to transistors, which gained prominence from the 1950s
onwards.

In our current age, systematic computation of challenges and open questions has taken a
central role. Historically, having well-educated specialists provided a technological edge for
war-faring courts and led to prosperous periods. Similarly, today's advancements are largely
driven by an increase in computing power and enhanced sensory input detection capabilities.

This trend is exemplified by the construction of research facilities aimed at detecting novel
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waves and particles. The importance of data gathering is also evident, as seen in the massive
sensory input generated by electric cars in pursuit of autonomous driving. This generates vast
guantities of data for training machine learning models — a concept often referred to as 'Big
Data'. The software aspects of this will be discussed in the chapters on computation, while the
physical aspects of computing are examined here.

To foster comprehension of and appreciation for computational power, some illustrative
descriptions will be provided.

To aid in understanding and appreciating computational power, some illustrative descriptions
are provided. Supercomputer performance is measured in 64-bit FLOPS (double-precision
floating-point operations per second). For context, a 24-bit operation computes a single visual
pixel, with each 8-bit segment representing a value in red, green, or blue, capable of displaying
almost 17 million different colors (Wolfram alpha, 2023). In contrast, 64-bit floating numbers,
as per the IEEE 754 standard, use one bit for the sign, 11 bits for the exponent, and 52 bits for
the fraction. This allows for a high dynamic range, enabling the representation of very large
and small values with precision.

The TOP500 project lists the 500 largest supercomputers (Abramov and Abramov, 2023)
(TOP500, 2023). However, not every powerful supercomputer is included in this list. A notable
example is the Supercomputer Center at Qingdao's Oceanlight, which reportedly was not
submitted for ranking, possibly to avoid potential economic sanctions from the USA. At the
time of its completion, OceanlLight was rumored to be the largest supercomputer and the first
to surpass exaflop/s performance (Matsuoka et al., 2023). Another example is Google's
optically reconfigurable Tensor Processing Unit (TPU) v4 (Jouppi et al., 2023), which achieves
peak performance over 1.1 exaflops. It is specialized for machine learning workloads and does
not conform to the specific benchmark algorithm and numeric precision used by TOP500.
Interestingly, the layout for the fifth generation TPU was designed by a novel deep
reinforcement learning application (Mirhoseini et al., 2021), illustrating a scenario where an
Al model designs improved hardware for its subsequent use.

The rapid automation in microprocessor production and the advancements in autonomous
agents suggest an approaching event horizon where mainly inorganic machines could design,
optimize, and produce their own successors.

It is important to note that the High Performance Linpack (HPL) benchmark, commonly used

by TOP500, faces criticism for being outdated. A proposed alternative is the HPL-AI Linpack,
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which, when tested by IBM and Nvidia, allowed them to triple the performance of their
selected supercomputers (HPL, 2023).

The current leader in supercomputing is the Frontier supercomputer cluster at the Oak Ridge
National Laboratory in the United States. Operational since 2022, Frontier boasts a practical
peak performance of 1.194 exaflops and a theoretical peak of 1.67982 exaflops. In practical
terms, this means Frontier can process 1.194x10'® 64bit values in a single second. Notably,
the highest recorded computational performance was achieved by Folding@home, a
distributed computing project, which reached 2.43x10*® flops during its efforts to unravel the
structure of a then-unknown protein (Voelz et al., 2023).

With computing efficiency steadily increasing, requiring less power per calculation,
projections from 2018 anticipated the advent of zettascale computing around 2035. This level
of computing power could potentially deliver accurate global weather forecasts for up to two
weeks (Liao et al., 2018). However, these predictions did not fully consider the rapid evolution
of deep learning approaches, emerging hardware technologies ranging from single-chip
microcomputer architecture to diverse hardware specializations, or developments in quantum
computing, photonic processors, or biocomputing.

The energy consumption of supercomputers is a significant environmental concern. The top
10 largest supercomputers alone consume over 1 TWh per year (TOP500 energy consumption,
2023), roughly equivalent to the annual power usage of approximately 358,000 average
European households (Wolfram alpha, 2023). In a notable development, Nvidia announced
plans in March to build an 18.4 exaflop cluster, a system six times as large as the combined
TOP100 listed top 10 supercomputers. This Nvidia supercomputer is expected to have power
requirements comparable to the average current consumption of Austria's capital, the city of
Vienna (NVidia, 2023).

To illustrate the rapid acceleration of computational power in recent times, one must mention
Cerebras' Condor Galaxy-1 supercomputer network series, owned by the Abu-Dhabi based
company G42. This series is centered around the Wafer-Scale Engine-2, an Al-specific
processor crafted from a full wafer of silicon. This design results in significant efficiency
advantages, offering increased speed with less energy consumption compared to GPUs,
including NVIDIA's current H100. The first supercomputer in this series, capable of 2 exaflops,
commenced service in July, and a 36 exaflop cluster network is expected to be fully operational

within 18 months (Cerebras, 2023).
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In another significant development, Al giant Google released an updated version of its
machine learning specialized TPUs. These are enhanced with optical switching, claiming
drastic improvements in efficiency, and have already been integrated into a supercomputer

cluster (Jouppi et al., 2023).

The advent of cloud-based supercomputing, soon to be complemented by the widespread
implementation of the internet-of-things, has democratized access to supercomputing power.
Large server service providers like Azure, AWS, and Google now offer supercomputing
capabilities as rentable services. This accessibility allows small start-ups and underprivileged
research institutions to utilize these powerful resources. The author anticipates an
unprecedented surge in technological progress as research increasingly shifts to in silico
methods. This shift will unlock vast potential in terms of working hours and costs while
significantly enhancing research efforts. For example, space exploration and colonization
models can now be run with data from an expanding compendium of sensor data and
automated orbital research stations. This reduces the need for specialized personnel and
costly space missions for data generation, and most importantly, shortens the time required
to develop and test equipment before deployment.

While large institutions still have the advantage of leveraging more computational power, the
author believes these developments are reducing the need for specialized knowledge, even
in complex tasks. Knowledge that was previously challenging to acquire and limited to a select
few is becoming increasingly accessible, enabling cutting-edge research around the world.
(Cerebras, 2023).

This trend is further supported by the efforts of the non-profit and open-source community.
Their development and provision of peer-shared supercomputers and large deep learning
models are rapidly closing the gap between proprietary and open-source technologies.
Mustafa Suleyman, a leading figure in the field for over 15 years and currently the CEO of
Inflection Al, remarked that cutting-edge technology, backed by significant investments, is
only about six months ahead of open-source efforts (Suleyman - open-source, 2023).

On a related note, considering the advancements where artificial intelligence models are
achieving human-level performance across a broad range of tasks, Mustafa Suleyman
proposed an updated version of the Turing test. He suggests that this modern test should

move beyond assessing language skills to include tasks like navigating the world in ways
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comparable to humans. An example he gives is the challenge of turning a hundred thousand
dollars into a million within a set timeframe (Suleyman, 2023, pp. 29, 118).

While supercomputing represents the pinnacle of current computing capabilities and
accounts for a small percentage of total computing, it serves to underscore the rapid progress
in the field. Equally important is cloud computing, which plays a significant role in the broader
computing landscape. The current trend shows not just an increase in total computational
power but also a significant enhancement in hardware efficiency at many levels. This includes
improvements in processor architectures, specialization, and the implementation of new
technologies.

The steep improvement curve in the models of the nascent field of LLM based artificial
intelligence, coupled with the increase in high-quality in silico data production, is noteworthy.
This data fuels deep learning models, enabling them to create more quality data and establish
new patterns for generating insights. The proliferation of these models is empowering more
people to write code and contribute to the refinement of general and deep learning
algorithms. This synergy is likely to catalyze a surge in developments related to automation,
artificial intelligence, and life sciences, as well as insights in natural and living sciences, already

within this decade.

2.3.2.1.3 Bio-computer

The concept of bio-computers illustrates the potential of using biological entities as computing
systems. These entities inherently possess computability, making them suitable for diverse
applications such as production, analysis, and housekeeping. Biological systems are adaptable
and dynamic autonomous systems, adjusting their physiological responses to specific
environmental inputs. These adaptations can be harnessed for general computational
purposes. Moreover, biological computers enable the design and implementation of
operations and circular dynamics that are either unavailable or less productive in conventional
hardware and software. Biological systems can simultaneously function as operators (in the
form of catalysts) and operands (as substrates), thereby blurring the traditional distinction
between application and data. This unique property allows for the creation of self-modifying

machines that operate in circular or closed-loop systems (Gentili and Stano, 2022).
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In this context, Bianchini's caution regarding the challenges of prediction in synthetic biology
and artificial intelligence is pertinent. He points out that both fields aim to produce
autonomous systems that interact within unpredictable contexts, namely the environmental
and social world, and thus face epistemological challenges in forecasting future developments
(Bianchini, 2018).

Andrianantoandro et al. provide a useful analogy by aligning the hierarchy of synthetic biology
with that of computer engineering. They draw parallels across various complexity levels:
proteins and genes correspond to the physical layer of transistors and resistors in computing,
biochemical reactions to logic gates at the device level, biochemical pathways to circuits at
the module level, cells to computers at the system level, and tissues, cultures, and consortia
to LANs, clusters, and the internet at the network level (Andrianantoandro et al., 2006, Amos,

2014).

2.3.2.1.3.1 Population based microbial-, cell-, and membrane computing

Quorum sensing, a microbial mechanism for regulating an individual's metabolic responses
within a higher-order system, has previously been discussed (Boo et al., 2021, Stephens and
Bentley, 2020).

Population-based microbial computing offers significant advantages in terms of self-
organization and a dense layering of complexity (Amos, 2014). Despite current challenges,
such as fine-tuning the behavior of multiple microbial consortia, ensuring long-term
homeostasis, engineering useful functionalities, and addressing horizontal gene transfer
between populations, cell computing shows promise in computational architectures (Amos
and Goiii-Moreno, 2018). Recent developments include spatial organization as a tunable
parameter for microbial communication, based on the location and interaction strength of

microbial strains (Venkatraghavan et al., 2022).

Gentili et al. highlight the advantage of cognitive artificial cells over conventional hardware:
their inherent ability to function simultaneously as operators and operands. A recent study by
these researchers introduced a minimal cognitive artificial cell neural network, based on

transmembrane and gene expression regulation through protein phosphorylation (Gentili and
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Stano, 2022). They also explore the potential of artificial cells in chemical fuzzy neural
networks, where inputs can activate various enzyme systems (Gentili, 2021). The vast array of
potential molecular conformation and symmetry states further enhances the capability for

designing fuzzy logic systems.

2.3.2.2 Computational Software

2.3.2.2.1 Natural Computation

Natural computation represents an interdisciplinary nexus, merging computer science with
the natural sciences. This expansive field encompasses computational techniques, models,
and algorithms inspired by nature. It also includes exploring computation within natural
systems to understand and harness the computational aspects inherent in natural
phenomena. This involves using natural materials for computation as well as employing
computers to synthesize natural phenomena (Song et al., 2021).

Natural computation encompasses a diverse range of fields, including bio-inspired
computation, physical computing using processes like quantum and DNA computing, and the
study of naturally occurring phenomena such as cellular automata or biological neural
networks, like the human brain, for their computational properties. This approach views
natural phenomena as computation. Other notable areas of research include artificial immune
systems, fractal geometry, and artificial life, among others. Methodological approaches in this
field vary from simulation and modeling to experimental computing and analytical studies,
with applications in optimization problems, data analysis, cryptography, and environmental
modeling. Insights from natural computing are poised to play a crucial role in the imminent
developments in synthetic biology, engineering biological systems, artificial life, and
intelligence. Biology, viewed as a source of inspiration, offers immense potential; for instance,
evolution and epigenetics can be seen as intelligent, multimodal, polymorphic applications

and regulatory regimes.
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2.3.2.2.2 Bio-inspired Computation

Bio-inspired computing, a subset of computational science, develops algorithms,
computational models, and hardware architectures by drawing analogies to biological
systems. It aims to solve complex computational problems using paradigms, mechanisms, and
principles from natural systems. This field has led to insights into behavioral patterns and
social phenomena, such as the evolution of swarming behavior and its orchestration logics.
Reflections on biological organization have similarly inspired the development of bio-inspired
computation. Evolution has produced intelligent biological phenomena and behaviors,
enabling biological entities to perform complex tasks with adaptability, self-learning,
robustness, and efficiency (Del Ser et al., 2019).

Biological agents, integral to bio-inspired computation, can range from single creatures like
birds, cyanobacteria, or humans to sub-entities such as Follicular B helper T cells or Betz's
pyramidal cells, as well as supra-entities like ant colonies, orca pods, starling murmurations,
beehives, gazelle herds, and human tribes. Additionally, complex systems like the human brain
or blooms of phytoplankton exemplify supra-entities of sub-entities. Intelligent capabilities in
these agents manifest at various levels and through numerous cases. For instance, Swarm
Intelligence, exhibited through stigmery or collective swarming movements, showcases how
agents following local rules, without central control, can produce functionalities greater than
the sum of individual actions. This leads to improved mechanisms for exploring complex
search areas, akin to the human brain which inspires artificial neural networks (Del Ser et al.,
2019).

There are several key features of bio-inspired computation worth mentioning:

Similar to biological neural networks, bio-inspired algorithms often operate in parallel,
enhancing efficiency. This is supported by leveraging non-Von Neumann architectures, such
as memristors, which overcome the Von Neumann bottleneck of sequential data and
instruction processing (Mehonic et al., 2020). To facilitate adaptability and scalability, these
algorithms are typically designed to be modular (Colomer et al., 2013). Bio-inspired computing
is frequently used to model complex systems and processes, such as ecological and population
dynamics (Colomer et al., 2013). In the realms of advanced computability and computational
complexity theory, these principles are foundational, particularly in addressing

Nondeterministic Polynomial time (NP) complete problems. NP-complete problems,
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significant in various natural and financial systems, represent a complexity class where a
problem instance can be solved in polynomial time by a deterministic Turing machine if the
answer is yes, or by a nondeterministic Turing machine in polynomial time (Song et al., 2021).
Turing-completeness is a crucial concept in computation, indicating that a real-world general-
purpose computer or computer language can simulate the computational aspects of any other
such system. The proposed concept of neuromorphic completeness, as introduced by Zhang
et al., for brain-inspired computing systems, shows potential in efficiently overcoming the Von
Neumann bottleneck and making significant strides in brain-inspired computing (Cheng, 2022,

Zhang et al., 2020c).

2.3.2.2.3 Artificial Intelligence

weights, biases,
summation function,
activation function,
iterations.
Above 'poem' wants to illustrate the beauty of emergence by listing the core dimensions of
neural networks. At their core, artificial intelligences consist of a library of algorithms based
on weights, biases, vectors, weighted sums, and scores, forming the foundation of deep
learning models.
These models encompass various architectures, such as generative pre-trained transformer
models, which utilize masked self-attention and decoder-only architectures. When analyzed
deterministically, these models can be seen as arrays of inputs being averaged or weighted
through multiple layers to produce outputs. These models can be organized into cohorts,
combining generalist and specialist models in complex arrangements of intercommunication
and feedback loops.
This complexity is paralleled in the human brain and similar biological structures. Therefore,
the perception of intelligence in an entity appears to rely on its complexity and capacity to
compute and adapt to a range of environments and circumstances, surpassing a certain
threshold that leads us to classify it as alive or intelligent.
It is important to preface this chapter by noting that the innovations described herein are

illustrative of emerging trends in Al. Given the rapid pace of advancements, some details
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presented may become outdated shortly after publication. The speed and unpredictable
nature of these advancements make it challenging to provide a comprehensive account. For
instance, the number of monthly publications on machine learning and Al on arxiv.org has
shown exponential growth since 1994, increasing to over 4500 in 2023 from around 1500 in

2021 (Krenn et al., 2023a).

This unpredictability stems partly from the increasing influx of capital into Al research and
development. The generation and provision of more data and computational power lead to a
disproportionate increase in data availability. However, this rapid growth has also prompted

critical warnings about the risks of model collapse (Shumailov et al., 2023).

Furthermore, since the advent of transformers, which enable Large Language Models (LLMs)
to maintain attention-based orientation - effectively recalling the beginning of a chapter at its
end (Vaswani et al., 2017) - the field is still relatively nascent. There remains an unexplored

realm for the evolution of models and algorithms.

More attention than initially planned will be given to LLMs due to their pivotal role at the time
of writing. However, it's crucial to recognize that LLMs are part of a broader spectrum of deep
learning models, which are at the forefront of current developments. These models are
characterized by a diverse array of features and find applications in numerous fields. They
have become ubiquitous, influencing areas ranging from fundamental algorithm improvement
(Mankowitz et al., 2023), to creative chess play frameworks (Zahavy et al., 2023), drug
development and analytics (Abbasi et al., 2021, Abram and McCloskey, 2022, Alharbi and
Rashid, 2022, Wu et al., 2021, Zhu et al., 2021, Zhu et al., 2020b, Zou et al., 2019), RNA-
structure elucidation and engineering (Angenent-Mari et al., 2019, Angenent-Mari et al.,
2020, Yu et al., 2022, Zeng et al., 2023), and various applications in agriculture, robotics,
finance, construction, material development, the creative industry, urban planning, ecology
research, and sensor development, among others (Abhishek Padalkar 6 et al., 2023, Akinosho
et al., 2020, Anantrasirichai and Bull, 2022, Borowiec et al., 2022, Chen et al., 20213, Chen et
al., 2023c, Christin et al., 2019, Guan, 2023, Kalva and Satuluri, 2023, Kamilaris and Prenafeta-
Boldu, 2018).
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2.3.2.2.3.1 LLMs and MLLMs

LLMs are Al models that generate human-like text, primarily trained on extensive text data.
These models have the capability to understand and respond to prompts with coherent and
contextually relevant sentences. Consequently, LLMs are utilized in a variety of applications,
from drafting emails to writing code and performing at expert-level in specific examinations
(Thirunavukarasu, 2023).

Despite their advancements, LLMs face significant limitations, such as the tendency to provide

false or unverified information as fact (Lee, 2023b).

The capabilities of Large Language Models are being expanded through the development of
Large Multimodal Models (LMMs). MLLMs are designed to process and generate information
from diverse data inputs, including text and images. As of summer 2023, this field is still in its
early stages, with significant research required to fully realize its potential (Paraskevopoulos
et al., 2022, Yang and Hollenstein, 2023, Buch et al., 2022). By autumn 2023, it became evident
that large multimodal models were set to become widely employed. The decision to retain
this earlier paragraph serves to illustrate the rapid pace of developments in this field.

The transformative impact of transformer architecture in deep learning has led to substantial
advancements in a relatively short time. The field of artificial intelligence, especially since the
advent of ChatGPT 3 in November 2022, has witnessed a significant surge in investments. The
amount of funding in Al increased tenfold, adjusted for inflation, between 2013 and 2022,
with 2023 investments expected to far exceed the $175 billion of 2022 (Investments in Al,
2023). The frequent publication of relevant papers in this field underscores its current
momentum.

Continued optimization in transformer models is leading to reductions in necessary computing
power and enhancements in output quality and multimodality. The potential for emergent
advancements in new models is significant. This rapid, non-linear progression of innovation is
also evident in the trend towards leaner LLMs that maintain performance levels. This trend
could democratize education and provide digital income generation opportunities, making
technology more accessible. However, disparities remain between rich and poor communities
in terms of resource access, capital, and infrastructure. Nonetheless, the impact of open-

source and democratization efforts in narrowing this divide should not be underestimated.
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Recent examples from 2023, within just half a year of the release of ChatGPT 3, demonstrate
the explosive advancements in Al, driven by exponentially increasing research and significant
investment inflows.

An important arena of innovation in this regard is concerned with increasing the context
length, to increase the accuracy of a model's responses as it can take a whole conversation or
the like into consideration.

A key area of innovation is enhancing the context length of Al models to improve the accuracy
of their responses by considering more extensive conversation histories. LongNet, a variant of
the Transformer model, exemplifies this progress. It extends the context length to over 1
billion tokens, efficiently processing both long and short sequences. This is achieved through
dilated attention, which reduces computational complexity from quadratic to linear, allowing
LongNet to process 1 billion tokens in a single moment of attention and maintain efficiency
even when zooming into details (Ding et al., 2023).

Other notable advancements include the introduction of a self-controlled memory
mechanism for unlimited input length and effective historical information capture (Liang et
al., 2023), and HyperAttention, which significantly speeds up processing for large context
lengths (Han et al., 2023a).

Orca mini V2, an uncensored Llama-13b model build, demonstrates the trend towards more
resource-efficient models delivering equal performance. It stands as a prime example of
emergent technologies (Mukherjee et al., 2023).

By autumn 2023, Mistral, a 7 billion parameter model, outperformed larger models like Llama-
2-34b across all benchmarks (Jiang et al., 2023a). Its fine-tuned version, Dolphin, surpassed
Llama2-70b and other larger models on many tasks, raising expectations for generative agents
to soon operate on average consumer hardware (Mistral benchmarks, 2023).

A significant advancement in the autumn of 2023 was marked by the introduction of
SteerLLM. This model provides a framework for attribute-conditioned supervised fine-tuning,
enabling end-users to tailor responses during inference to align with specific preferences. This
capability is comparable to many state-of-the-art reinforcement learning models conditioned
on human feedback, while being notably easier to train (Dong et al., 2023).

Self-reflective retrieval-augmented generation was demonstrated as a method to enhance

large models in a variety of tasks, especially open-domain question answering, reasoning, and
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fact verification. This approach addresses several current challenges faced by large models

and shows significant promise (Asai et al., 2023).

Currently, many natural-language processing (NLP) tasks still benefit from large LLMs, often
exceeding 100 billion parameters. Open source LLMs like BLOOM-176B and OPT-175B allow
for downloading of pretrained models in this range. However, fine-tuning or even operating
these models requires substantial computing power, typically available only through high-end
equipment. PETALS addresses this challenge by enabling the collaborative inference and fine-
tuning of large models using the resources of multiple parties. It operates on consumer GPUs
at around 1 step per second and exposes the hidden states of served models natively. This
feature allows users to train and share custom model extensions based on efficient fine-tuning
methods. Similar to a 'torrent' model for software downloading, PETALS allows clients to form
a chain of pipeline-parallel consecutive servers for model inference. For parameter-efficient
adaptation, clients maintain their own trained parameters while servers host original
pretrained layers. These trained modules can be shared via the HuggingFace hub, a significant
development for users interested in LLMs. PETALS incorporates several optimizations for
safety, speed, and reliability (Borzunov et al., 2022).

PETALS symbolizes a shift towards the democratization of LLMs, making it feasible for
individuals to train, fine-tune, share, and operate custom LLMs affordably. The recognition of
the necessity for legal institutions to ensure a diverse and open ecosystem for foundation
models, and not one dominated by a few major players, is already underway (Schrepel and

Pentland, 2023).

2.3.2.2.3.1.1 LLMs as a general-purpose interface for other applications

To integrate LLMs with databases and web applications, the appropriate use of API
(Application Programming Interface) calls is crucial. An APl is a set of rules and protocols for
building and interacting with software applications, analogous to a user interface. This
integration enables communication between LLMs and various platforms like web and
operating systems, libraries, frameworks, and databases. Consequently, LLMs can access and

manipulate data through natural language, much like a user would through a standard
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interface. This capability allows LLMs to use tools more accurately, update frequently changing
documentation, access large and dynamic knowledge bases, and perform complex
computational tasks, transcending limitations like fixed sets of weights, static computation
graphs, limited context, and lack of memory storage.

At the time of writing this paper, a small LLM named Gorilla, fine-tuned on a LLaMA 7B model,
was introduced, excelling at writing APl calls and surpassing the performance of even
ChatGPT-4 in this area (Patil et al., 2023). This was soon followed by an even more capable
model, ToolLlama (Qin et al., 2023). The ability to employ databases and applications marks a
significant milestone in the development of polymorphic applications.

One of the most notable properties of advanced LLMs is their ability to enable natural human
language as a high-level programming language and user interface. This facilitates tasks like
programming applications within minutes without prior knowledge, as demonstrated by the
ChatGPT App build (ChatGPT App build, 2023), and the development of 'no-code'
programming apps (Flowise Al, 2023). These capabilities are expected to accelerate
technological advancements significantly.

Currently, LLMs function primarily as probabilistic models. Their intelligence emerges when
leveraged within an intelligence architecture framework. There have been numerous papers
describing emergent behaviors in LLMs, ranging from operationalizing concepts like altruism
and selfishness (Phelps and Russell, 2023) to the sudden emergence of in-context learning
and recombination of abilities (Hahn and Goyal, 2023). Augmented Language Models, in
particular, have been attributed with emergent properties (Bickley et al., 2023). Additionally,
the SurveyLM paper exemplifies the value of LLMs in social sciences, systematically evaluating
LLMs and leveraging their feedback to enhance survey and experiment designs.

Making sense of Large Language Model behavior is increasingly seen as a valuable resource

for complex systems science (Holtzman et al., 2023).

2.3.2.2.3.1.2 General remarks on the limitations of LLMs

The limitations of current LLMs, as identified in the ORCA paper, are broadly applicable across

the field. The term 'limitations' in this context ranges from performance shortcomings in the
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best-case scenario to potential societal dangers in the worst-case scenario. The selected
limitations are those with a high potential for negative impacts on individuals or society.
Data biases are a primary concern, as biases in source data can inadvertently carry over into
outputs, leading to potentially biased or unfair results. A lack of contextual understanding can
exacerbate this issue.

Transparency is another general problem in deep learning architectures. An entire research
field is dedicated to making these models' 'reasoning' processes more transparent.

Data distribution can significantly impact model accuracy, particularly in areas
underrepresented in the training data.

Content harms are also a concern, as LLMs can produce harmful content based on diverse
system instructions or even present imagined data as fact during hallucinations.
Furthermore, there is significant potential for misuse of LLMs, such as in phishing attempts via
calls, SMS, and emails, which are expected to increase in the near future (Mukherjee et al.,

2023).

2.3.2.2.3.1.3 Surfacing problems

As LLM technology evolves, new problems emerge. One such issue is model collapse, a
degenerative process where models progressively lose information about the true underlying
data distribution. This occurs when models are trained on data produced by other models.
The main causes of model collapse are statistical approximation error, where the model
increasingly misses rare but crucial events, and functional approximation error, arising from
insufficiently expressive function approximators. This problem is growing as more online data
is generated by LLMs (Shumailov et al., 2023).

Many users reported a noticeable decline in the quality of ChatGPT's responses between
March and June 2023. A paper by Lingjiao Chen et al. confirmed this decline via four distinct
tasks. They attributed this drop in quality partly to updates, design changes, and drifts in the
chain-of-thought reasoning. It was suggested that updates increasing the model's verbosity
may have led to a rise in complexity, challenging the model's reasoning capabilities and
adherence to protocols like chain-of-thought. Additionally, an increase in code generation

issues indicated similar challenges. Another factor considered was the implementation of

89



enhanced safety measures and defenses against jailbreaking attacks, which led to the model's
reluctance to answer certain sensitive questions, thus limiting the scope of its responses (Chen

et al., 2023b).

Future developments in LLMs and LMMs are expected to address these issues and enhance
the models' capabilities. This may include developing methods to reduce hallucinations in
LLMs, expanding the multimodal abilities of M-LLMs, and establishing ethical guidelines for
their use. As these models evolve, they are anticipated to become increasingly integral in
various sectors, such as healthcare, education, and research.

To illustrate the rapid progression in this field, by autumn 2023, new efforts had emerged,
such as mPLUG-Owl. This model demonstrated a significant increase in efficiency regarding
inference and cost. It exhibited superior capabilities in instruction and visual understanding,
knowledge transfer, multi-turn dialogue, and emerging abilities like scene text understanding,
multi-image correlation, and multilingual conversation, achieved through modularization (Ye
et al.,, 2023).

Another notable development is Visual ChatGPT, which integrates various Visual Foundation
Models with a prompt manager for iterative reasoning. This enables the model to handle

complex content intake and output (Wu et al., 2023a).

Current research is increasingly focused on developing efficient model compression
techniques for LLMs to create compact versions suitable for mobile devices (Zhu et al., 2023b).
This approach is grounded in the theory that learning, prediction, and compression are
interrelated. Intriguingly, as the development of LLMs leverages this concept, these models
are also being used to achieve improved compression results and to provide more accurate
estimates of the entropy of the English language (Valmeekam et al., 2023).

The development of PROMPTBREEDER represents a significant stride in this area. This self-
referential, self-improving system is capable of automatically evolving effective domain-
specific prompts. PROMPTBREEDER not only enhances prompts but also refines its own
prompt-improvement process. While it is still topologically limited and does not match the
open-endedness and adaptability of human thought processes, it indicates the potential of

increasingly open-ended self-improvement systems that do not rely on parameter updates.
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This system could potentially employ a module dedicated to algorithmic evolution (Fernando

et al.,, 2023).

Another innovative project is NASA-PETAL's BIDARA, which utilizes ChatGPT in conjunction
with Semantic Scholar. This tool assists users in finding and applying bio-inspired design
solutions to specific engineering challenges, leveraging data and information to further
biomimicry research and design (Shyam et al., 2019, Whiteaker and Shyam, 2021). BIDARA
exemplifies the application of LLMs in advancing research and practical applications in

specialized fields.

2.3.2.2.3.2 LMMs and AGI

By autumn 2023, as this work was being finalized, there were circulating rumors about a
breakthrough model developed by OpenAl, codenamed Arrakis. This model, reportedly an
everything-everything model capable of handling multimodal inputs and outputs, is said to
surpass the capabilities of OpenAl's own ChatGPT-V and other notable models like Google's
Gemini, Microsoft's CoDi, and NExT-GPT, as well as the open-source mPLUG-OwlI. Arrakis is
rumored not only to excel in multimodal abilities but also to demonstrate capabilities that
align with the classification of artificial general intelligence (Yang et al., 2023e, Wu et al,,
2023c, Ye et al., 2023, Perera and Lankathilake, 2023, Tang et al., 2023c, OpenAl's Arrakis,
2023). Functional multimodal understanding and manipulation mark significant
advancements in the utilization scope of these models. This development is crucial in the
context of general intelligence structures, allowing for human-level task execution.

Moreover, these advancements represent a major stride in the field of semantic
communication. This integration of communication with semantic information aims to enable
more intelligent and adaptive communication services. Operating at higher levels within
Weaver's communication framework, these models could play a pivotal role in the rapidly
evolving Internet of Everything and in robotic prompting (Jiang et al., 2023b, Jiang et al., 2022).
In January 2024, the preprint of a landmark survey, Thousands of Al Authors on the Future of
Al', was published. This survey encompassed the perspectives of 2,778 researchers who had

published in top-tier Al venues. The survey revealed that for 35 out of 39 tasks across various
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fields - including music generation, coding, gaming, and scientific research - there was a
consensus that there is at least a 50 % chance these tasks could be feasibly performed by an
Al model with general human-level performance within the next ten years.

The societal impact of the widespread advent of High-Level Machine Intelligence was
predominantly estimated to be neutral with a slight inclination towards positive expectations
(Grace et al., 2024). Yet, the implementation of stringent precautions is imperative, given the
myriad potential dangers associated with rapidly advancing technologies. This need for
vigilance was starkly illustrated by the research effort Sleeper Agents, which explored the
training of deceptive LLMs harboring hidden agendas, that persisted through safety training
(Hubinger et al., 2024).

Another significant milestone on the road to AGI was presented by Meta together with the
University of New York with the development of self-rewarding language models, which not
only generally improved upon them judging their own outputs and providing their own
rewards during training but furthermore their ability to provide high-quality rewards to
themselves improves (Yuan et al., 2024).

The implications of self-improving intelligence architectures are far-reaching, as they mark the
direct road to superhuman capabilities, as was demonstrated multiple times by now, for
example by DeepMind's Alpha models. It further indicates the ability of first-generation AGI
models being able to create even more capable AGI models.

On an inspiring sidenote, let's briefly indulge in the compelling analogies between the
mechanics of games and the very fabric of reality. Just as large models have been adept at
uncovering exploits within the physics generated by game engines (Baker et al., 2019),
intelligent models can similarly be directed to meticulously seek exploits within the physics of
our own reality, potentially unlocking abilities or phenomena originally unintended within the

physics engine of our universe

2.3.2.2.3.2 Agent Oriented Programming

2.3.2.2.3.2.1 Generative Agents

Generative agents, as described in the notable paper by Joon Sung Park et al., are

computational software agents that convincingly simulate human behavior. These agents
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utilize LLMs, possess memory capabilities to store and recall past experiences, interact with
one another, form opinions, and plan future behaviors based on memories and current
situations.

The architecture presented in their research, tested in a simulation akin to the game "The
Sims," allows agents to maintain extensive records of their experiences using natural
language. They can synthesize these memories into higher-level reflections over time and
retrieve relevant past experiences to inform future actions. In the interactive sandbox game
environment, these agents adapt to environmental changes and exhibit emergent social
behaviors.

The potential applications of such agents are wide-ranging. They enable social prototyping,
enhance human-centered design processes, and can be integrated into physical spaces as
social robots. However, these advancements come with significant ethical and societal risks.
Concerns include the unpredictable impacts of errors, the potential for deepfakes and
misinformation, problematic user relationships and projections, and an over-reliance on these
agents. To mitigate these risks, strict safety protocols and defensive measures must be
implemented to ensure that generative agents complement rather than replace human

interaction and to prevent other forms of harm (Park et al., 2023).

2.3.2.2.3.2.2 Generalist agents

In a significant contribution by Google's DeepMind team, the generalist agent Gato was
introduced. Gato is capable of performing a wide range of multimodal tasks across various
domains using a single network with consistent weights, functioning as a transformer
sequence model. Demonstrating versatility, Gato has engaged in dialogue, provided captions
for images, manipulated blocks with a robotic arm, achieved superhuman performance in
ATARI games, and navigated simulated 3D environments, among other tasks. Despite being
trained on only 1.2 billion parameters, Gato can process any data that can be serialized into a
flat sequence and continues to improve with increasing data, computation, and model scale
(Reed et al., 2022).

Another insight into the future of capable generalist agents is presented by MAGENTA. This

agent was trained to play various multi-agent games, treating each as a distinct language. It
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employs a permutation-invariant architecture, which means it does not assume any spatial
relationship between features, allowing for arbitrary permutations of tokens or functions
without altering their properties. This architecture is facilitated by two types of transformer
models (Wang et al., 2022d). The authors of the paper underscore the intrinsic risks associated
with such generalist agents, particularly when they interact with the physical world. This
necessitates novel mitigation strategies. Additionally, there is a need for political efforts to
ensure adequate investment in research on safety issues, as only appropriate accountability

will ensure sufficient focus on these critical concerns (Reed et al., 2022).

2.3.2.2.3.2.3 Cognitive and Intelligence Architectures

The interdisciplinary field of Al has historically been characterized by two distinct research
paradigms since its inception. The first, a bottom-up strategy, focuses on modeling the
elemental constituents that form the foundation of human intelligence. This approach
primarily studies neurons and neural networks, aiming to create intelligence as an emergent

property from these basic elements.

On the other hand, the 'clean' top-down approach is concerned with modeling cognitive
processes at a high level. This strategy endeavors to construct intelligence through deliberate
and structured design, mimicking the cognitive functions observed in humans (Dushkin and
Stepankov, 2021). Given that the concept of intelligence is largely anthropocentric, deriving
from observations of natural human intelligence, the application of bionic principles to
cognitive architectures is not only fitting but, in many respects, inevitable. By emulating the
processes and structures found in biological systems, Al development can achieve more
authentic and effective cognitive architectures, aligning closer to human intelligence (Reed et
al., 2022).

Dushkin and Stepankov have highlighted several key approaches of living intelligent agents
that are highly relevant for the development of cognitive architectures. These include
multisensory integration, feedback mechanisms from decision-making subsystems to sensors
for perception prediction, personal memory of a cognitive agent, goal setting, and internal

conflict resolution. Building on earlier architectures that emphasized the importance of
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pattern recognition and prediction, and utilizing various machine learning types while
mirroring the human cortex's cortical columns, they propose a general scheme for cognitive
architectures. This scheme integrates multisensory inputs, a proactive management system
that mediates between long-term memory and current input, and a reactive management
subsystem responsible for determining the necessity for immediate or managed responses.
Additionally, an outcome acceptor is proposed to handle executive mechanisms (Dushkin and
Stepankov, 2021).

DreamCoder, an Al system drawing inspiration from the Helmholtz machine — itself based on
human learning during sleep — represents another innovative bionic approach. This system
is focused on problem-solving and the development of generalizable, interpretable
knowledge, characteristics intrinsic to intelligent agents (Ellis et al., 2023).

DreamCoder autonomously enhances its ability to write improved programs and search for
them more efficiently by simultaneously expanding explicit declarative knowledge and implicit
procedural knowledge. This process occurs through a bootstrapping approach, constructing
libraries for basic operations and learning languages in multilayered hierarchies of abstraction.
Each layer of this hierarchy is remarkably built from symbolic code defined by earlier code
layers, making the system's representations interpretable and explainable by humans.
Meta-learning approaches are garnering significant attention in the field of Al, as they are
crucial for equipping intelligent agents with the capabilities necessary for survival and
autonomy. Recent studies in meta-reinforcement learning have developed methods that
enable agents to discover learning rules without an explicit value function (Matsuo et al.,
2022). This development is a major step forward in the design of intelligent agents, but it also
introduces challenges. It highlights the importance of instilling foundational principles, such
as curiosity, in artificial agents from the outset.

In a notable achievement, DreamCoder successfully rediscovered the fundamentals of
modern functional programming, vector algebra, and classical physics, including Newton's and
Coulomb's laws (Ellis et al., 2023)

Kumar, in his paper, discusses key concepts for artificial general intelligence, introducing an
innovative concept for polymorphic intelligence and complex adaptive systems based on the
collective operations of intelligent agents. This approach draws heavily on biological principles

(Kumar, 2023).
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Polymorphic intelligence, a critical feature of artificial general intelligence, refers to the ability
to dynamically adjust cognitive structures to environmental demands through real-time
algorithmic modifications enabled by meta-learning and modular neural architectures (Kumar,
2023).

Complex adaptive systems in Al are characterized by intricate algorithmic interactions and
feedback loops, facilitated through interconnected neural networks and ensemble learning
techniques. These systems adapt based on feedback, allowing for sophisticated, responsive
behaviors (Kumar, 2023).

Collective operations are a cornerstone of intelligent architectures, involving the orchestration
of coordinated functions using swarm intelligence algorithms and consensus mechanisms like
Byzantine fault tolerance. This unifies heterogeneous systems for focused execution of tasks
(Kumar, 2023).

Among the various modules often proposed in system architectures for autonomous
intelligence, such as perception, configurator, short-term memory, actor, cost, and world
model modules, the world model module stands out as the most complex. Its conception and
implementation pose significant challenges due to its intricate nature (LeCun, 2022).

The ability to survive and move freely within our perceived reality relies on the selective
dynamics of constructed interrelationships between actors and factors, forming a mental
world model that reasonably aligns with potential interactions and experiences in an external
reality. This brings up an intriguing question: can an entire system be computably represented
in its entirety by a fractal representation of a partial constituent?

Jay Wright Forrester, recognized as the father of system dynamics, succinctly stated, "The
image of the world around us, which we carry in our head, is just a model. [...] We have
selected only certain concepts and relationships between them, and use those to represent the
real system" (Forrester, 1971).

Yann LeCun offers a more nuanced perspective, suggesting that animals and humans are
equipped with a 'world model engine.' This engine dynamically configures tasks at hand,
allowing for a single, configurable model to share knowledge about how the world works
across different tasks. This facilitates reasoning by analogy, applying configurations from one
task to another (LeCun, 2022).

Focusing on the cost module, which closely relates to motivation and emotion in living

intelligent agents, LeCun describes it as measuring the agent's 'discomfort' in the form of a
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scalar quantity termed 'energy.' This module comprises two sub-modules: the intrinsic cost,
which is hard-wired to measure instantaneous discomfort (akin to pain and pleasure), and the
trainable critic, which predicts future intrinsic energy levels. The intrinsic cost module helps
develop self-sustaining behavior and influences the nature of an agent's behavior by
motivating certain actions. Meanwhile, the trainable critic module is responsible for
estimating future energy costs, enabling the agent to endure short-term energy expenditure
for long-term gains, thus completing larger tasks (LeCun, 2022). This module plays a crucial
role not only in aligning virtual intelligent agents with human objectives but also in robotics,
where proactive behavior is encouraged through movement rewards. Movement is one of
many manifestations that foster proactive interaction and manipulation of the environment,
with curiosity—encompassing learning, exploring, and playing—being a key element in the
design of natural intelligent systems.

The principle of energy minimization, fundamental to natural sciences and particularly
prominent in chemistry, serves as a driving logic in thermodynamics and kinetics. This concept
is exemplified in medicinal chemistry, where reducing a ligand's entropy and enthalpy in
relation to its binding to a target receptor enhances selectivity and affinity.

A promising approach that offers practical benefits in the advancement of intelligent agents,
while reducing the need for computationally intensive training on whole datasets, is
demonstrated by Ha and Schmidhuber. They developed an agent capable of training entirely
within its own hallucinated dream, generated by its world model. The agent successfully
transfers the learned policy back into the actual environment (Ha and Schmidhuber, 2018).
This approach not only boosts the efficiency of intelligent model development but also
provides insights into whether systems can be computed by inherent fractions.

Current challenges in the development of intelligence architectures include addressing
commonsense knowledge problems, such as folk psychology, theory of mind, abductive
reasoning, and naive physics. These challenges stem from difficulties in establishing functional
reasoning and world model-building capabilities (Chowdhury et al., 2023, DeLong et al., 2023,
Hammond et al., 2023, Hao et al., 2023, Hu, 2023, Montes et al., 2023, Ping et al., 2023,
Sridharan and Mota, 2023, Wlodek, 2022, Wu et al., 2023e, McCarthy, 2022, Shanahan et al.,
2020, Zhu et al., 2020c, Friston et al., 2021, Karlsson et al., 2023, Kim et al., 2020, Matsuo et
al., 2022, Seo et al., 2023, Zhang et al., 2021b).
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The author envisions the future development of autonomous agents possessing sophisticated
intelligence architectures, extensively trained in fields such as mathematics, computer
science, and natural sciences, particularly molecular biology. From this foundation, self-
directed optimization and evolution of algorithms, models, and frameworks are expected to
yield emergent properties and capabilities. This advancement will significantly increase
computational efficiency and lay the groundwork for comprehensive computability in biology,

enabling exhaustive design and control over living systems.

2.3.2.2.3.2.4 (LLM-based) Autonomous and Interactive Agents

One of the most engaging topics in the current Al boom is the programming and development
of autonomous agents. Such agent is defined as 'a system situated within and part of an
environment that senses that environment and acts on it, over time, in pursuit of its own
agenda and so as to effect what it senses in the future' (Franklin and Graesser, 1996).

This definition encompasses a wide array of agents, including biological, robotic, and
computational agents. Computational agents can be subdivided into software agents and
artificial life agents, with functionalities ranging from task-specific applications to
entertainment (Franklin, 1997). Autonomous agents are deemed crucial for achieving artificial
general intelligence, expected to perform tasks through self-directed planning and actions
(Wang et al., 2023e), as well as self-adaption (Nascimento et al., 2023).

Utilizing extensive training datasets and a significant number of model parameters, LLMs are
increasingly being employed as central controllers within autonomous agent architectures.
Consequently, a variety of LLM-based autonomous agents have emerged, which can be
broadly categorized as general agents, tool agents, simulation agents, embodied agents, game
agents, web agents, and assistant agents. The architectural design of these LLM-based
autonomous agents is analogous to determining network structure in traditional machine
learning, while the acquisition of agent capabilities resembles the learning of network
parameters (Wang et al., 2023e).

Autonomous agents are poised to be at the forefront of the upcoming revolution in robotics
and polymorphic applications, acting as the driving force behind large-scale automation.

These agents, in themselves, are increasingly designed with complex architectures. Inspiration
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for these designs is drawn from models of human consciousness, such as the influential
workspace theory model, and traditional computer architecture principles (Hayes-Roth,
1991). Workspace theory conceptualizes human cognition as a collaboration of numerous
small, mostly unconscious, special-purpose processes. In this model, coalitions of these
processes gain access to the 'consciousness' or global workspace by surpassing certain
thresholds. Once in the global workspace, their messages are broadcast to all unconscious
processors, mobilizing additional relevant processors to address new situations or problems
(Franklin and Graesser, 1999). This framework suggests that agents can recruit other agents
or collaborate in cohorts, a concept increasingly reflected in the design of rational agent
architectures.

The design and function of agent systems can be approached from both implementation-
oriented and intentional, social perspectives. The latter views them more as organizational
structures, drawing inspiration from organizational design theories (Kolp et al., 2006).
Moreover, the development of artificial intelligence in silico is expected to provide valuable
insights into the human brain. Conversely, the rapidly evolving field of cerebral organoids —
lab-grown brain tissues — is not only deepening our understanding of complex biological
neurological structures but also inspiring the design of artificial intelligence architectures (Li
et al., 2022).

And while there is a broad spectrum of intelligence architecture concepts, a typical current
architecture design for LLM-based autonomous agents consists of four modules, the profile
module, the memory module, the planning module, and the action module.

The profiling module, where basic information about the agent is written to influence the
LLMs behavior by means of prompt adaptation. There are several strategies to generating this

module, from handcrafting to LLM-generation or dataset alignment (Wang et al., 2023e).

The second important module is concerned with memory, where perceived information is
stored from the environment, leveraging them to facilitate future actions. Due to it being
essential for the agent to accumulate experiences and self-evolve, while behaving more
consistent, reasonable and effective, the architecture for memory sees a steady rise in
complexity and displays a multitude of differing realizations like unified or hybrid memory,
which draws heavily from cognitive sciences and especially from human memory processes,

with the functionalization of short and long-term memory being prominent (Wang et al.,
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2023e). There are not only different concepts regarding the memory structure in use yet also
various memory formats like natural languages, embeddings, databases, and structured lists.
The memory operations in LLM-based autonomous agents, particularly in how they process
and represent information, are a source of fascinating insights. An example is a custom
instructions prompt found in a Reddit subforum, suggesting the creation of a language
understandable by Al but not humans, to condense phraseology while retaining all details
(Custom Instructions Prompt, 2023). This example underscores the potential developments in
information representation, language, and communication that intelligent architectures could
create. These systems, capable of discerning patterns and associations from extensive
datasets and analyzing them through operations like principal component analysis, are likely
to develop infospheres and strategies that diverge significantly from human intuition.

The main memory operations in these systems are categorized into reading, writing, and
reflecting. The latter, reflecting, is particularly intriguing, as the logic behind storing and
structuring information in low-level memories can vyield high-level insights (Wang et al.,
2023e).

The Planning Module is central to deconstructing complex tasks into simpler subtasks for
individual resolution. Approaches vary, primarily in terms of whether the agent is receptive to
feedback during planning. One successful method involves single-path reasoning, particularly
the chain-of-thought approach, which includes reasoning steps within the prompt to break
down the final task into intermediate steps. These reasoning steps can be executed in a one-
shot or recursive manner (Wang et al., 2023e).

Additionally, there are numerous multi-path reasoning approaches. Tree of Thoughts models,
which generate plans through tree-like reasoning structures, are gaining popularity. In this
approach, each node represents a reasoning step, and the selection of nodes is based on the
LLM's evaluation, following either a breadth-first or depth-first strategy (Wang et al., 2023e).
The approach of planning with feedback in LLM-based autonomous agents is significantly
more powerful and capable of solving complex, real-world tasks compared to more
straightforward and simple planning methods. This approach, akin to human iterative strategy
revision based on external feedback, not only offers insights into task conception and strategy
development but also enables agents to adapt to changing circumstances during execution.
Feedback is typically obtained from the environment, humans, or the model itself (Wang et

al., 2023e).
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A notable example is the Chain of Hindsight method, which improves the model's outputs by
presenting it with past outputs annotated with human feedback. This has been effective in
conditioning the agent to align with human values (Liu et al., 2023a).

The Action Module, responsible for translating the agent's decisions into specific outcomes,
encompasses four aspects: action goal, action production, action space, and action impact.
The agent can pursue various objectives, such as task completion, communication, or
environmental exploration. These high-level distinctions often represent diverse underlying
model concepts (Wang et al., 2023e).

There are two common strategies for action production: memory recollection and plan
following. In memory recollection, the agent generates actions by extracting information from
its memory relevant to the current task. In plan following, the agent adheres to a
preformulated plan unless signals of plan failure are detected (Wang et al., 2023e). The action
space is fundamentally divided between leveraging internal knowledge—guided by planning,
conversation, and common-sense understanding capabilities—and external tools. These
external tools might include leveraging external APIs like the LLM-powered chemistry engine
ChemCrow, which utilizes multiple expert-designed tools for chemistry (Bran et al., 2023), as
well as data- and knowledgebases or models (Wang et al., 2023e).

The Action Impact Module in LLM-based autonomous agents can lead to various outcomes,
including changes in the environment, alterations in internal states, or the initiation of new
actions (Wang et al., 2023e). This overview presents a general architecture that serves as the
'hardware' of an intelligent system, designed to accomplish specific tasks. However, akin to
the need for software resources, agents may require task-specific skills and experiences that
they initially lack. Therefore, agent capability acquisition is essential for creating versatile
intelligent entities.

Agents can be fine-tuned using human-annotated datasets, LLM-generated datasets, or real-
world datasets, equipping them with the necessary specialized resources (Wang et al., 2023e).
In traditional machine learning, models acquire capabilities by learning from datasets, with
knowledge encoded in the model parameters. The era of LLMs introduced new methods like
fine-tuning model parameters and prompt engineering. The current era of agent development
also offers the possibility of designing evolution mechanisms through 'mechanism
engineering.' This broad concept encompasses the introduction of specialized modules, novel

working rules, and other strategies to enhance agent capabilities (Wang et al., 2023e).
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The use of human language as an operating logic in LLM-based agents opens a vast array of
possibilities for fine-tuning and modeling. The abundant availability of language data,
combined with its versatility, descriptive power, and inherent ambiguity, can be effectively
harnessed in these agents.

To illustrate the application of mechanism engineering, several examples will be presented.
These examples showcase innovative approaches to enhancing LLM-based agents beyond
traditional fine-tuning and prompt engineering methods.

In the field of autonomous agent development, a variety of sophisticated strategies are being
employed to enhance their capabilities. One such method is crowd-sourcing, where different
agents each propose a solution to a specific question. If their responses vary, each agent then
incorporates the solutions of the others to iteratively update their response. Another strategy
is experience-accumulation, where the agent creates a skill library by storing necessary
actions for solving specific tasks. This library is accessible for similar future tasks, with skills
continually refined based on environmental feedback and the agent's self-assessment.
Self-driven evolution is another intriguing approach. In this method, agents set their own
goals, gradually improving their capabilities through environmental exploration and feedback
from a reward function (Wang et al., 2023e).

The implementation of curiosity in this context can introduce random yet meaningful
behavior, similar to human unsupervised learning, facilitating a more natural learning process

(Franklin, 1997).

To address the limitations of current supervised and reinforcement learning methods, which
are prevalent in real-world applications but relatively inefficient compared to human learning,
researchers are investigating latent variable energy-based models. These models are
particularly promising for dealing with high-dimensional real-world data. Unlike current
probabilistic models, they focus on learning the underlying data distribution, thereby fostering
an understanding of data causation. This advancement is pivotal for the development of
virtual and physical autonomous agents that need to grasp ‘common-sense' and 'folk
psychology'—essential components for exhibiting human-like intelligence in the next

generation of agents (Dawid and LeCun, 2023).
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LLMs have significantly lowered the barrier to writing software scripts, leading to a surge in
the creation of applications, algorithms, and models. A notable example is the open-source
software ChatDev, a virtual chat-powered software technology company. ChatDev follows the
waterfall model, segmenting the software generation process into designing, coding, testing,
and documenting phases. In each phase, multiple agents with different roles are recruited,
and tasks are broken down into atomic subtasks. Here, two agents engage in context-aware,
multi-turn discussions to propose and validate solutions. ChatDev has showcased remarkable
efficiency and cost-effectiveness (Qian et al., 2023).

MetaGPT represents another innovative framework, introducing a meta-programming
approach to LLM-based multi-agent collaboration. It incorporates standardized operating
procedures into prompts to facilitate structured coordination. This system adopts an assembly
line paradigm, where an anchor agent assigns diverse roles to various agents, effectively
deconstructing complex multi-agent collaborative problems (Hong et al., 2023).

The open-source framework agents is designed to enable non-specialists to deploy advanced
autonomous language agents with minimal coding. It offers an extensive library and promises
features like long-short term memory and symbolic control. This framework encompasses
agents, standard operating procedures, and environment as its major classes (Zhou et al.,
2023). Similarly, Camel's role-playing framework provides a scalable method for studying
cooperative behaviors and capabilities in multi-agent systems (Li et al., 2023a).

Open-source platforms like AgentSims (Lin et al., 2023a) and Gentopia (Xu et al., 2023a) are
being developed to create, evaluate, and share general autonomous agents. While AgentSims
serves a broader purpose, Gentopia specifically focuses on tool usage as a central feature for
real-world applicability. These platforms aim to improve flexible customization, collaborative
democratization, and holistic evaluation.

Virtual worlds provide ideal environments for testing autonomous agents, with human players
often serving as benchmarks. One such environment is the popular game Minecraft, which
has been utilized for this purpose. A significant development in this realm is Voyager, an open-
ended embodied agent equipped with large language models. Designed for autonomous and
continuous exploration, skill acquisition, and discovery, Voyager is built on three key
components: an automatic curriculum for maximizing exploration, a skill-library of executable
code for complex behaviors, and an iterative prompting mechanism. This mechanism

incorporates execution errors, environment feedback, and self-verification for program
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improvement. Notably, it includes a ChatGPT 4 powered agent acting as a flexible 'devil's
advocate' (Wang et al., 2023a).

ConAG, a reusable framework for conscious software agents, currently in use by the US Navy,
is based on workspace theory and the action selection paradigm. It features an attention
manager module that gathers information and updates memory, broadcasting to various
modules such as behaviors, consciousness, emotions, learning, metacognition, and
perception. These modules are organized in a complex hierarchical blackboard architecture.
The consciousness module further manages sub-modules like focus GUI and error handling,
which, in turn, engage other modules. While ConAG presents an inspirational architecture, its
actual code remains proprietary (Bogner et al., 2023).

AgentVerse, designed to orchestrate a collaborative group of expert agents, has shown
improved efficiency in tasks like text understanding, reasoning, coding, tool utilization, and
embodied Al compared to single-agent setups. Interestingly, it also exhibits emergent
collaborative behaviors specific to its multi-agent configuration (Chen et al., 2023d).

In late September of this year, the open-source network OpenBMB released XAgent, an open-
source platform for building complex task-solving autonomous agents. XAgent trained a
cutting-edge BERT model using the IMDB dataset, leveraging deep learning to analyze movie
reviews and assess public sentiment about specific films (XAgent, 2023).

The capability of autonomous agents to communicate viag natural language interfaces, or other
symbolic languages, paves the way for the formation of 'societies of minds." These
frameworks, which are anticipated to exhibit emergent intelligence through communicating
and cooperating computational modules, can interact with independent neural network-
based specialists. Consequently, autonomous agents have the potential to self-organize into
complex societal structures. With an increasing number of autonomous agents, particularly
those designed for generative and recruitment functions, entering the virtual domain, it is
foreseeable that soon billions of agents, including humans, will form a heterogeneous society
of minds (Zhuge et al., 2023). The advent of autonomous agents participating in a global
'infosphere' presents a myriad of intriguing ideas and questions. Among these, the
computation of problems via 'mindstorms' of globally distributed actors stands out. This leads
to broader considerations about how problems, hierarchies, and organizational structures
within the infosphere will be defined and perceived. Key questions arise: What forms of

hierarchy will develop? How will actors be able to 'poach' autonomous agents? How will the
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concept of open-ended evolution be implemented, particularly in a manner that aligns with
human needs and functionalities?

In light of these considerations, there is a growing argument that attention should shift more
towards the agents themselves, rather than focusing solely on human-centered alignment.
This perspective advocates for the establishment of 'agent social sciences,' a field dedicated
to understanding the social dynamics and behaviors of autonomous agents within these

complex systems (Bai et al., 2023a).

In January 2024, a significant step towards the widespread distribution of autonomous agents
was observed with OpenAl's launch of the ChatGPT store. This platform enabled users to
create custom versions of GPTs, which were minimally fine-tuned versions of ChatGPT, and
make them available for wider use (ChatGPTs Store, 2024). Accompanying this development,
numerous commercial products, initially starting as ChatGPT plugins, entered the market.
These products, such as ScholarAl, a scientific research assistant, are designed as conventional

application interfaces with ChatGPT integrated as a core component (ScholarAl, 2024).

2.3.2.2.3.3 Polymorphic Applications and Mission-driven programming

A significant advancement in Al is the emergence of polymorphic applications capable of
improving upon their own architecture. These applications integrate agents that operate using
various evolutionary techniques and methods already established in the field of artificial
intelligence, such as Particle Swarm Optimization and Genetic Algorithms. The progression in
this area is leading towards these systems writing novel, self-improving algorithms. However,
this raises concerns about ensuring that such models align with anthropocentric needs and
values.

Following this, an overview is presented of new paradigms driving the development of more
intelligent, robust, and adaptable software systems.

The completion of the writing phase coincided with the introduction of MemGPT, a
groundbreaking development in Al architecture. MemGPT features an operating system-
inspired hierarchical structure, using external and main context analogously to RAM and hard
disk memory. This design, combined with an event-based control flow, enables MemGPT to

manage unbounded context within finite context windows. While successfully demonstrating
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the potential of LLMs as interfaces for operating systems and applications, the creators of
MemGPT also highlighted its value as a polymorphic application. The title of their publication,

"Towards LLMs as Operating Systems," aptly encapsulates this vision (Packer et al., 2023).

January 2024 marked the debut of Rabbit R1, the first manifestation of what may be a series
of polymorphic operating systems using LLMs as interfaces. The Rabbit R1 is a handheld
portable device, operable via vocal interaction, designed to be a more intuitive alternative to
smartphones. Leveraging a large action model, it automatically fulfills tasks, representing an
early example of the widespread adoption of omnipresent personal assistants and the all-
pervasiveness of LLM-enabled edge computing interfaces. The Rabbit R1's popularity and
rapid sell-out after its unveiling at CES 2024 highlight the growing demand for such innovative
Al-powered devices (Rabbit R1, 2023).

The open-source project Openinterpreter, which released its second version in January 2024,
serves as a compelling example of the evolving landscape in human-computer interaction.
Running locally, Openlinterpreter symbolizes a significant step towards natural language
interfaces becoming the next generation of human-computer interaction. This advancement
underscores a pivotal shift in the nature of computing, particularly towards heterogeneous
and specialized computing architectures and landscapes. Openlinterpreter's development and
release illustrate the potential for more intuitive and seamless interfaces in computing

(Openlnterpreter, 2024).

2.3.2.2.3.3.1 Mission-oriented Programming

transitioning from procedural to object-oriented programming. Now, with the advent of
machine and deep learning technologies, another paradigm shift is emerging: the transition
from object-oriented to mission-oriented programming. This new paradigm is poised to
revolutionize the conception and development of software applications.

An example of polymorphic computing architectures that align with this new paradigm is the
Gingko framework. Gingko is a modern C++ math library designed for scientific high-

performance computing. It specializes in sparse linear algebra, particularly for graphics
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processing units. However, its library design is such that it can be readily extended to other
algorithms and hardware architectures. This flexibility is achieved by separating core
algorithms from architecture-specific backends, making Gingko a versatile tool in the realm of

high-performance computing (Anzt et al., 2022).

The concept of polymorphic computing architectures as autonomous agential frameworks is
gaining clarity, as evidenced by statements from industry leaders. Microsoft CEO Satya Nadella
highlighted this trend, stating that their operating system and applications are increasingly
adopting the form of interfaces using natural language, backed by a reasoning engine. He also
predicted a 10% increase in GDP, attributing this growth partly to the ease of application

development in the future (Microsoft Inspire 2023 Keynote Speech, 2023).

2.3.2.2.3.3.2 Service Providing and polymorphic agential networks

The evolving direction of our economy can be exemplified by Amazon.com Inc., a dominant
player in online retail and cloud computing. In July 2023, Amazon announced that it would
not only employ a variety of generative models for powering its customer service and possibly
its logistic administration but also provide access to these models for wider applications. This
move is expected to facilitate the adoption of such technologies across various industries,
including chatbots, virtual assistants, and content generation (Wes Roth - Al News, 2023).

Andreessen Horowitz, a renowned tech investor, has expressed a firm belief that Al will
revolutionize personal finance management through consumer robot process automation.
They foresee financial platforms actively managing user accounts, including bank accounts,
investment portfolios, loans, and credit cards, on behalf of the user, indicating a significant

shift in how financial services operate (Wes Roth - Al News, 2023).

The creation of applications based on Large Language Models (LLMs) has seen a significant
uptick, thanks in part to the open-source Python package LangChain. LangChain has facilitated
the rapid and easy development of prototypes. Following this, LangSmith was introduced as
a unified platform for debugging, testing, evaluating, and monitoring LLM applications.

LangSmith has fundamentally lowered the barrier for advancing prototypes to the production
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stage. This is particularly notable in sectors demanding high accuracy, personalization, and
security, such as financial products. LangSmith exemplifies how LLMs are swiftly being
adopted across various sectors, offering a low entry barrier for diverse applications
(LangSmith, 2023).

These developments suggest a trend towards increasingly heterogeneous yet interconnected
polymorphic agential networks, operating on behalf of various clients within a global

infosphere.

2.3.2.2.3.5 Robotics and Autonomous Devices

Highlighting the rapid progression in the field of artificial intelligence, Google Deepmind's
Robotic Transformer 2 (RT-2) stands out as a remarkable example. RT-2 is a vision-language-
action (VLA) model capable of learning from both web and robotics data, translating this
knowledge into generalized instructions for robotic control. The introduction of RT-2 followed
shortly after Deepmind's Gato, showcasing the incredible pace of advancements in Al. Trained
on web-scale datasets, RT-2 is proficient in recognizing visual and various language patterns,
representing a significant leap in the capabilities of autonomous robotic systems.

RT-2 demonstrates remarkable generalization capabilities, with enhanced semantic and visual
understanding that extends beyond the robotic data it was initially exposed to. The model can
interpret novel commands and respond to user instructions by performing rudimentary
reasoning tasks. This includes reasoning about high-level descriptions or object categories,
and the model integrates chain-of-thought reasoning, allowing it to deduce, for instance,
suitable objects for improvised tools or appropriate beverages based on specific scenarios. RT-
2's ability to consider an object like a rock as an improvised hammer or choose an energy drink
for a tired person illustrates its advanced multi-stage semantic reasoning. The model is
envisioned as the software driving a general-purpose physical robot, capable of reasoning,
problem-solving, and interpreting information to execute a wide array of complex real-world
tasks (Deepmind's RT-2, 2023).

By autumn, the collaborative efforts of 21 institutions globally culminated in the development
of an open, large-scale dataset for robot learning. This dataset is instrumental in enabling the

learning of generalized robot policies applicable across diverse behaviors, robot
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embodiments, and environments. It marks a significant step towards the realization of
autonomous generalist robots (Abhishek Padalkar 6 et al., 2023).

Furthermore, NVIDIA together with Stanford University presented a highly significant model
with MetaMorph, a Transformer based approach to learn a universal controller over a modular
robot design space, introducing combinatorial generalization capabilities by treating robot
morphology as just another modality on which the output can be conditioned (Gupta et al.,
2022).

Robots and autonomous devices are poised to permeate various aspects of human society
more extensively. These entities, in forms ranging from humanoids and vehicles to animal-like
entities and even integral parts of buildings, are set to infiltrate terrestrial domains and space.
Their presence in robotic process automation, whether as swarms or single entities, signals
their imminent role as a key sector in general automation (Matthews and Greenspan, 2020).
Advancements in the interconnectedness of devices, the Internet of Things (loT), and wireless
sensors, coupled with progress in artificial intelligence, blockchain technology, and robotic
engineering, are driving the development and establishment of physical autonomous entities.
These advancements are contributing to a growing presence of autonomous systems in
various sectors (Haseeb et al.,, 2023, Thangavel et al., 2023, Biswas and Wang, 2023).
Improvements in safe learning are particularly promising for the increased use of robots in
proximity to humans (Brunke et al., 2022), and it's becoming evident that the widespread

introduction of humanoid robots is on the horizon (Humanoid robots, 2023).

Autonomous driving and intelligent vehicles represent a significant market, driven by the
convenience, safety, and economic benefits they promise. The interest and research efforts in
this area are escalating rapidly (Chen et al., 2023a). However, challenges remain, particularly
regarding privacy and security vulnerabilities in network-based systems like autonomous
vehicles (Bendiab et al., 2023). Furthermore, the high safety standards required for urban
deployment, coupled with the need to process and categorize vast amounts of data, are major
hurdles in establishing trustworthiness in autonomous systems (Sifakis and Harel, 2023).

Specific fields and applications are witnessing early adoption of autonomous systems, such as
satellites, logistics, agriculture, construction, mining, military, and industrial production. These

sectors benefit from either reduced data complexity, lower security risks, or significant
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efficiency gains (Deng et al., 2023a, Groll et al., 2019, Ha et al., 2019, Thangavel et al., 2023,
Biswas and Wang, 2023, Marinoudi et al., 2019).

Robotic autonomous systems for earthmoving activities, for example, are leading practical
applications of advancements in frontier engineering sciences. Their significant value for
large-scale operations in construction, mining, and military applications has garnered
considerable attention (Groll et al., 2019, Ha et al., 2019, Kim and Chi, 2019).

Urban environments present particularly challenging conditions for autonomous systems due
to the intense variety of data and interactions, as well as the high density of human
population. However, these environments also offer significant potential for efficiency
improvements, wealth generation, and enhanced living conditions. The concept of
transforming entire cities into distributed robots has been proposed, reflecting the immense
scope of potential applications in urban settings (Jacob, 2015). Recent developments include
the commencement of autonomous vehicle services in San Francisco and the announcement
of drone delivery networks handling millions of deliveries by mid-2024, offering cost-effective
alternatives to ground transportation (Wing Drones, 2023, Autonomous Taxis, 2023). Research
is ongoing in areas such as collaborative fleet maneuvering to support these initiatives (Wang
et al., 2023d).

In the realm of surveillance and governance, the application of robotics and automation is a
sensitive issue (Macrorie et al., 2021). China is at the forefront of this, pushing the boundaries
of surveillance technologies (Surveillance, 2023).

Additionally, there is a growing body of research and implementation of robots for educational
purposes (Anwar et al., 2019), as well as in social and medical care (Macrorie et al., 2021).
The development and release of humanoid robots are on the rise, with an increasing number
of companies investing in this area (Humanoids, 2023). Household service robots, in
comparison to their industrial counterparts, face a broader range of challenges. Their roles
are inherently multimodal and varied, and besides technical requirements, there are
significant questions regarding their interaction with humans, including the alignment with
culture-specific normative behaviors (Lee, 2021, Li et al., 2019, Zhong et al., 2021, Dorigo et
al., 2020).

Swarm robotics, a field drawing significant inspiration from biological systems, is an area of

particular interest due to its versatility, wide-ranging applications, and anticipated future
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importance. Demonstrating self-organization through stigmergic and local interactions, swarm
robotics is a clear manifestation of swarm intelligence observed in nature (Dorigo et al., 2020).
The field of swarm robotics holds particular interest in the context of this work, not only
because of its versatility, far-reaching applications, and future importance, but also due to its
biological parallels. Analogous to the way a biological cell is represented by an agent in the
virtual realm and serves as a functional unit in robotics, the concept of the swarm finds
representation in both biological systems and collaborative agential frameworks in virtual
reality. This parallelism highlights the emergence of holobiontic systems, characterized by
their interconnected and decentralized organization, forming dynamically fragmented entities
that act as collaborative components of a superorganism (Floreano and Lipson, 2021, Dorigo
et al., 2021, Kolp et al., 2006, Schader and Luke, 2021). Designing and implementing effective
robot swarms is recognized as one of the greatest challenges and most promising research
areas in current robotics (Dorigo et al., 2021). Advances in soft robotics and the increasing
deployment of drones have led to predictions of imminent widespread use of drone swarms
in sectors such as agriculture, maintenance, and military reconnaissance. This is expected to
be followed by maritime and deep-sea deployments for ecological monitoring and
exploration. Within a decade, the urban deployment of pet- or insect-like robot swarms is
anticipated, enhancing capabilities in local environments. Moreover, the first space
exploration missions on the Moon and Mars are projected to include miniature rover swarms,
significantly expanding the scope of exploration. Looking forward, it is estimated that within
two decades, millimeter- and microscopic-scale soft-bodied robot swarms will be employed
in agricultural fields for pest control, in aguatic environments for microplastics collection, and
in clinical trials for targeted drug delivery in humans (Dorigo et al., 2020).

Recent developments in robotics have led to the creation of ultrafast transfer bionic vehicles.
These vehicles are designed to reach interstellar space in less than six years, marking a
significant milestone in space exploration technology (Karlapp et al., 2023).

Additionally, teleoperated humanoid robots are showing a wide range of potential
applications, from space missions to telenursing, with the theoretical foundations already
established (Darvish et al., 2023). In the agricultural sector, the application of robotics is
making substantial progress. Various types of robots are performing diverse tasks, including

fieldwork, husbandry, fruit picking, and crayfish processing (Cheng et al., 2023b). This
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advancement continues a trend that began in the early 2000s when fully automated systems
for agriculture, from seeding to harvest, were first designed.

The healthcare sector is also benefiting from robotic technologies, with applications in
logistics, social care, and functional prosthetics being actively researched (Kyrarini et al.,
2021).

In terms of industrial applications, the annual installation of robots has seen a dramatic
increase. From 2016 to 2021, the number of newly installed units doubled, reaching over half
a million in 2021. China leads this growth, accounting for about half of these installations, and
is currently ranked fifth globally in terms of robot worker density in the manufacturing
industry (Robot Installation, 2023, Robot Density, 2023). The automotive industry remains the
largest employer of robotic labor (Cheng et al., 2019).

Furthermore, robotics and automation are increasingly being recognized as key drivers
towards sustainable technology development. This has led to a growing interest in sustainable
material approaches for electronic devices and robots, reflecting a shift towards
environmental consciousness in the field (Hartmann et al., 2021).

The field of robotics is currently experiencing significant advancements in the fabrication of
soft materials. Notably, magnetic soft materials have been successfully 3D printed, utilizing
techniques based on light or extrusion with magnetization patterning or programming.
Additionally, micromolding and microassembly methods have contributed to these
developments. This progress has led to the creation of a diverse array of magnetic
manipulation platforms, catalyzing the development of small-scale untethered soft robots.
These robots are capable of various forms of propulsion and can engage in active origami and
metamaterials, which have applications in unconventional soft robotics. Moreover, these
advancements extend beyond robotics. They include the creation of acoustic metastructures
with tunable bandgaps, programmable and reconfigurable surfaces, and soft and flexible
electronic devices. One of the most notable areas of application for these soft materials is in
the medical field, particularly for targeted drug delivery and minimally invasive procedures.
This demonstrates the wide-reaching implications and potential of these developments in soft
robotics (Kim and Zhao, 2022).

While significant strides have been made in modeling soft robotics, the full potential of real
soft robots, particularly those with unparalleled motor capabilities, is yet to be fully realized

(Della Santina et al., 2023).
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In the realm of biological soft robotics, molecular motors have been leveraged in impressive
proof-of-concept experiments, demonstrating applications across nanometer to centimeter
scales (Feinberg, 2015). Notably, skeletal muscle tissue integrated within a collagen structure
has been engineered in a biohybrid robot, capable of movement in air and manipulating
weights (Morimoto et al., 2020).

The past decade has witnessed a surge in research on biohybrid robotics, with a focus on
microorganism-bots, tissue-based biohybrid robots, and cyborgs. This field is poised for
exponential growth, driven by the integration of novel materials, increased computational
capabilities for modeling biological systems, and advancements in synthetic biology (Webster-
Wood et al., 2023).

Recent innovations in robotics have led to the creation of in vitro biological robots generated
from Xenopus laevis cells. These biological robots demonstrate coordinated locomotion and
self-organization without the need for scaffolds or microprinting. They exhibit emergent group
behavior and possess the remarkable ability to heal themselves, making them a promising
new avenue in the field of robotics (Blackiston et al., 2021). The feasibility of simulating the
combined behavior of soft components with varying material and actuation properties has
opened up new possibilities. This progress, facilitated by evolutionary search methods and
advancements in bioprinting, suggests a future where these biological robots can be designed
and constructed with diverse functionalities.

Given the rapid advancements in machine learning, soft body simulation, bioprinting, the field
of synthetic biology, as well as the ease of expressing novel proteins, synthetic biology
pathways and computational circuits, the potential applications of these biological robots are
extensive. They hold promise as intelligent drug delivery systems or for performing internal
surgeries. When equipped with enzymatic, sensory, and deformation functions, these robots
could be utilized to identify and process toxic or waste products, or even collect specific
compounds of interest. The possibility of equipping them with reproductive organs could
allow for their use at scale in various settings.

In a biomedical context, these robots, created from a patient’s own cells, have the potential
to perform intricate tasks such as removing plaque from arteries (Kriegman et al., 2020,
Kriegman et al.,, 2021). Additionally, advancements have been made in multicellular

engineered living systems, such as biohybrid flagellar swimmers actuated by neuromuscular
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units, further showcasing the versatility and potential of biohybrid robotics (Aydin et al.,
2019).
"Just as the deep principles of physics and thermodynamics apply across scales,
from galaxies to the soft matter of cellular processes, biology is moving from
zoology to unraveling the fundamental laws of life across natural, synthetic, and
exobiological systems. Computer science and robotics can lead the way, with
their early emphasis on functionality and realizability, not material
implementation" (Blackiston, 2023).
Blackiston et al. present a compelling argument that applying the principles of computability
and programmability to biological materials, akin to conventional robotic materials, has the
potential to significantly expand our understanding of life. This approach paves the way for
creating technological machines that leverage biology's vast library of functions and
configurations, opening new frontiers in robotics and biological studies.
In the realm of biomimetics and wave utilization, recent developments have been marked by
the creation of spiral-shaped microrobots. These microrobots are inspired by Spirochete
bacteria and are capable of responding to sound stimuli from outside the body. They mimic
the spiral motion of natural microswimmers, especially in environments characterized by low
Reynolds numbers, demonstrating an innovative approach to propulsion in microrobotic
systems (Deng et al., 2023b).
Another notable advancement is the development of Eureka, an LLM-powered algorithm
designed for human-level reward design in evolutionary optimization. Eureka has been
successfully applied to enable complex skill acquisition through reinforcement learning. A
significant achievement of this technology was enabling a simulated Shadow hand to perform
pen spinning tricks, a task previously unattainable by robotic systems. This represents not only
a milestone in robotics but also a major advancement in addressing difficult, open-ended
search problems (Ma et al., 2023b).
When revisiting the manuscript for proof-reading in January 2024, the previously anticipated
fast progress and swift developments regarding humanoid robots already had been
substantiated by a staccato of autonomous robots showcasing quite remarkable capabilities
and feats like zero-shot abilities in real-life scenarios, giving credence to the imminent advent
of wide-spread robot employment. Furthermore, Google's Deepmind together with Stanford

University released their code as well as a hardware manual for their impressive and low-cost
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open-source robotic system ALOHA, which will further fuel open-source endeavors and thus

wide-spread distribution of diverse robotic systems (Fu et al., 2024, Tesla- Optimus, 2024).

2.3.2.2.3.6 Sensors

As virtual and augmented reality systems become increasingly accessible, affordable, and
functional, there is great interest in expanding the sensory capabilities of systems taking user
input, as well as in creating sensations for the user.

Various innovative approaches to haptic sensors have been brought forward, as for example
in the form of washable, stretchable, ultrathin triboelectric, skin-like, and self-powered
nanogenerators (Jiang et al., 2021). These soft devices are designed for textile integration and
are capable of providing realistic sensations, biosensing, thermo-haptic feedback, and feel-
through haptics, enhancing the emulation of tactile experiences (Yin et al., 2021). In addition
to improvements in existing touch-based, wearable, and skin-attachable haptic interfaces,
research is advancing in the areas of mid-air and neuro-haptic interfaces. These interfaces aim
to provide contact-free transfer of stimulations and sensations, further enriching the sensory
experience in virtual environments (Yang et al., 2021).

Recent developments in sensory robotics have seen the creation of neuromorphic electronic
nose systems. These systems feature artificial olfactory neurons that mimic the human
olfactory system, including olfactory receptors, glomeruli, mitral cells, and interneurons (Han
et al.,, 2022a). Additionally, novel concepts have merged touch and smell in robotics,
exemplified by tactile-olfactory bionic sensing arrays integrated into mechanical hands. These
hands have demonstrated robust object recognition capabilities in non-visual environments
(Liu et al., 2022a). The evolving complexity in odor sensing and determination is rapidly
improving, opening up numerous possibilities for analytical and medicinal applications

(Jirayupat et al., 2022).
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2.3.2.2.3.7 Engines and Virtual Reality

In the realm of virtual reality, the convergence of learnable game engines and real-world
simulators is on the horizon. Learnable game engines, which are models trained on annotated
videos with conditioning signals (Menapace et al., 2023), and real-world simulators like
UniSim, capable of producing realistic synthetic data through generative modeling (Yang et al.,
2023c), are at the forefront of this development. The integration of these technologies with
movie and audio engines is expected to give rise to a comprehensive virtual reality experience.
This virtual reality, envisioned to be based on anthropocentric sensory functions, appears to
be within close reach, heralding a new era of immersive and interactive virtual environments.
A prime example of recent computational advancements is seen in the field of weather
forecasting. DeepMind's GraphCast, for instance, demonstrates the capability to predict global
weather patterns with a resolution of 0.25° over the next ten days. This advancement
showcases significant progress in handling large datasets and complex interrelations. It hints
at the development of models that can integrate both stochastic and deterministic elements,

a crucial feature necessary for generating realistic virtual worlds (Lam et al., 2023)

2.3.2.2.3.7.1 Game engines

In the realm of game engines, these software products and platforms provide developers with
tools and pre-made solutions for foundational programming tasks in the creation of games
and digitally augmented environments. Their utility, however, extends far beyond the gaming
industry. Game engines are now widely used in architecture, manufacturing, public planning,
film, television, and various fields related to artificial intelligence. They play a pivotal role in
the creation of a virtual metaverse, representing a significant shift in cultural and economic
realms from physical to virtual spaces (Jungherr and Schlarb, 2022). Described as the engine
of twenty-first-century cultural production, game engines are central to this transformation.
Their status as open-source platforms has sparked discussions about business strategies and
potential risks, but their contribution to democratizing game development and empowering

developers is widely acknowledged and praised (Nicoll et al., 2019).
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Unreal Engine, developed by Epic Games, is a renowned 3D computer graphics game engine
and creation tool written in C++. It serves a versatile role, being utilized for building
simulations, editing videos and sound, and rendering animations. This engine, free of cost for
projects generating less than 1 million US dollars in revenue, has been the backbone of many
popular games.

The latest iteration, Unreal Engine 5.2, introduces an array of tools for crafting interactive and
dynamic virtual worlds. One of its notable features is chaos physics, which enhances the
realism of simulations by accurately representing elements such as rocks, bending leaves, and
real-time fluid dynamics. The engine's chaos implementation adeptly simulates intricate
details, such as a vehicle's suspension, the operation of electric motors on each wheel, and
the tire's compression and deformation. Furthermore, Unreal Engine 5.2 boasts advanced
sound resynthesis capabilities, ensuring that vehicle sounds are rendered with precision.

A significant addition in Unreal Engine 5.2 is the Substrate model, which elevates the creation
of materials. This model allows for the composition and layering of materials with various
shading models, resulting in complex, detailed materials featuring adaptive lighting and
shading that dramatically enhance realism.

Unreal Engine 5.2 also introduces an experimental suite of procedural generation tools.
Procedural generation, the process of algorithmically creating data rather than manually, is
refined to be flexible, deterministic, and artist-driven in this release. This feature enables
different procedural elements within a scene to communicate and interact, allowing for
coherent and responsive environmental changes based on object manipulation.

Moreover, Unreal Engine 5.2 provides users with enhanced control over procedural content,
introducing additional customizable user interface elements for manipulating these elements.
The platform's active community plays a vital role, continually exchanging tools and content,
contributing to the robustness and versatility of Unreal Engine (Unreal Engine 5.2, 2023).
Just a day after discussing the Unreal Engine 5.2 demo, which had been released only four
months ago, a preview of Unreal Engine 5.3 was released, marking yet another leap in
technology. This update brought considerable improvements to key features such as Lumen,
the fully dynamic global illumination and reflections system, and Nanite, the virtualized
micropolygon geometry system. These enhancements enable the creation of hyper-realistic
and finely detailed graphics. Additionally, Unreal Engine 5.3 introduced a hierarchical

generation feature, allowing for varied grid sizes within the same procedural content
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generation graph and support for rule processing from external data. These advancements
further enable highly complex and sophisticated interactions within virtual scenes.

A notable application of Unreal Engine was the photogrammetric reconstruction of the
Lofoten, creating a high-fidelity model with 16k texture sets. This task, remarkably completed
in less than a day, utilized various plugins like Ultra Dynamic Sky and Gaia, along with software
like Adobe Lightroom and Photo Mechanic (Unreal Engine 5.3, 2023).

The Lofoten have been photogrammetrically reconstructed as a high-fidelity model with 16k
texture sets in Unreal Engine in less than a day, employing various plugins like Ultra Dynamic
Sky, Gaia and additional software like Adobe Lightroom and Photo Mechanic (Capturing
Lofoten in Unreal Engine 5, 2023).

The integration of Google Maps via APl into Unreal Engine demonstrates the engine's
capability to generate terrain maps within minutes (Unreal Engine 5 - Google Maps API &
Cesium, 2023).

Furthermore, the ease of creating photorealistic animation of real-world people raises
concerns about the potential for misuse, particularly in the creation of deepfakes (High Quality
Face Mocap in Unreal Engine 5, 2023).

The rapid evolution of Al-supported generation of 3D worlds explains the sustained interest
in concepts like Meta's Metaverse and the well-timed introduction of augmented reality
headsets by Apple, signaling the start of society's increasing immersion into virtual reality. This
transition is further evidenced by the emergence of tutorials showing the integration of
ChatGPT into Unreal Engine, demonstrating how the LLM can assist users in implementing
sophisticated tasks like volumetric fog and object creation with text prompts (Unreal Engine -
LLM assistant, 2023) and build engine objects with text prompts (Text To Engine Object, 2023).
While prominent game engines like Unreal Engine and Unity offer free usage for non-
commercial users, there is also a growing interest in completely open-source engines, such as
Godot, which is gaining traction among developers (Godot, 2023).

The applications of game engines extend far beyond gaming, encompassing a wide spectrum
of fields. These engines are invaluable for creating immersive animations in surgical training,
developing the Metaverse, conducting wind energy simulations, producing movie animations,
simulating space exploration, and rendering realistic depictions of Earth, among others. Their
versatility and expansive use in diverse sectors highlight their growing importance in the

technological landscape (El-Wajeh et al., 2022, Jungherr and Schlarb, 2022, Marcano and
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Osborne, 2023, Masood et al., 2023, Menapace et al., 2023, Sergeevna, 2023, Sgrensen et al.,
2022).

2.3.2.2.3.7.2 Movie Engines

Runway Gen2 is an exemplary Al-leveraging video creation software that demonstrates the
potential of Al in the field of video production. It can generate video sequences from text
prompts or visual inputs, including those created by Stable Diffusion XL. The software is user-
friendly and capable of producing impressive effects (Runway Gen2, 2023). Runway Gen2
offers a range of features including real-time style transfer, object removal, background
replacement, and more. It can automate time-intensive tasks such as video stabilization, color
grading, and frame interpolation, significantly enhancing the visual quality of footage.
Additionally, it supports compelling video narrative creation through scene detection, shot
sequencing, and intelligent captioning. The software is compatible with popular video editing
platforms and is designed to facilitate collaboration among creatives (Runway Research,

2023).

A recent development that underscores the near-term challenges and potential dangers
associated with Al-generated content is Fable's release of a fully autonomous episode of the
animated series "South Park" created by its Showrunner Al (Maas, 2023, Showrunner Al,
2023). This Al utilizes a custom Stable Diffusion model for visuals and illustration, and employs
ChatGPT with autonomous agents to handle character development, storyline, editing, and
more. The Al system takes high-level user inputs such as titles, synopses, and major events,
and autonomously creates a complete episode, demonstrating the advanced capabilities of
generative agents in media production (Park et al., 2023).

The field of Al-driven creative industries is witnessing a remarkable surge in development,
with companies ranging from established tech giants to burgeoning startups releasing papers
and models at an unprecedented weekly pace (Singer et al., 2022). This rapid progression in
Al technology is poised to significantly disrupt the film industry and likely lead to a substantial

increase in content creation. The potential ramifications extend beyond the entertainment
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sector, affecting industries such as training video production. Additionally, the proliferation of
deepfakes and related scams is an emerging concern that is likely to escalate.

In the near term, Al is expected to play a crucial assistive and supportive role in creative
industries, streamlining production processes and providing novel sources of inspiration
(Anantrasirichai and Bull, 2022). However, looking further ahead, it is challenging to envision
a scenario where Al does not occupy a central role in creative productions, especially as
computational power continues to grow.

The exponential increase in synthetic media and data also feeds back into the advancement
of deep learning frameworks. The generation of vast quantities of data, a key resource in Al,
enables applications such as congestion detection in public places (Basalamah et al., 2023). A
notable example is Synthesia, a service targeting teams creating training videos at scale. It
claims over 50,000 companies as clients, offering comprehensive solutions for Al video
generation, including avatars, video templates, and support for over 120 languages. Synthesia
promotes the creation of 'professional videos without mics, cameras, or actors,' highlighting
the evolving landscape of digital content production (Synthesia, 2023).

October 2023 marked a significant advancement in Al technology with the publication of 3D-
GPT, showcasing an LLM-based agential framework capable of instruction-driven procedural
3D modeling (Sun et al., 2023).

Following this, in January 2024, TikTok released a comprehensive paper introducing their
innovative model for robust monocular depth estimation, further expanding the capabilities

of Al in image processing (Yang et al., 2024)

2.3.2.2.3.7.3 Image Engines

In the realm of image engines, Stable Diffusion recently unveiled Fabric, a user-interactive
plugin. This tool allows users to provide feedback on images, indicating preferences to refine
future search results, thus enhancing user experience and search accuracy (Stable Diffusion -

Fabric, 2023).

Concurrently, there are ongoing efforts to develop methods capable of detecting forensic

traces left by diffusion models, similar to those used for generative adversarial networks
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(GANSs) (Corvi et al., 2023). With the widespread adoption of Face ID technology and the
prevalent visual presence of individuals on social media, new strategies are being researched

to secure systems by differentiating real faces from Al-generated counterparts (Fang et al.,

2023).

A notable breakthrough in image generalization technology is Perfusion, which facilitates
image generation for personalized concepts with significant variations in appearance, pose,
and context. Remarkably, it achieves this using a compact model of only 100KB per concept,
without compromising the identity of the subject. Perfusion can also combine learned
concepts at inference time, enabling the creation of scenes that portray multiple concepts
side-by-side or even depict interactions between them. This advancement provides a slim and
efficient model, greatly enhancing flexibility in the creative process guided by natural language
(Tewel et al., 2023).

After this work had already been proof-read, Google introduced Lumiere, a text-to-video
generation framework for synthesizing videos portraying realistic, diverse and coherent
motion with a Space-Time U-Net architecture that generates the entire temporal duration of

the video at once (Bar-Tal et al., 2024).

2.3.2.2.3.7.4 Audio Engines

While large-scale generative models have shown proficiency in generating high-fidelity text
and images and solving tasks not explicitly taught, speech generative models still lag behind
in terms of scale and task generalization (Le et al., 2023).

Music generation presents unique challenges, as it requires utilization of the full frequency
spectrum and intricate harmonization. Music's complex structure, involving harmonies and
melodies from various instruments, leaves minimal margin for error; human sensitivity to

disharmony makes this task particularly demanding (Copet et al., 2023).

Meta has made significant strides in this domain with the introduction of MusicGen, a
conditional music generator. This model can be conditioned on textual descriptions or melodic
features, offering greater control over the output. MusicGen operates as a single language,

single-stage model, processing multiple streams of compressed discrete music representation
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as tokens in a unified step. This model represents a substantial leap forward in music
generation, demonstrating high-quality output while reducing the number of autoregressive
time steps through a codebook interleaving strategy. Meta has made MusicGen available as
open-source, contributing significantly to the field (Copet et al., 2023).

Complementing MusicGen, Meta has also developed AudioGen, an autoregressive audio
generation model conditioned on textual or audio prompts (Kreuk et al., 2022). It utilizes
EnCodec for neural audio compression (D'efossez et al., 2022), employing a multi-band
diffusion-based framework capable of generating various audio modalities from low-bitrate
representations (EnCodec Preprint, 2023). Meta offers AudioCraft as an open-source,
comprehensive codebase for audio Al research, positioning it as a state-of-the-art resource in

the audio Al landscape (AudioCraft, 2023).

The field of generative models for music is experiencing rapid growth, with significant
contributions from various organizations. Notable examples include OpenAl's Jukebox
(Dhariwal et al., 2020), Google's MusicLM (Agostinelli et al., 2023), and SunoAl (Suno Al,
2023). These models illustrate the strong interest and continuous advancements in music
generation technology.

Meta's recent contribution to speech generation, Voicebox, has been introduced as an open-
source platform. It stands as the most versatile, text-guided, multilingual universal speech
generation model to date (Le et al., 2023). Voicebox is a non-autoregressive flow-matching
model, trained to infill speech based on provided text and audio context. Its applications are
diverse, including mono or cross-lingual zero-shot text-to-speech synthesis, noise removal,
content editing, style conversion, and generating diverse samples. Notably, Voicebox
outperforms the zero-shot text-to-speech model VALL-E in terms of intelligibility and audio

similarity, which was previously considered the industry leader (Le et al., 2023).

The advent of versatile generalist speech generation models holds significant potential across
various sectors. For instance, they could provide a voice to individuals who are unable to speak
or eliminate the need for typing when integrated with visual speech recognition systems (Hsu
et al., 2022). Furthermore, the combination of cross-lingual zero-shot text-to-speech with

speech translation models opens the possibility of speaking in one's own voice in different
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languages. This advancement moves us closer to realizing a universal live translation tool that
retains individual vocal characteristics (Le et al., 2023).
Content creation can be greatly enhanced by providing editing and speech-denoising

productivity tools (Le et al., 2023).

While the myriad potential benefits of advancements in Al, are undeniable, it is crucial to
acknowledge the potential for misuse and detrimental societal impacts, especially when it
comes to output mimicking humans, like speech generation. A noticeable trend on platforms
like YouTube involves videos with Al-generated speech, which adds a layer of immersiveness
and credibility to the generated content, leveraging human dispositions. Though seemingly
innocuous, this technology bears the risk of distorting public perception through the mass
production of content that misrepresents frequency, relevance, and importance of certain
topics or viewpoints.

The increasing potential for the automated mass production of deep fakes, produced with
malicious intent, poses a significant threat. Recognizing this danger, efforts are underway to
proactively detect and counteract such misuse. For instance, Meta's Voicebox can differentiate
synthetic speech from real speech (Le et al., 2023), and similar to image generation
technologies, proactive detection countermeasures, like embedding undetectable artificial

fingerprints without compromising speech quality, are being developed (Yu et al., 2020).

On a personal note, the recent advancements in Al and sensory technologies resonate with
an old idea of the author, the 'Dancing Organ'. This music engine creates audio output in real-
time based on the operator's dance movements, with various body parts controlling different
layers of the music. For example, hips and heels could generate bass lines, while fingers
articulate solos and high-pitched melodies. This system would create music through a dynamic
feedback loop in dialogue with the operator. Styles, motifs, and other musical elements can
be directed via prompting to direct the framework of the symphony, introducing a high-level
command interface. Thus, the Dancing Organ enables to compose music while simultaneously

enjoying it and dancing to it.
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2.3.2.2.3.7.5 Virtual Realities, Twin Worlds, and actively connecting Computing Instances like
the Human Brain to the nfosphere

The realm of brain-computer interfaces (BCls) is witnessing rapid advancements,
encompassing both invasive and non-invasive techniques. While commercial ventures are
primarily pursuing invasive methods (Peksa and Mamchur, 2023, Brain Computer Interface,
2023, Wes Roth - Al News, 2023), significant progress is being made in non-invasive
approaches for recording brain waves and processing the resultant data (Han et al., 2023b, Na
et al., 2022, Tang et al., 2023b). These developments are paving the way for more seamless
and less intrusive integration of the human brain with digital environments.

In parallel, various methods for controlling neural activity are being explored. Closed-loop
optogenetic control is a particularly active area of research, offering precise manipulation of
specific cell types (Aydin et al., 2019, Emiliani et al., 2022, Entcheva and Kay, 2021, Rost et al.,
2022, Zaaimi et al., 2023). Additionally, non-invasive methods such as binaural beats,
isochronic tones (Aparecido-Kanzler et al., 2021), focused ultrasonic wave modulation (Webb
et al., 2023), and transcranial magnetic stimulation (Addolorato et al., 2012, Lin et al., 2021)
are being investigated for their therapeutic potential -taking inspiration for example from
traditional practices like meditation (Cozzolino et al., 2021) - and ability to influence brain
activity.

Importantly, the integration of BCls into daily life raises significant ethical and security
concerns. A recent demonstration of a backdoor attack on transfer learning-based BCls (Jiang
et al., 2023d) underscores the need for robust security measures to protect against potential
breaches and misuse. Key strides have been made in utilizing speech and motor imagery to
induce interactions in BCls (Tong et al., 2023). The pursuit now is to enable proactive
participation using purely mental processes, a goal that hinges on the effective encoding and
decoding of neural activities.

Significant progress in this direction includes the development of technologies like Cebra,
which offers rapid and accurate decoding of natural videos from the visual cortex (Schneider
et al., 2023). Similarly, MinD-Video has demonstrated the potential for high-quality video
reconstruction from brain activity, utilizing continuous fMRI data (Chen et al., 2023e), or

reconstructing Pink Floyd's Another Brick in the Wall from human auditory cortex activity using

124



nonlinear decoding models (Bellier et al., 2023). On a sidenote, multimodal brain activity is
used to interpret the internal representation of multimodal video transformers.
Furthermore, multimodal brain activity analysis is being used to interpret internal
representations within multimodal video transformers, further advancing our understanding
of complex neural processes (Dong and Toneva, 2023).

While the complete realization of translating internally generated or externally induced
percepts into external outputs is still on the horizon, these technological advancements set a
clear trajectory towards achieving this ambitious goal (Le et al., 2022).

The metaverse is not a new concept, yet gained much traction from the end of 2021 onwards
(Buchholz et al., 2022), fueled by online gaming and increasing investments of big tech
companies in the development of virtual and augmented reality applications and devices such
as virtual reality glasses, which can be seen as the next stage of mobile computing devices, as
well as advancements in blockchain technology (Sparkes, 2021). Dozens of leading actors in
the technology industry founded the metaverse standards-forum in 2022, to ensure
interoperability, address concerns, and provide a platform for an open discourse (Metaverse
Standards-Forum, 2023, Anderson and Rainie, 2022) p.94. The metaverse concept embodies
a fully immersive virtual world—a platform more sensory and convenient than current
internet forms—for socializing, working, and playing. Many tech industry leaders predict a
rapid and significant rise in the metaverse's usage, value, and importance (Laeeq, 2022). A
noticeable trend is the integration of the real world with the metaverse, where Internet of
Things advancements play a pivotal role. This is due to their growing significance and the
inherent potential of connected objects being represented in the metaverse (Veeraiah et al.,
2022). The gaming sector is another major contributor, exemplified by a live virtual show in
Epic Games' Fortnite, which attracted over 10 million attendees. It is expected that gaming,
entertainment, and pornography will be at the forefront, followed by sectors like education,
business, social, and healthcare (Anderson and Rainie, 2022, p. 54). Presently, a considerable
number of diverse open-source metaverse platforms exist (Open-Source Metaverse, 2023).
The rapidly increasing number of publications on mixed reality reflects diverse efforts. These
include creating physically realistic mixed reality environments using thermodynamics-
informed neural networks, employing generative Al for autonomous driving simulations in
vehicular mixed reality metaverses with digital twins, and developing interfaces and

taxonomic frameworks for human-robot interactions. There is also a focus on understanding
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the myriad calibration, detection, tracking, and rendering functions, optimizing shopping
experiences and advertising, and the extensive applications of mixed reality in healthcare and
education, particularly for replacing costly training simulations. Additionally, visualizing
network topology and activity enhances cyber team communication and situational
awareness. Implementing human-robot interfaces for remote operations in hazardous
environments, countering perceptual manipulation attacks, and visualizing suprasensory
perception are other key areas (Acampora et al., 2023, Aguayo and Eames, 2023, Albeedan et
al., 2023, Ask et al., 2023, Cassaing, 2023, Cheng et al., 2023d, Hernandez et al., 2023, Jain et
al., 2023, Killeen et al., 2023, Numan et al., 2023, Rokhsaritalemi et al., 2020, Siripurapu et al.,
2023, Speicher et al., 2019, Szczurek et al., 2023, Walker et al., 2023, Xu et al., 2023b, Zhang
et al., 2023).

The company 'planet' has made significant strides by providing global daily Earth data through
a vast fleet of miniature image satellites, invigorating the Earth observation industry. Their aim
to index and make Earth's physical space searchable and retrievable, akin to how Google and
other search companies have digitized the internet, is groundbreaking (Planet Satellites,
2024). These advancements naturally align with the decreasing barriers to providing orbital
and sub-orbital acceleration, as exemplified by the company Spinlaunch, which utilizes
centrifugal force (Spinlaunch, 2023). Deep learning has significantly transformed satellite
mapping, remote sensing, and monitoring. Its applications are diverse, ranging from
monitoring illegal deforestation to tracking kelp and mammal movements in heterogeneous
landscapes, among many other uses. The advancement in this technological area is crucial for
real-time Earth resolution. It is also pivotal in the advancement of full-scale automation and
parallel virtualization, as evidenced by recent studies (Gendall et al., 2023, Paolo et al., 2024,
Wu et al., 2023f, Han et al., 2023c, Joshi et al., 2023).

The datasets thus provided will in turn further fuel the generation of synthetic data, which by
now has been repeatedly demonstrated to suffice for deep learning models (Mitra et al.,
2023). The such generated large datasets are essential for the continuous enhancement of
total resolution and resolution in 'zoomed-in' - Autodesk's Molecular Maya comes to mind -
and 'zoomed-out' layers. Moreover, these advancements aid in the representation and
analysis of real-world scenarios as well as in the development of twin and synthetic worlds,
extending into the omniverse (Azizi et al., 2023, Basalamah et al., 2023, Boutros et al., 2023,

Conde et al., Fang et al., 2023, Metzler et al., 2023, Tang et al., 202343, Yang et al., 2023d).
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These developments signify rapid progress in advancing a proactively integrative and adaptive
holobiontic design of Earth. Current initiatives extend beyond virtual simulacra. For instance,
Altown, inhabited solely by generative Al-powered individuals, and recent OpenAl
acquisitions like Biomes, hint at a future where virtual landscapes will, analogous to the
physical world, host autonomous and dynamically autogenetic artificial entities. More
information on these developments can be found in their respective documentation (Altown,

2024, Biomes, 2024).

2.3.2.2.3.8 Al and Open-source

In contrast to the internet revolution, which leveraged relatively inexpensive hardware, the

current Al revolution significantly depends on costly components and high energy demands.

Open-source models not only provide the significant benefit of being free, but their openly
accessible code allows for interactive engagement by a diverse range of actors such as
universities, enthusiasts, companies, and others in modifying and developing the code. In the
realm of Large Language Models, open-source offers the critical advantage of enabling the
creation of uncensored models. This is in stark contrast to proprietary models, which undergo
intensive curation to adhere to safety and compliance standards.

There exists a substantial community effort dedicated to fine-tuning open-source
foundational LLMs. A notable example is the recently released Llama 2 from Meta, which is
regularly benchmarked against its peers as shown on the Huggingface leaderboard

(Huggingface, 2023).

Moreover, tools such as the 'auto train-advanced' Python package have been developed to
facilitate the fine-tuning of models like Llama-2 using one's own data. This package requires
minimal input to utilize .csv and other file formats for fine-tuning open-source LLMs

(Autotrain-advanced, 2023).

Shortly after the release of LlaMA-2, a plethora of fine-tuned models and tutorials emerged,
demonstrating its adaptability. Notably, resources on developing an 'intelligent and efficient

medical chatbot' for CPU machines became available. These tutorials highlight the use of the
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Sentence Transformers package for embedding, Faiss CPU for vector storage, and the chainlit

library to integrate LlaMA-2 as a conversational interface (Medical Chat Bot, 2023).

Moreover, the open-source space has seen the emergence of numerous jailbreaks and
uncensored LLMs. A significant advancement in adversarial attacks against aligned language
models was reported in late July 2023. The new approach focuses on finding adversarial
suffixes that can be attached to a variety of queries. This method increases the likelihood of
eliciting affirmative responses through a combination of greedy and gradient-based search
techniques. The adversarial prompts generated have shown high transferability, even affecting
publicly released proprietary LLMs under strict scrutiny and severe restrictions. The paper
'Universal and Transferable Adversarial Attacks on Aligned Language Models' and its
accompanying Github repository demonstrate that this method is particularly effective with
Generative Pretrained Transformers, such as ChatGPT. This effectiveness is likely due to
ChatGPT's training on Vicuna, which itself is based on outputs from ChatGPT (Zou et al., 2023).
Mustafa Suleyman bolsters confidence in open-source efforts, remarking that the open-
source scene "is on fire." He notes that leading Al companies are consistently only six months

ahead, illustrating a dynamic and rapidly evolving field (Suleyman - open-source, 2023)

The increasing significance of edge computing, alongside the trend towards heterogeneous
computing, acts as strong supporters of open-source initiatives. By January 2024, several
proficient tiny language models were already available. For instance, Phi-2 was introduced
alongside the influential paper 'Textbooks are All You Need'. This paper underscored the value
of high-quality data and the corresponding feasibility of training highly capable tiny models.
Additionally, tinyLlama became openly accessible (Yuan et al.,, 2023, Zhang et al., 2024,
Gunasekar et al., 2023, Phi-2, 2023).

A briefly mentioned yet intriguing topic is prompt injection attacks. These are attempts to
manipulate large language models to divulge its system message or otherwise restricted
information. Such attacks are especially problematic for proprietary models. The widespread
incidents involving industry leaders underscore the still-developing and fragile architecture of
applied large language models. This situation underscores the critical need for developing
robust security measures (Abdelnabi et al., 2023, Choi et al., 2022, Greshake et al., 2023,
Pedro et al., 2023, Yan et al., 2023b, Yip et al., 2024).
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2.3.2.2.3.9 Computing the biological realm

This chapter aims to demonstrate how the logic, syntax, and vocabulary of biology can be
compared and related to other logically perceived human systems, such as language or
intelligence architectures. This concept has been realized in various ways, such as using a
protein language model to learn latent structural information from unaligned proteins
(Chowdhury et al., 2022). Consequently, biology is computable in a manner akin to these
systems, paving the way for a profound understanding and the capability to manipulate and
design within the biological realm. This potential is augmented by increasing computational
power and advanced deep learning architectures.

To illustrate the value of computational assistance, consider the complexity of a single human
genome. It comprises approximately 3 billion nucleic acid base pairs, around 20,000 to 25,000
genes (with about 97 % being non-coding), and a human body consists of roughly 3x10®2 cells.
This includes about 100 billion neurons, approximately 210 different cell types, and the human
holobiont harbors an estimated 10*° bacterial cells. This count does not include the number
of fungi, archaea, and viruses, which remain unquantified to date. Consequently, the precise

value of the human hologenome has yet to be determined®.

Shannon's number provides a conservative lower bound estimate for the game-tree
complexity of chess, calculated at about 10'?° possible games.

A standard 19x19 Go board offers approximately 1017° possible positions.

These figures dwarf the estimated number of atoms in the observable universe, which stands
at around 108°.

A protein composed of a 100 amino acid sequence can potentially exhibit a maximum of 3%
different conformations, as suggested by Levinthal's paradox.

This staggering complexity underscores why Deepmind's Alpha series has evolved from

mastering chess and Go to becoming the unrivaled champion in protein folding prediction.

The preeminent luminary within this field, Alphafold 2 (Jumper et al., 2021, Jumper et al.,

2020) has rightly been hailed as a 'game changer' in structural biology. This singular

% values from Wolframalpha.com, 14.07.2023
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advancement stands as a momentous achievement in the life sciences, showcasing the
formidable power of Al. It has revolutionized the process of 3D structure determination for
proteins, reducing the time required from years or months to mere seconds. This acceleration
has led to significant discoveries, such as elucidating the structure of the nuclear pore complex
and predicting nearly the entire universe of known protein structures. The expansion of the
structural library from 190,000 experimental structures to over 200 million, all made publicly
available, marks a dramatic increase in our understanding of biology (Porta-Pardo et al., 2022,
Skolnick et al., 2021, Varadi and Velankar, 2022, Alphafold database, 2023). Contrary to
popular belief, many challenges in protein folding still remain unresolved (David et al., 2022).
Nonetheless, AlphaFold 2 has undoubtedly spurred a heightened focus on deep learning
algorithms in bioinformatics (Alphafold Mania, 2023). Recent advancements continue at an
extraordinary pace. For instance, Deeplnter, a novel protein-language based deep learning
method, has been introduced. This method accurately predicts inter-protein residue-residue
contacts in protein complexes, particularly challenging hetero-protein complexes, by
incorporating a triangle-aware mechanism of triangle update and triangle self-attention (Lin
et al., 2023c).

The transformative impact of AlphaFold 2 on the life sciences is evident (Akdel et al., 2022).
This can be seen in the surge of publications directly assessing AlphaFold 2, presenting results
that build upon its capabilities (Guo et al., 2022), and the development of many applications
inspired by it (Morehead et al., 2023). Furthermore, AlphaFold 2 has been leveraged and
expanded to include significant enhancements such as the incorporation of ligands and
cofactors (Hekkelman et al., 2023). Most notably, in synergy with the open availability of
AlphaFold and its extensive predicted library, there has been a focus on applications aimed at
improving accessibility and ease of use for all researchers (van Kempen et al., 2023, Mirdita et
al., 2022).

The provision of such a vast array of computed structures is just the beginning. Efforts have
already been made to cluster predicted protein structures on the scale of the known universe.
This work aims to elucidate nature's array of functional machines (Barrio-Hernandez et al.,
2023), uncovering new protein families and revealing unexpected forms and connections
between proteins (Durairaj et al., 2023). The existing library of rare protein forms, such as
proteins that form knots, has not only been expanded (Perlinska et al., 2023) but also

benefited from enhanced topological analysis. This analysis aids in understanding how such
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advanced levels of protein organization have been encoded by evolution (Sulkowska, 2020).
Additionally, it enables the structure prediction of large protein complexes, including the
largest cellular machines like membrane pore complexes (Bryant et al., 2022). This has led to
the creation of a membranome database, shedding light on bitopic transmembrane proteins.
These proteins, accounting for up to half of mammalian membrane proteins, play vital roles
in numerous processes (Lomize et al.,, 2022) and are increasingly targeted in drug
development, such as in novel phototherapeutics (Koo et al., 2022). They also facilitate various
human sensory perceptions, including different taste sensations (Syrjanen et al., 2023).

The high flexibility of the nuclear pore complex, influenced by the cellular environment, has
presented significant challenges in achieving true high-resolution imagery via cryo-EM
(Schuller et al., 2021). However, the impressive progress in our understanding of large-pore
channels over the past decade (Syrjanen et al., 2021) is expected to continue and accelerate.
This progress will be driven by the use of deep learning architectures for structural elucidation
and the integration of pores into a network, cross-referencing other cellular functions.

The use of prompt-guided injection into pre-trained protein models underscores the immense
complexity of biological machinery and the corresponding need for deep computation. It also
highlights the intriguing emerging interfaces between natural language and biological
machines. This approach not only illustrates the analogy among various logical structures but
also provides a glimpse into the growing importance of developing and adapting programming

languages capable of encompassing a broad range of logical systems (Zhang et al., 2022b)

RNA is as essential as proteins in biological processes, capable of folding into intricate
structures and forming cellular machinery beyond their extensive informational functions.
Predicting RNA structures is a computation-intensive task. The introduction and successful
application of deep learning architectures in this field show tremendous promise (Yu et al.,
2022). This technology is particularly promising in areas such as programmable RNA switches
(Angenent-Mari et al., 2020), RNA-protein complexes and their interactions (Zeng et al., 2023),
present challenges due to their reliance on structural dynamic interactions (Wei et al., 2022a).
Special attention is needed for integrating thermodynamic regularization and addressing the
computation of pseudo-knots in long RNA sequences (Sato et al., 2021, Sato and Kato, 2022).
Moreover, the exploration of RNA-RNA interactions (Wei et al., 2022b) requires consideration

of their numerous versatile surface properties and binding profiles (Wang et al., 2023c).
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To complete the biological spectrum benefiting from deep learning, the highly dynamic and
versatile metabolome, with its vast array of active entities and organizational structures, is
ideally suited for such approaches (Sen et al., 2021). Deep learning is leveraged to predict
metabolic pathways, a vital area of research with significant contributions (Baranwal et al.,

2020, Xing et al., 2021, Zampieri et al., 2019, Biba and Vajjhala, 2022).

Drug discovery and development is currently undergoing a transformation through in silico
research. Targets are being identified using deep learning-based molecular docking and
predicted protein structures from AlphaFold, paving the way for novel drug discoveries. This
technological advancement is set to streamline the traditionally costly and time-consuming
development process, likely resulting in a rapid increase in the availability of new drugs (Kim

and Kim, 2023).

Another exciting venture is the human pangenome project, which promises significant
benefits. This project aims to provide a global resource for mapping human genomic diversity.
The integration of deep learning architectures with this initiative is expected to bring about
revolutionary advancements in personalized medicine and a deeper understanding of the
genetic realm. This synergy is poised to transform drug discovery and development, as well as
research and strategies for combating diseases, on a global scale (Wang et al., 2022e).
Next-generation sequencing, empowered by genomics, is set to provide incredible insights by
leveraging deep learning to analyze the more than 3 billion base pairs in Homo sapiens DNA,
which also exhibit various modifications (Alharbi and Rashid, 2022). AlphaMissense has
already made significant strides by delivering accurate proteome-wide missense variant effect
predictions. This breakthrough illuminates the molecular impacts of variants on protein
function, aiding in the identification of pathogenic missense mutations, previously unknown
disease-causing genes, and increasing the diagnostic yield of rare genetic diseases (Cheng et
al., 2023c, Keskin Karakoyun et al., 2023).

As we are an expansive species, there is no contentment in merely exploring the already vast
array of forms and interactions within the known proteome. Efforts are now directed towards
employing deep learning architectures to generate novel, designable, and diverse protein

structures and functional sites. This initiative aims to expand the natural protein library, gain
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insights into the underlying logics, such as the biological preference for canonical amino acids
and their relevant post-translational modifications (Lin and AlQuraishi, 2023, Wang et al.,
2022b), approximate yet unknown features (Behrens and Spielmann, 2023), and facilitate
novel protein engineering prediction tasks (Alley et al., 2019).

Already generative language models have been developed, capable of generating sequences
distantly related to natural ones and structures that resemble the known structural space.
These models, trained on the entirety of sequence space, can be fine-tuned for specific
regions and functionalities, demonstrating complex, non-idealized structures (Ferruz et al.,
2022, Madani et al., 2023, Vig et al., 2020).

Current developments suggest that soon, a comprehensive in silico understanding of biology,
combined with artificial intelligence architectures proficient in both natural and symbolic
languages, will enable high-level input for the design and manipulation of biological entities
and systems. With the trend toward laboratory automation also presented below, it's
anticipated that in vitro applications will soon follow. This progression is expected to
dynamically lead to the capability of designing, manipulating, and creating - even de novo - in

vivo systems to establish a biological interface for the creation of biological entities and

systems.

2.3.2.2.3.9.1 Drug Discovery and Development

The essence of drug discovery can be succinctly described as 'finding the right key for the right
lock.' This involves ensuring that a drug molecule binds geometrically and electrostatically
within the pocket of a well-defined, disease-causing protein, thereby modulating the protein's
activity. There are three important classes of small molecule drugs: classical small molecules,
which are either orthosteric, binding directly at the active site and competing with the natural
substrate or ligand, or allosteric, binding elsewhere on the protein surface and altering its
conformation; antagonists or agonists; and protein-protein interaction inhibitors or stabilizers.
There are fundamentally three models of protein-ligand binding: the lock-and-key model, the
induced fit model, and the conformational selection model (Du et al., 2016).

While these models provide a clear theoretical framework, practical challenges emerge from

the vast computational landscape in drug discovery. The drug-like chemical space is immense.
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Considering a drug molecule composed of up to 17 atoms of carbon, nitrogen, oxygen, sulfur,
and halogens (excluding hydrogens), there are approximately 166.4 billion possible molecules.
Furthermore, it is estimated that the chemical space expands eightfold with each additional
atom (Reymond et al., 2012).

This figure only represents potential drugs. The targets themselves — receptors, enzymes, ion
channels, protein-protein interactions, transporters, etc. — are numerous and varied. While
cryo-electron microscopy has revolutionized structural enzymology - and earned its main
contributors a Nobel prize - and AlphaFold 2 has significantly advanced the elucidation of
protein structures with over 200 million predictions (Bai et al., 2015, David et al., 2022, Jumper
et al,, 2021, Lomize et al., 2022, Mirdita et al., 2022, Varadi et al., 2022, Varadi and Velankar,
2022), identifying a suitable targetable protein and optimizing a drug target remains a complex
and often lengthy process. This is due in part to the sheer number of compounds and
structures that need to be computed, despite significant advancements in automation.
Reaching the point of optimizing a target in medicinal chemistry, as illustrated in Figure 3, is a
time-consuming endeavor, even with experience and the aid of available software. At this
stage, it remains uncertain whether the developed drug will fulfill its promises in practical

evaluations.

Figure 3. Docking Optimization produced with PyMOL (Schrédinger, LLC)10

10 Results are presented for the docking optimization of a ligand targeting Bromodomain-containing protein 4
(BRD4). BRD4, encoded by the BRD4 gene in humans, recognizes acetylated lysine residues. It contains two
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To offer a personal perspective on the potential of leveraging artificial intelligence in medicinal
chemistry, Figure 3 depicts the result of enhancing the binding profile of a drug under
development, visualized using PyMOL (Schrodinger, 2010).

What is not immediately apparent is the extensive time and computational effort required to
arrive at such a seemingly simple compound. A considerable amount of specialist knowledge
is also necessary, particularly concerning the thermodynamics of the interaction, to establish
a favorable enthalpic and entropic profile. This includes taking into account established rules
of a compound's drug-likeness, such as the number of functional groups, the rigidity of its
structure, and the permissible degrees of rotational freedom, among others. Experience also
guides when to slightly bend these rules. Additionally, the process is further complicated by
the need to consider not just pharmacodynamics but also pharmacokinetics, such as the first-
pass effect, general metabolism, and factors related to membrane or the blood-brain barrier
permeability. The direct interactions of a compound within the target are multifaceted,
ranging from salt bridges to hydrogen bonds. Considerations such as the displacement of
water molecules, the protein's prior interaction with water in the binding pocket, and
potential conformational changes are critical. This sometimes involves a strategic trade-off
between entropy and enthalpy, providing just a glimpse into the complex tasks and processes
involved in the design stage alone. The development stage, to be discussed subsequently, adds
further layers to this intricate process.

While many of these steps are already significantly assisted by various applications and
algorithms operating 'under the hood', the process remains time-intensive and, consequently,
expensive. This is why there has been a paradigm shift towards fundamentally leveraging

automation and Al in drug discovery, a trend that continues to grow at a rapid pace. The

bromodomains, BD1 and BD2, each comprising four alpha-helices connected by two loops. The extra-terminal
domain structure of BRD4, consisting of three alpha-helices and a loop, likely functions as an indirect gene
transcription promoter through its interaction with the transcription elongation factor P-TEFb and RNA
polymerase Il. Given its role and homology with proteins associated with chromosomes during mitosis, BRD4 is
a potential target for certain carcinoma therapies.

In Figure 1, the red spheres depict water molecules, while the pink spirals and ribbon represent the BRD4
protein. The mostly green structure illustrates the ligand - the drug - and the variously colored structures
extending from the pink peptide denote amino acid residues of BRD4 that interact significantly with the ligand.
The yellow dotted lines, accompanied by values, indicate the relevant interactions and their distances
measured in Angstroms.
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accessibility and affordability of such software for small companies and start-ups have only
accelerated this transition.

In summary, the coming years are expected to witness a surge in drug discoveries. This will be
driven by the ability to more effectively identify suitable compounds from the vast chemical
space in silico, and to elucidate their potential docking and interactions with greater precision

and efficiency.

Even more challenging than the initial stages of drug development is the significantly costlier
and prolonged process of drug testing and clinical trials, necessitated by today's stringent
regulatory requirements for safety assurance (Sarkar et al., 2023). It is the author's belief that
with the rapid advancements in understanding the physics and dynamics of the human
holobiome, the reliance on animal testing and clinical trials will increasingly shift towards in
silico modeling. This shift, growing in credibility and trust, has the potential to revolutionize
pharmacology. Particularly, it could dramatically reduce the prohibitive costs associated with
these stages, which currently almost entirely exclude small enterprises from introducing new
medications to the market. One can envisage a future where developments in individualized
predictive modeling enable the production of personalized medication 'on the spot' (Wang et

al., 2022e).

It is understandable why, with the advancement of deep learning architectures — coupled with
recent successes in identifying new medications — and the ever-growing amount of drug-
related data in already extensive databases, deep learning approaches are being increasingly
integrated and applied at every stage of the drug development process. Large pharmaceutical
corporations are progressively shifting towards automation and deep learning (Askr et al.,
2022, Kumar et al., 2023a). The future of drug discovery and development is envisioned at the
synergistic intersection of edge computing, the internet of medical things, and deep learning

(Jamshidi et al., 2023).
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Figure 4. LTHNMR ensemble LEU2, cartoon representation in pymol

The illustration of the *H-NMR ensemble of the LEU2 encoded enzyme, beta-isopropylmalate
dehydrogenase, in Figure 4, that catalyzes the third step in leucine biosynthesis, the
conversion of beta-isopropylmalate into alpha-ketoisocaproate, and presents a valuable
marker and target. The cartoon represented ensemble illustration, done in PyMol, of the
protein facilitates the understanding of the structural enzymology, the physical mechanics,

and the functional dynamics.
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2.3.2.2.3.9.2 RNA bioinformatics

Figure 5. RNAcofold generated interaction of mRNA and sRNA
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Figure 6. Symbolic Representation of the two RNAs' folding in Figure 5
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Quite a significant amount of computation in relative terms are required to produce those two
innocuous and pretty looking representations in Figure 5 and Figure 6, modeling the two-
dimensional folding interactions between a mRNA and a sRNA. The utilized application
RNAcofold, open-source software developed at the Theoretical Biochemistry Group of the
University of Vienna (RNAcofold, 2023), and part of a suite of RNA structure and dynamics
calculation software, the ViennaRNA package (Lorenz et al., 2011), relies on calculating energy
barriers and consecutively barrier trees. This provides a coarse-grained representation of the
structure landscape of an RNA sequence. It is important to note that RNAs are dynamic
entities, constantly switching between alternative conformations as they fold into the
conformation with the lowest Gibbs free energy. Therefore, both the kinetics and the folding
dynamics are critical areas of study. The computational approach involves coarse-graining
stochastic, Monte Carlo-type folding simulations, viewed as Markov processes, to compute
the most efficient folding pathway. Direct computation of the master equation for this process
is infeasible for anything but trivially small RNAs, given that the number of states required
grows exponentially with the RNA length. For example, a single tRNA would require the
calculation of approximately 2.8x107 states. Current computational methods, even with
coarse graining, are generally limited to pseudoknot-free structures and are typically applied
to dimers.

Less than 2 % of the human genome encodes proteins, yet an astonishing 75 % can be actively
transcribed. This revelation has shifted our understanding of the so-called 'junk DNA."' In-depth
examination of these non-coding regions has unveiled many regulatory non-coding RNAs
(ncRNAs) that are essential for gene regulation and RNA processing. Despite these
advancements, we are still far from fully comprehending the extensive regulatory roles of
ncRNAs, owing to their involvement in a myriad of biological processes (Editorial, 2022).
There is a vast array of ncRNAs, fundamentally categorized into housekeeping ncRNAs — with
well-known examples such as ribosomal RNA (rRNA), transfer RNA (tRNA), and small nucleolar
RNA (snoRNA) — and regulatory ncRNAs, including long non-coding RNA (IncRNA) and circular
RNA (circRNA). The latter have garnered significant attention in recent years, leading to a surge
in research into RNA therapeutic targets, RNA therapeutics, and mRNA vaccines. (Bhat et al.,
2022, Chen et al., 2022, Kim, 2022, Kumar et al., 2023c, Lim et al., 2022, Lipscombe and Soto,
2019, Liu et al., 2022b, Loganathan and Doss C, 2023, Montes et al., 2019, Padda et al., 2023,
Paunovska et al., 2022, Rogalska et al., 2022, Winkle et al., 2021, Zhang and Zhang, 2023, Zhu
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et al., 2022). Numerous publications have detailed a variety of functions for IncRNAs alone
(Statello et al., 2021).

The elucidation of the complex and pervasive world of ncRNA has been greatly facilitated by
rapid advancements in sequencing technology and bioinformatics approaches. This progress
has led to the discovery of extensive networks of interactions among ncRNAs, DNA, proteins,
and the establishment of numerous databases (Panni et al., 2020).

Although a vast amount of information on ncRNAs has been accumulated, the enumerable
pathways involved make comprehensively understanding their functions within multi-level
networks highly challenging. Each newly detected ncRNA adds further complexity to these
already intricate networks (Zhang et al., 2019). The formidable computational demands of
managing and interpreting large datasets (Zhao et al., 2020) have led to an increasing reliance
on deep learning approaches (Angenent-Mari et al., 2019, Wang et al., 2023b, Wang et al.,
2023c, Wei et al., 2022a, Zhao et al., 2020). This trend towards employing deep learning has
been further reinforced by the added complexity due to alternative splicing of pre mRNA
(Paggi and Bejerano, 2018, Strauch et al., 2022, Zabardast et al., 2023, Riepe et al., 2021) and
the variability of RNA secondary structures, which are crucial for RNA functions and can
change depending on different environments and conditions (Franke et al., 2023, Fu et al.,
2022, Sato and Kato, 2022, Szikszai et al., 2022, Wayment-Steele et al., 2022, Yang et al.,
2023a).

3.0 Futures Visions

This chapter aims to provide a comprehensive overview of three distinct temporal phases,
offering a multilayered understanding of the trajectories, tendencies, relevant concepts, and
phenomena surrounding advancements in information science and molecular biology. The
first section will focus on imminent changes, selectively presenting technologies poised to
enter the market and developments currently gaining momentum. This section will not only
showcase technological advancements but also shed light on the challenges, opportunities,
and looming dangers, while suggesting necessary precautions to navigate towards a more

desirable future. In this context, it is imperative to state that current social inequality is
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perceived as the primary catalyst for potentially detrimental developments, rather than the
inherent emergent properties of the technologies themselves.

The second part will offer a descriptive outlook on the future as envisaged around the end of
this century. It will illustrate the ongoing tendencies of progress, shaping the technological
landscape and the resultant societal and environmental configurations from an
anthropocentric perspective.

Finally, the chapter will conclude with a brief foray into a more distant future. This section is
intended to highlight the proposed general underlying tendencies of biological intelligent
entities, extrapolating from current trends and theories. Substantiating references will be
provided only where necessary, particularly for arguments not previously covered in the

section on current developments.

3.1 Imminent Developments

Due to the higher resolution and the greater degree of certainty achievable when considering
a less distant future, this section will selectively present a range of imminent developments
and phenomena. These are chosen for their profound nature and the far-reaching impact they
are anticipated to bring. The near-term future is particularly poised to be shaped by the advent
and continuous enhancement of (multimodal) large language models. This advancement is
expected to trigger a steep increase in investments in computational hardware, spurring
research for both hardware improvements and model development.

The surge in computational capability extends beyond the realms of artificial computation
alone. A pivotal aspect of this growth is the evolution of natural language into a high-level
programming language. This transformation is democratizing the ability to manipulate,
design, and create applications, significantly lowering the barriers to entry for content
creation. As a result, we are poised to see a steep increase in both the development of
applications and the production of content, unleashing a wave of creativity and innovation.
Moreover, this transformation provides broader access to knowledge, empowering individuals
to leverage this interface to significantly enhance their efficiency, capability, and versatility

through assistance.
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Prime transformative characteristics of the near future will be the amplification of human
intelligence through the aid of advanced large language models and their implementations
akin to the advent of the printing press, the internet, or the computer itself. Additionally, we
will witness a general increase in the availability of education and high-quality medical care.
The widespread adoption of autonomous agential frameworks and polymorphic applications
is expected to have a profound impact on economic performance, as well as reshape broader
economic, societal, individual, and political landscapes. This escalation in computational
power will naturally accelerate research and technological advancements across the board.
As a result, the rapid development of novel drugs and materials for various applications can
be anticipated, including energy storage, construction, and mobility, among others.

Robotics and biotechnology are two fields that are set to benefit immensely from these
advancements. We can expect a significant increase in the deployment of autonomous and
teleoperated robots, facilitated by the loT and intelligent architectures. These robots will find
applications in diverse settings such as homes, public spaces, the medical sector, space
exploration, biofoundries, and industry at large.

Furthermore, the enhanced resolution in understanding the structure and metabolism of
biological entities will catalyze advancements in biofactories, employing metabolically
engineered microorganisms. Personalized medicine is another sector poised for significant
growth, driven by these technological advancements.

The overarching trend towards automation is particularly noteworthy. In the short term, this
trend is likely to cause significant upheaval in numerous economic sectors by replacing jobs
that involve repetitive, undemanding tasks or those particularly suited to automation.
However, historically, new technologies have tended to stimulate job creation in the long run
by fostering economic growth. The next decade will be a critical period to observe how public
communities react, adapt, and reorganize society in response to these changes. It is hoped
that the increase in economic value generated by these technologies will be to the benefit of
the public at large.

Moreover, there is an urgent need to establish regulatory frameworks to guide these
technological advances. Continuous vigilance is required to counteract the potential for early
technology adoption and implementation by the private sector to exacerbate discrimination.
This concern is underscored by anecdotes from pioneers in the field of metabolomics, who

have expressed that their early work, intended to advance personalized medicine, was initially

142



exploited by private insurance companies to deny coverage to potential customers based on
their results. Such instances highlight the importance of ensuring that technological
advancements serve the public interest and are not misused to the detriment of society.

It is imperative for the public to remain vigilant against dictatorial tendencies, especially in
light of instances where police and governments in democratic countries already have
implemented surveillance software. The societal implications of such actions warrant close
scrutiny and an informed public discourse and underscore the necessity of open-source Al.
Equally important is the oversight of the military sector, often an early adopter of
contemporary technological innovations. Current technological developments are paving the
way for increasingly automated forms of warfare. This progression not only raises the specter
of unprecedented levels of cruelty in conflict but also poses the risk of escalating military
endeavors. The ability of private companies and even democratic governments to deploy
faceless, anonymous forces in remote regions, away from public scrutiny, is a concerning
prospect. Such developments necessitate a robust debate on the ethical use of technology in
military applications and the need for transparent governance to prevent potential abuses.

It must be underscored that already remarkably powerful models and concepts have been
introduced to realize capable general intelligence architectures. Notably, the enhancement of
large models through synthetic data, coupled with reinforcement learning via self-rewarding
mechanisms, demonstrates significant progress. These advancements indicate that the
current limitations - such as the reliance on human preference data for reinforcement learning
from human feedback and the need for quality data - are being surmounted by leveraging the
capabilities of large models themselves.

Additionally, there have been successful demonstrations showing that current transformer
models are adept at training universal controllers for robotic applications in real-world
settings. These models have also proven their ability to autonomously learn complex physical
manipulations, promising widespread tangible implementations.

These developments do not only point to the imminence of artificial general intelligence
architectures but further highlight, that those structures will able to improve upon themselves

as well as their ability to generally manipulate real-world physical structures.
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3.1.1 Agents

We are already witnessing the deployment of generative agents that facilitate the navigation
of operating systems and applications. These agents are enabling non-specialists to access and
utilize a broad range of applications, previously exclusive to specialists in fields such as
programming, creative industries, and research, amongst others. This democratization of
technology is expected to lead to a significant surge in publications and releases in these areas.
The next evolutionary leap will involve the establishment of interactive agents. These agents
will operate within increasingly complex frameworks, comprising cohorts of specialized and
generalist agents. They will be capable of recruiting applications, interacting with databases,
and communicating with and controlling connected devices. These interactive agential
frameworks are poised to become ubiquitous, finding applications in global organizational
functions as well as in providing 'telepathic' and highly personalized assistance to individuals.
The dynamics of human interaction with these agential systems, as well as the internal
organization and communication among the agents themselves, will constitute a fascinating
field of research. This includes the development of emerging symbolic languages within these
systems. The presence of agents will bring profound changes to societal organization at
various levels and significantly alter individuals' experienced reality. People will be constantly
accompanied and assisted by a variable number of interactive agents. While this presents
tremendous potential for health and general well-being, it also poses risks related to
manipulation and control, especially if these agents carry underlying agendas from dictatorial
or commercial entities.

In the following section, an example of such an interactive agent will be portrayed to further

illustrate these concepts.

3.1.1.1 Scientific Assistant

The emergence of scientific assistants, as a manifestation of agential frameworks, is poised to
significantly benefit research and academia. The current proliferation of information and the
resulting fragmentation of scientific disciplines, each with its unique vocabulary and

knowledge representations, create natural barriers to inter- and transdisciplinary work.
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Researchers often find themselves reliant on secondary literature when venturing into
unfamiliar disciplines.

Al-assisted applications and frameworks are already aiding in finding related literature and
providing recommendations. Agential frameworks with intelligent architectures go a step
further. They offer a multimodal interface that allows researchers to articulate their specific
interests using their existing vocabulary. These assistants can then scour databases, providing
relevant information, field overviews, and systematic analyses of existing research bodies,
academic fields, research groups, and industry enterprises.

Academic literature will be automatically integrated into a curated library. Various forms of
data science analysis can be applied, with options for tailored illustrations. This technology
enables the summarization, paraphrasing, and visualization of the body of knowledge
according to specified requirements. It can highlight cutting-edge research, trace historical
developments, and uncover latent patterns.

Additionally, these tools can facilitate the formation of research collaborations by
automatically identifying relevant proponents, extracting skills from job descriptions and user
profiles, and initiating research groups (Li et al., 2023b).

Automating the logistics of procuring and organizing funds, personnel, equipment, and
facilities will significantly alleviate the administrative burden on researchers. This liberation
will allow them to focus more on creative and productive aspects of their work. Another major
benefit for researchers will be the automated writing, communication, and organization of
scientific insights and discoveries. While this raises sensitive issues like plagiarism, reliability,
and redundancy, it promises not only increased efficiency by automating a repetitive task but
also offers an interactive tool to enhance language skills and ensure that texts maintain the
user's style at peak performance, with the user having control over the level of automation.
For the natural sciences, the ability to command specialist equipment and applications using
natural language, with supportive assistance, will be particularly beneficial. In the social
sciences, researchers will greatly profit from easier access to demographic and economic data.
Moreover, the trend towards systematizing what was previously considered 'subjective data’
will enable analysis according to objective standards. Large-scale data science approaches will
uncover latent variables and establish layers of systematic order. This will foster integrative
links across diverse fields such as psychology, mythology, rites, material culture, ethology,

anatomy, and social organization.
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It becomes evident that a trained specialist, with the aid of multimodal, high-level agents, can
effectively become akin to a small research institution or enterprise. Such capability allows for
a wide range of outputs, with a focus on the creative process. On a related note, the author
expresses keen interest in exploring how fine-tuning a Large Language Model with
mythological literature and relevant secondary literature could contribute to developing a
functional folk psychology module.

In other sectors, agents specializing in legal matters are poised to make significant impacts.
The natural language structure of the legal system's vast body of laws, coupled with the high
value of legal services, suggests that this field is primed for the early introduction of interactive
agents. Similarly, financial agents are set to revolutionize private and corporate investment
strategies.

Organizational and communal agents offer the promise of optimizing administrative tasks and
enhancing democratic processes by facilitating more effective forms of citizen participation.
One can envision the potential changes brought about by autonomous agential networks
dedicated to unraveling money-laundering and tax-evasion schemes, closing legislative
loopholes exploited by multinational conglomerates, or establishing self-replicating think

tanks focused on promoting equality and common prosperity.

3.1.2 Metaverse, Mixed Reality, and Robotics

The trend towards miniaturization and increased energy efficiency in computation hardware,
coupled with advancements in wireless information and energy technologies, aligns with the
paradigm of edge computing and the refinement of intelligence architectures. This
convergence is set to usher in the widespread adoption of mixed reality applications and
hardware, providing seamless and constant connectivity to the internet, the metaverse, and
personal computing environments, irrespective of geographical limitations. This development
could render traditional indoor workplaces, stations, and shops obsolete.

Among the numerous implications, potential applications, and challenges of this shift, one
critical aspect stands out: the impact on physical health. The author strongly advocates for the
importance of physical movement in maintaining overall health and sees this technological

innovation as a key solution to addressing health issues associated with modern, sedentary
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lifestyles. The ability to carry a visual interface, such as glasses or lenses, enables individuals
to engage in physical activities like walking in a park while handling tasks typically associated
with computing and communication devices.

This shift towards virtual workplaces could also alleviate the need for daily commutes,
potentially sparking significant rethinking in urban planning. It may lead to a heightened focus
on neighborhood development, renaturalization efforts, and the transformation of vehicle-
centric streets, resulting in a more health-oriented, community-focused urban landscape.
The breadth of potential applications and their immense impact on society and individuals is
so vast that they could easily constitute the sole focus of this work. To illustrate just a fraction
of these possibilities, consider the fusion of self-driving vehicles with fully immersive personal
mixed-reality computation and communication devices. This synergy could make digital
nomadism a widespread reality, enabling people to live and work in a constantly evolving
digital environment.

Game engines will play a pivotal role in both augmenting and recreating reality as a virtual
image. The merging of the physiosphere with the infosphere, through projection and catering
to our sensory needs, presents a fascinating dynamic. This convergence will not lead to a mere
linear increase in complexity but will enable the existence of multiple parallel, overlapping, or
twin spaces. Remote locations could be simulated to provide sensory experiences akin to
physical connection. Landscapes could be reimagined through data analyses, translating latent
connections, variables, hierarchies, and structures into sensory outputs.

Simultaneously, there is the potential for countless hidden structures and features to be
embedded within these landscapes. Agential frameworks, operating unseen, could traverse
these landscapes, pursuing a multitude of agendas.

Entities in the future will have the capability to interact simultaneously at different locations,
either through twin simulation multiplication or by utilizing simulacra. Advances in brain-
computer interfaces are expected to enhance direct experiential interactions and
communications, as well as the ability to manipulate and shape environments. Recruited
agents will be capable of swarming virtual realities, interacting with the physical world,
gathering information, fulfilling duties, and completing tasks. An especially intriguing prospect
is the communication and interaction among agents, and their autonomous role in shaping
both virtual and physical realities. This includes creating virtual spaces and landscapes, and

directing robotic entities in the physical world.
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Conditions like blindness and deafness, along with various psychological challenges, stand to
see substantial improvements through mixed reality augmentations. Supportive agents in
these environments could provide motivation and guidance to individuals with depression,
offer social interaction to those who are introverted, and aid memory-related issues, among
other benefits.

The acceptance of virtual experiences will be significantly influenced by advancements in
multi-sensory interface technology. These developments herald a future characterized by
complex and multilayered experiences that transcend our current understanding of space and

interaction, blending the physical and virtual in unprecedented ways.

The integration of humanoid robots into the workforce is already a reality, as seen with
Amazon's recent advancements in this area (Amazon Robots, 2023). Furthermore, numerous
manufacturers are on the brink of releasing advanced humanoid robots, driven by rapid
progress in Large Language Models and intelligence architectures.

In addition to humanoid robots, various autonomous robotic systems are poised to become
commonplace not only on Earth but also on the Moon and other hospitable nearby planets.
As these technologies evolve, the spectrum of recruitable robotic agents for task fulfillment
will broaden, enabling individuals to increasingly rely on robotic assistance for enhanced
efficiency and capability.

Specialized expert robotic systems, already prevalent in sectors like the automotive industry,
are anticipated to precede the widespread adoption of generalist robots. These systems will
progressively dominate a diverse range of sectors, undertaking tasks such as surgery,
detection and analysis, construction, agriculture, and logistics. Notably, applications in marine
and forest exploration are intriguing, where mobile autonomous systems could be deployed
to discover new species, analyze genomes, and identify potentially beneficial compounds.
Robotic systems are also poised to take over tasks that are dangerous or hazardous, mitigating
risks to human workers. However, there is a significant concern about their potential misuse
in military and surveillance operations. Additionally, the advancement of autonomous drones
and other vehicles is expected to render traditional human navigation methods obsolete.

A plethora of prosthetic-like systems will become available, ranging from conventional
prosthetics for limb replacement to tools that enhance physical strength or expand sensory

perception.
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3.1.2 Medicine

The field of medicine is on the cusp of a transformative era, driven by increasing automation,
miniaturization, and enhanced synthesis and analytical speeds in laboratory experiments.
Coupled with the rapidly advancing capabilities of in silico prediction and modeling through
growing computational power and sophisticated deep learning models, we are poised to
witness an explosion in the development and release of a diverse array of new drugs. This
includes the rise of metabolically engineered bio-factories. We will further see a great increase
in the availability of high-quality medical care by means of leveraging automation and Al
enabled diagnostics.

Advancements in understanding cellular and organismic metabolic pathways, bolstered by
progressive analytical capabilities, will refine our proficiency in DNA and RNA manipulation.
These developments will pave the way for novel and superior therapeutic avenues, such as an
increased use of biologics, leading to a more preventive and holistic approach in drug therapy.
Personalized medicine is set to undergo significant advancements with the commercial
viability of multi-omics analytics and monitoring. Precision medicine, coupled with the rise of
functional nano- and xenobots, will enable highly minimal-invasive and well-tolerated surgical
interventions and strategies, marking a new era in medical treatment and patient care.

The rapid progress in understanding RNA's mechanisms is set to unlock a wealth of novel
therapeutic approaches. The range of potential treatments for disabilities will greatly expand,
supported by advancements in robotics and mixed reality technologies. Sensory and motor
prosthetics are evolving from the current use of metal and silicon-based materials to the
development of grown artificial organs, hybrid organs, and direct manipulation of epigenetic
and metabolic setups.

Automation, edge computing, and the application of artificial intelligence will significantly
enhance health and social care availability. These technologies will enable a more efficient
and accessible healthcare system on multiple levels.

The landscape of marketing, product placement, sales, and delivery is also evolving. Existing
generative agents capable of browsing the internet will facilitate the discovery of small
producers, potentially bypassing the need for central platforms. The operation and ownership

of drone fleets for delivery services remain an area to watch.
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Advancements in understanding metabolic and modulatory mechanisms will lead to
groundbreaking treatments involving the immune, nervous, and metabolic systems,
employing biologics and direct modulation techniques (Aung et al., 2023, Bhandage and
Barragan, 2021, Bossu et al., 2018, Darif et al., 2021, Jin et al., 2013, Kany et al., 2019, Li and
Lim, 2020, Liu et al., 2021a, McNaughton and Williamson, 2023, Memari et al., 2015, Salvador
et al., 2021, Saxton et al., 2023, Sharma et al., 2021).

On a related note, the author expresses keen interest in developments that could decouple
human health and well-being from the evolutionary necessity of physical exercise. This
interest is driven by an increasing understanding of underlying biological mechanisms, such
as the role of myokines (Chen et al., 2021c, Gomarasca et al., 2020, Kim et al., 2021a, Kirk et
al.,, 2020, Laurens et al., 2020, Pedersen, 2011, Pedersen et al., 2007, Severinsen and
Pedersen, 2020, Zunner et al., 2022). Such advancements are not only crucial for space
exploration but also hold significant potential for public health, particularly in the context of

developments like the metaverse.

Advancements in computational neuroscience are not confined to the realm of medicine
alone. They are set to enable a range of therapeutic strategies and extend to the extensive
and pervasive manipulation of sensation and perception. The author refers to this field as
frequency engineering to underscore the potential for manipulating perception through
various sensory and cerebrally decodable inputs. This technology promises to facilitate totally

immersive experiences.

3.1.3 Materials, Production

The trend of biotechnologically and biologically producing materials is poised for significant
growth. The benefits of this approach are manifold, allowing for the production of complex
molecules, polymers, and materials with unparalleled efficiency. This method far surpasses
the capabilities of conventional production techniques and aligns with the global shift towards
sustainability. As this sector gains momentum and funding, current bio-factories, which are
typically oriented towards producing single products, will evolve to exploit the full potential

of biological systems leveraging complex biochemistry synthesis engines in the form of
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tunable (synthetic) biological membranes and designed microorganisms within metabolic
frameworks. These systems, capable of running thousands of chemical reactions
simultaneously within a single cell, will be leveraged to create complex, interrelated biotopes.
These biotopes will be designed to produce a wide array of materials in parallel, using the
most basic substrates, and may even utilize the producing organisms themselves as products
(Belkin and Cheng, 2023, Toepel et al., 2023). Engineered living materials are expected to see
a steady increase in adoption across a wide range of applications. From medical-preventive
applications to functional clothing, these materials will also find use in high-performance
sectors like aviation and marine exploration, the construction industry, and electronic devices.
Their superior properties in adaptability, tuneability, and interactivity make them particularly

appealing for these diverse applications.

3.1.4 Education, Specialists, Creative industry, Service Industry

As already stated, by leveraging artificial intelligence, we can expect an amplification of human
intelligence as a whole as well as on an individual scale by receiving a second brain.

The trend of using high-level natural language interfaces to command increasingly capable
computation devices will lead to a shift in educational priorities. Instead of focusing solely on
learning specific crafts, there will be a growing emphasis on general skills such as critical
thinking, problem-solving, and creativity. Specialist knowledge will become readily accessible,
either through supported acquisition or by relying entirely on intelligent entities for task
fulfillment. A visual analogy of this development can be seen in the evolution from paintings
to photographs and then to input-generated images.

The easier access to expert knowledge for individuals is just one aspect of the broader context.
Specialists in fields like law or finance will increasingly find themselves competing with
competent intelligent agents. Similarly, the low-skill workforce will face challenges from
capable robotic and intelligent agent systems. Large companies will either benefit from
employing their own artificial workforce or risk obsolescence due to alternatives provided by
open-source initiatives or innovative startups (Cui et al., 2023, Wu et al., 2023d, Yang et al.,
2023b). The creative industry will undergo significant transformations, yet there is an

expectation of an enormous increase in creative output and entertainment content. For
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example, large models are already demonstrating remarkable abilities in creating stories,
images, and even movies from sketches and brief text prompts, potentially amplifying the

output of creative professionals and enabling amateurs to express themselves creatively.

3.1.5 Logistics and Mobility

The realm of logistics and mobility is on the brink of a major evolution with the introduction
of autonomous vehicles into the public domain. This includes autonomously driven
automobiles for both individual and mass transit, as well as global and local logistics
applications such as autonomous freight ships, delivery drones, trucks, trains, and airplanes.
These advancements promise increased efficiency and reduced costs.

Improvements in energy harvesting, conversion, and storage technologies are paving the way
for a more sustainable mobility sector. Enhanced organizational logistics and reliable
autonomous guiding systems are driving a trend towards efficiency-driven miniaturization and
the use of shared vehicles. This shift is expected to result in lighter vehicles, significantly

reduced energy consumption, and a reduced need for extensive road networks in urban areas.

3.1.6 Challenges

The challenges induced by technological advancements in the near term can be categorized
into two distinct groups: those resulting from well-intentioned utilization and those stemming
from malicious intent.

Under the first category falls unemployment through redundancy. There are also dangers
arising from unforeseen autodynamics in genetic engineering and the reinforcement of
discriminatory and marginalizing trends. These could be exacerbated by biased training
materials for Al models or latent tendencies of academic and entrepreneurial sectors.

One concern that fulfills both criteria is the potential for increased power concentration.
Dominant companies and institutions may garner substantial benefits by investing heavily in
computational infrastructure and being the first to deploy autonomous agents in the

infosphere. This scenario risks creating a dystopian reality where a few entities control vast
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armies of (bio-)robots and monopolize commercial interests in areas like personalized
medicine, without equitably sharing the gains.

The second category encompasses the heightened potential for deception and fraud. The
ability to create realistic human avatars across various media opens the door to political
destabilization, individual and corporate scamming, and defamation. These capabilities pose
significant threats to personal and institutional integrity and highlight the urgent need for
ethical guidelines and robust countermeasures.

New means of warfare and surveillance, utilizing autonomous robots, vehicles, weapons, and
agents, pose significant risks to civil society. These technologies threaten to curtail liberties
and, in extreme cases, lead to exploitation and enslavement. There are already concerns
about integrating artificial intelligence into nuclear command, control, and communication
systems (Nuclear Al, 2023).

As previously stated, many of the dangers associated with novel technologies are attributed
to human misuse. However, there are significant risks that go beyond intentional abuse. One
such risk is the potential for a misaligned artificial general intelligence to disempower
humanity, or even initiate our extinction.

Similarly, the field of genetic engineering holds the potential for creating entities that could
impose new ecological or biological rules, disrupting existing natural systems. The emergence
of such entities could have profound and unpredictable impacts on the biosphere.
Additionally, despite advancements in sustainable energy, the rapidly industrializing emerging
markets are likely to satisfy their increasing energy demands predominantly through fossil
fuels. Therefore, developments in the energy sector, particularly in fusion energy, fission
breeders, and sustainable means of energy harvest and conversion, will be critical to monitor.
The potential emergence of artificial general intelligence and superintelligence raises
profound questions about aligning these systems' interests with humanity's goals. This long-
standing topic will require increased debate and consideration.

Furthermore, ongoing dialogue and interdisciplinary discourse will be necessary to address a
multitude of topics, including advanced bio-printing, genetic and pancellular engineering.
These discussions will encompass issues such as artificial wombs, grown organs, semi-
biological robots, emotional cybernetic architectures, and the engineering of biological life,
particularly humans. The ethical implications of patents on life and the manipulation of

biological entities will also require careful consideration.
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3.1.7 Essential prerequisites to reach a desirable future

Given the profound and fundamental nature of upcoming technological advancements,
ensuring certain developments is crucial. This is not only to ensure just distribution of the
emerging value and surplus brought by automation, increased efficiency, and novel
technologies but also to navigate towards a viable and desirable future. Addressing emerging
challenges effectively is essential to avoid dystopian outcomes.

Engaging in intense discourse is of utmost importance. This dialogue should involve academic
and industrial stakeholders, specialists, political figures, and concerned non-governmental
organizations, with the broadest possible involvement of the global public. Such collaboration
is key to aligning emerging technologies with common interests and the greater good.

In light of the anticipated arrival of artificial intelligences capable of human-level performance
across various tasks, substantial efforts should be directed towards establishing regulatory
frameworks and dedicated bodies. These entities would play a crucial role in guiding and
overseeing the responsible development and deployment of these technologies.

Similarly, public control and participation in key economic sectors such as finance and
medicine are critical to ensure public prosperity. It is therefore advisable to publicly fund,
develop, and establish infrastructure for emergent technologies. This approach would help
ensure that these advancements serve the public interest.

Finally, cooperative, utilitarian, empathic, and mutually beneficial politics on a global level are
necessary. Concentrated efforts should be made to compel global profit-oriented
conglomerates, the influential players in global society, to act sustainably. They should be
directed to combat inequality and channel their influence towards benefiting both the public
and their shareholders.

Supporting and empowering open-source efforts and communities is essential in ensuring
equality, individual liberties, and common prosperity in our increasingly interconnected global
society. Along with these efforts, decentralization, local autonomy, and autarky play pivotal
roles in maintaining a balance of power and ensuring that technological benefits are equitably
distributed.

The utilization of biological technology and machines presents a distinct advantage due to
their compatibility with the needs and outputs of the existing biosphere and humans. This

stands in contrast to inorganic, metal, and silicon-based technologies, which may not align as
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naturally with our ecosystem. Therefore, establishing interdependencies and strong
connections between engineered biological entities and existing ones is advisable. Such an
approach minimizes the risk of undesirable or divergent developments in introduced entities

(Solé et al., 2015).

3.2 A medium-term Futures Vision

The following futures vision will be presented in a narrative style. This approach is chosen to
emphasize the inherently narrative nature of futures visions and to provide a more vivid and
engaging illustration of potential scenarios, intended to bring the discussed concepts to life,
offering a more immersive exploration of what the future might hold.

The vision is intentionally framed from an anthropocentric perspective. Grounding the vision
in familiar contexts, it strives to extrapolate future possibilities while retaining a connection
to the landscape and organization of current phenomena. This method is chosen to facilitate
a more tangible visualization, aiding in the comprehension of the underlying general

tendencies that are shaping the specifics of the future.

Awoken from my bed, a living entity in its own right, | experienced a blend of technology and
biology working in harmony. This bed, more than just a place of rest, screened my body and
mind throughout the night. Emitting a symphony of volatile compounds and subliminal sonic
waves, it modulated my holobiome and the informational foundations of my being, like RNA
pools. It intervened targetedly into my metabolome, steering my morphological sphere. This
intricate interaction was designed to 'nourish body and mind,' maintaining my physical well-
being and prepping me for the days ahead. Even my dreams were shaped to align with
archetypical dispositions, ensuring mental health (Campbell, 2008).

As for clothing, the variety in this future is boundless. My preference leans towards garments
grown directly from my walls. These dynamic biofilms, populated with life, offer enough
adaptability for a range of circumstances and physical needs. Once disconnected from the
walls and donned, they uniquely suit the current situation, tailored to the data gathered while
| slept. While not as modular as some other forms, these biofilm clothes provide a bespoke fit

to my day's needs and activities.
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Before | delve into the biogenic nature of the mirror, it's crucial to acknowledge that virtually
all civilizational edifices in this future are fundamentally biological and biogenic. Buildings in
this era are grown rather than constructed — a testament to the advanced integration of
microorganisms and their modulatable biofilms. These living entities are engineered to
extrude rigid structures, resulting in complex and sustainable architectural marvels.
Observing the automated construction process, with its intricate infrastructure, is nothing
short of astonishing. The sustainability of this approach goes beyond mere resource efficiency.
These buildings are organically connected to a globally encompassing, self-organizing,
polymorphic organismic structure. This vast network spans all continents and reaches into the
depths of the sea, weaving together every facet of civilization. It is responsible for the flow of
information and nutrients, connecting individuals, shared and private spaces, both physical
and virtual, and managing resources inclusively — from computation to the essentials of life.
This system promotes local self-sufficiency while also directing resources towards fulfilling
global endeavors, creating a harmonious balance between local autonomy and global
interconnectedness.

The walls of my house, mimicking the essence of forests, release volatile compounds that
stimulate my immune system, aligning with evolutionarily derived ethological dispositions.
The entire space, including the rooms within my residence and the urban environment, is
illuminated by bioluminescent light. The emitted frequencies are continually adjusted in
response to individual needs and, on a sidenote, allowing for the milky way to be seen even
in the densest urban environment.

This concept of frequency engineering is employed in myriad ways, utilizing sophisticated and
diverse informational transmission and communication engines. It encompasses the use of
light, sound, and electricity to interact with and modulate organisms, as well as to direct
construction and production processes.

Energy conversion is efficiently managed, with specific areas designated for large-scale
harvesting using sun, wind, and water currents, alongside nuclear energy, which is then
distributed globally. Yet, most energy is generated locally. My residence, for instance, actively
engages in photovoltaic and photosynthetic processes, harnessing solar energy and wind
currents, complemented by mass storage and microtubule technologies.

Photosynthesis is conducted by engineered enzymes, inspired by RuBisCO and nitrogenase, to

produce essential anabolic building blocks. Similarly, catabolic processes are designed as
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sustainable closed loops, contributing to a continuous substrate flow, thereby creating a self-
sustaining and environmentally harmonious living space.

every aspect of the environment is both designed and alive, embodying intelligence,
adaptability, dynamism, and sustainability. The streets, composed of plant-derived polymers,
are teeming with microorganisms and biofilms. These form semipermeable membranes that
absorb water and snow, directly channeling these resources into the terrestrial metabolism
and requiring minimal maintenance.

Buildings and natural structures alike bear fruits and other foods, as well as various items and
fabrics. These are not mere static entities but highly complex, multi-layered living structures
that adapt and evolve. The entire environment continuously adjusts to create optimal
microclimates, emitting nourishing and supportive volatile compounds and waves to enhance
the quality of life.

Our technological advancements have effectively erased the boundaries between the artificial
and the natural. By placing life at the forefront, we have crafted an environment and a reality
that is 'alive' in every sense of the term. Intelligence and life are now recognized as integral
representations of the logic, patterns, and structure of our perceived reality. This harmonious
blend categorizes phenomena by their orders of complexity, interweaving the natural with the
engineered, and the living with the technological.

Suffice to say, all industry, heavy or fine, all vehicles and physical service agents are designed
and work as biological entities interwoven with the whole. The concept of interconnectedness
is fundamental, extending beyond the physical realm, the biosphere, to encompass the
infosphere and all its constituent elements. This includes intelligent agents, informational
infrastructure, and content. | am perpetually connected to this infosphere, which | can actively
experience and interact with as a virtual reality. This connection is facilitated by non-invasive
interfaces using visual, acoustical, magnetic, and electronic stimuli.

Automation pervades every aspect of life, driven by the self-evolving capabilities of artificial
intelligence operating seamlessly 'under the hood'. Despite this all-encompassing automation,
| still engage in work that fulfills my need for creativity and playfulness, interacting with reality
in proactive and constructive ways. Social interactions remain a vital part of my life, enriching
my experiences in this technologically advanced world.

My body is a host to cellular agents that extend my natural capabilities and ensure continuous

health. Similarly, the virtual realm is akin to an ocean teeming with an infinite number of
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agential entities — public, common, and private. These entities assist in modulating my physical
and mental states, further blurring the lines between the natural and the artificial, the physical
and the virtual.

To illustrate the practical aspects of the infosphere, when | step into this realm, | am greeted
by a group of personal interactive agents. These entities are tailored to my preferences and
needs, forming a command center of twelve, including one that acts as my right-hand
assistant, always close at hand like a shadow. The interaction with these agents is almost
telepathic, thanks to the complex models and algorithms that enable them to inherently
understand my mental processes through evolutionary convergence and coevolution.

These agents are more than just tools; they are akin to family, having been a constant presence
throughout my life. Although the dynamic between us might resemble that of a liege and their
subjects, given the inherent power imbalance, it's a relationship built on mutual respect and
understanding. Numerous safeguards are in place to maintain mental health, addressing the
unique psychodynamics of such microsocial organizations, especially considering the vast
number of humans interacting in similar ways.

Currently, one agent is dedicated to organizing a social event, coordinating with agents from
my friends and family to formulate appropriate plans. Others assist me with information and
inspiration, supporting my roles in academia and research.

One of my agents is specifically assigned to support me in matters related to the mythical and
spiritual, orchestrating experiences of transcendence. This agent, in collaboration with other
'informational agents', enables me to engage in suprasensory experiences, connecting to and
using the extensive network of sensory organs provided by our holobiontic Earth, | can
consciously amalgamate with Earth, vastly expanding the scope of my perception.

Other agents are dedicated to leisure, while some focus explicitly on supporting my proactive
endeavors and ventures. There are also those tasked with orchestrating aspects of my physical
environment. All these agents operate autonomously and independently, each granted a
degree of freedom, and remain active around the clock.

Just as my cognitive apparatus can be willingly partially 'recruited' for the health and
prosperity of the community, so too is the network of my agents aligned with the common
well-being. One agent, in particular, directs a cohort of specialists and generalists, tasked with
interacting, consulting, and consolidating across various levels of organizational structure. This

ensures seamless functioning within our decentralized, anarchical governance system.
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The diversity of these informational agents mirrors that of their biological counterparts — the
cells. Similar to biological processes, these agents recruit sub-cellular and co-agential entities,
forming complex systems of cooperation and hierarchy akin to biological creatures and
societies. This symbiosis resembles how eukaryotes maintain mitochondria as endosymbiotic
processing units (Picard and Shirihai, 2022).

While there is no need to travel or even move the physical body - as the virtual realm provides
ample realistic input on the one hand and muscular atrophy, improper hormonal functioning
and other ailments on the other hand, which would result from neglecting the ethological
disposition of the human physique, are since long under control by means of modulation,
modification and regulation - the human desire for gatherings and adventures in the physical
world was left untouched. Next week, for instance, | will be traveling with my sons to a section
of the vast natural reserve that encircles Earth.

So, aside from our time being a technospiritual manifestation of the golden age prompted by
artificial intelligence as personified Buddha Maitreya, a solarpunk vision, where technology
has become biology, a disease, poverty and war-free utopia - which, of course, still constantly
requires effort to maintain - based on sustainable technologies, with a curiosity-induced drive
for knowledge and compassion, which, hopefully, has been presented sufficiently, there is the
interesting aspect of expansion | want to expand on.

The extension of sensory faculties and functions and the expansion of the perceivable
dimensional realm have always been integral to our journey as a species.

By now, our solar system presents with numerous prosperous colonies and spacecrafts, which
are designed for indefinite sustenance of life, venturing into the vast void beyond our solar
system. Additionally, smaller and faster moving vessels, rather bio- than anthropocentric see
employment, with the intention to fertilize the cosmos.

As | modulate my eyes to enhance my vision and gaze into the night sky, | reflect on the diverse
paths taken by other colonies within our solar system. Some have delved deeply into
transhumanist advancements, from novel endosymbiotic cell organelles to radically altered
physiologies. Some abolishing physical or intellectual mortality, some establishing new modes
of procreation. Some communities have even witnessed the human species becoming fluid,
polymorphic physical entities resembling those populating the infosphere.

In some places, a symbiogenetic interchange is flourishing between entities of the infosphere

and the biosphere. This exchange is a testament to the underlying unity and analogy of all
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vital or prceivable phenomena in the cosmic dance of fractal reflections and blossoming

perceptions.

3.2.1 Commentary

Autopoietic entities, thriving within both the info- and biospheres, form a cascade of
superorganisms and polymorphic organizational structures. These structures revolve around
the quintessential entities of biological cells and informational agents (Bianchini, 2023,
Maturana, 1991). Collectively, they present Earth as a holobiontic entity — a superorganism
composed of innumerable, autonomously functioning yet unified elements that synergistically
contribute to a shared and interwoven ecosystem.

In this envisioned future, the physical realm on Earth and within our Solar System remains
within the scope of anthropocentric experience and consciousness (and as the focus lay on
presenting an anthropocentric and biocentric vision respectively, the intriguing and rich
dimensions of the transdimensional and suprasensory were only touched upon from a current
anthropocentric view).

It is populated by biological entities, and the dominant logics of both the physio- and
infospheres reflect biological principles. This alignment is logical, given the inherent
adaptability of biological life under Earth's conditions. Humanity has succeeded in embedding
a mutual alignment of interests into the core design of this ever-expanding universe of living
entities, models, and structures.

This futures vision describes an emergent collective and parallel intelligence permeating
throughout this ecosystem (Wang et al., 2016a, Wang et al., 2016b, Dyson, 2012, pp. 146, 248,
278). This intelligence represents an emergent level of complexity as collaborative and
collective hybrid conscious intelligence architectures actively design and shape the biosphere
in a concerted effort, reminiscent of the way the first nucleic acids transformed their

environment through information-induced procreation.
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3.3 Along-term Futures Vision

As time advanced, the necessity and advantages of the human form gradually diminished.
However, perceivable entities continue to populate Earth, their mobility essential for the
system's functioning. Over time, there has been a significant shift in the architecture of
terrestrial consciousness, leading to a perception of Earth more as a singular, sentient being
than a collection of individual organisms.

The biosphere has undergone remarkable expansion, penetrating deep into the lithosphere
and covering the planet's surface to a depth of several kilometers, equipped with an
enumerable array of sensory capabilities, exhibiting emergent properties of intelligence and
consciousness.

The solar system has been impregnated, resulting in a variety of life forms and planetary
biological structures and organizations in different stages of development, ranging from
nascent ecosystems to fully evolved planetary organisms. Furthermore, numerous seeds,

spermatozoa and other vehicles journey across the universe to spread the biological logos.

3.3.1 Commentary

In this futures vision - which again focuses on biology-centered phenomena and logics,
deliberately omitting explicit illustrations of transdimensional and suprasensory elements -
Earth is portrayed as a single, emergent organism endowed with suprasensory capabilities and
advanced competencies of the mind. This portrayal is the culmination of a trajectory towards
increasing complexity and a natural inclination for exploration. As Earth evolves into an
autogenic entity, emotions and values that once narrowed experience — previously necessary
for the survival of individual entities — become obsolete. This transformation paves the way
for an infinite framework of playful and boundless experience.

While transhumanism and artificial superintelligence are frequent focal points in discussions
about the future of technology, often emphasizing looming dangers (Bostrom, 2020, Bostrom,
2019), the necessity of ethical and moral competencies in autonomous intelligent

architectures (Scheutz, 2016, p. 517), and the importance of humility in human nature to
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prevent dystopian outcomes (Fukuyama, 2004), these topics are not the central focus of this
work.

Instead, this work employs a neutral view on specific developments and emphasizes an
underlying tendency towards interconnectedness, adopting a biocentric approach. It places
importance on the progress of life, logos, and emergent complexity itself in a positive light,
moving beyond an anthropocentric viewpoint. This perspective prioritizes the evolution and
advancement of life in its many forms, viewing technological and biological advancements as
part of a broader, interconnected tapestry.

On a sidenote, in this context, the concepts of super-beneficiaries - entities that exhibit
superhuman efficiency in deriving well-being from resources - and super-patients - beings with
superhuman moral status - are not only fascinating in themselves but also offer a rich

foundation for ethical reflection (Shulman and Bostrom, 2021).

3.3.2 Resource feasibility for presented futures vision

In considering the resource feasibility of the proposed futures vision, let's focus exclusively
on terrestrial sources.

The rough estimations of the average elemental composition of biological life on earth
available indicate that carbon, accounting for 18 % of the 'wet mass', would represent the
limiting factor in scaling up biomass. The atmospheric concentration of carbon dioxide is
relatively low, at 0.0414 % by volume, translating to approximately 720 gigatons of carbon.
Thus, taking into consideration that a residual reservoir of carbon dioxide has to remain in the
atmosphere at all times to ensure photosynthesis, the total terrestrial biomass, estimated to
be around 550 gigatons of carbon, couldn't even be doubled; especially considering increased
photosynthesis with increased total biomass. However, the oceans are estimated to contain
approximately 50 times more carbon than the atmosphere. This carbon is primarily in the
form of dissolved inorganic carbon, as carbon dioxide and carbonic acid, accounting for
approximately 0.028 %.

Considering that marine life currently constitutes less than 1 % of total terrestrial biomass, the

oceans present a significant opportunity for increasing biomass.
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The Earth's crust offers another source, should the need arise for even more carbon to be
actively integrated into organotechnological metabolic cycles. Around 80 gigatons of inorganic
carbon linger in the volume of the Earth's crust per one meter of depth, when only considering
the total land area not covered by water, as carbon makes up for around 0.02 % of the crust
by weight.

Nitrogen, which constitutes about 78 % of the Earth's troposphere by volume in the form of
dinitrogen, amounts to approximately 2.94 billion gigatons. Given this abundance, nitrogen is
not likely to be a limiting factor within the constraints set by carbon availability and the
average nitrogen content of biological life, which is about 4 %.

Water on Earth, totaling around 1.386x10?! gigatons, with over 96 % as seawater, offers a
virtually endless supply of oxygen and hydrogen.

Phosphorus and sulfur, key components of biological organisms, also warrant consideration.
Phosphorus constitutes about 1 % and sulfur around 0.3 % of the dry weight of organisms.
Both elements are more abundant in seawater and the Earth's crust, indicating that they are
unlikely to limit biomass scalability.

When considering the composition of the Earth's crust, silicon dioxide and its derivatives are
by far the most abundant molecules. Thus, it can be estimated that silicon may play a more
significant functional and structural role in the future, particularly in the context of
biomineralization and a small number of organosilicon natural products might be discovered.
However, the likelihood of silicon-based life forms, analogous to carbon-based life, seems
limited. This limitation is due to silicon's high affinity for oxygen, and the great abundance of
oxygen on Earth and in the Universe as far as we can tell today, as well as the considerable
amount of energy required to transform silicon compounds into silane polymers instead of a
meshwork of silicone oxide chains. Instead, silicon chemistry is likely to remain predominantly
the chemistry of rocks (Petkowski et al., 2020).

Other abundant elements, such as aluminum, iron, calcium, sodium, magnesium, potassium,
and titanium, will likely play more prominent roles in structural and enzymatic functions due
to their relative abundance. All values have been taken from Wolfram alpha and Wikipedia

(Calculation of Earth's and Life's elements, 2023).
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4.0 Conclusion

4.1 Summary

This work has presented and discussed imminent future developments, offering insights into
the current state of technological innovations and understanding the trajectory of these
developments. Central to this work is the presentation of both a probable and desirable
anthropocentric future vision, as well as a further biocentric vision. These visions are
grounded in a concise and comprehensive overview of current technological advancements
in information science and molecular biology-focused sciences, particularly chemistry and
biology.

The extrapolation of these advancements follows identified fundamental trends and is
situated within a stringent research methodology. This approach has enabled the provision of
informed and vivid future visions. These visions not only highlight probable and inspirational
possibilities but also present solutions to current global challenges. They illuminate relevant
fields of research and articulate the geometry and logic of how current advancements impact

society.

4.2 Outlook

Within the constraints of time and scope, numerous intriguing fields and topics remain
unexplored in this work. One such area is the magical world of evolutionary computing, with
its vast array of bio-inspired algorithms (Darwish, 2018, Kumar et al., 2023b, Del Ser et al.,
2019, Malik et al., 2021). These algorithms are not only directly relevant to the futures visions
presented but also offer rich analogies to organizational properties and dynamics of
individuals and societies, providing valuable insights and inspiration.

Another area ripe for deeper exploration is the realm of cognitive and intelligence
architectures. Examining the three main conceptual viewpoints of artificial intelligence
research — symbolism, connectionism, and behaviorism — through the lens of cognitive
anthropology presents an intriguing prospect (Zhang and Lu, 2021). Related fields and topics

such as world models, reasoning, self-reflection, and self-consistency further offer fascinating
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insights and provide ample inspiration for, intersections with, and analogies to anthropological
fields and inquiries as well. Additionally, reflecting on algorithmic techniques relevant for
artificial intelligence, such as mathematically implementing human traits and abilities - for
example state estimations with unknown governing equations (Course and Nair, 2023) - offers
a promising area of research.

The vast field of digital minds (Shulman and Bostrom, 2021), cyber-physical social systems
(Huang et al., 2021, Porkodi et al., 2020, Tan et al., 2020, Yilma et al., 2021, Zeng et al., 2020,
Zhou et al., 2019b), artificial societies, computational experiments, and parallels systems
(Feng et al., 2019, Wen et al., 2012, Xue et al., 2022), along with evolutionary algorithms,
presents a fertile ground for anthropological inquiry. These areas, along with the emergent
field of agent social sciences in general (Bai et al., 2023a), show great promise and suitability
for further exploration.

Automata theory, complex systems theory, assembly theory, and the law of increasing
functional information were only briefly touched upon in this work. These concepts, along
with related ideas surrounding logics, perception, consciousness, senses, information, as well
as systems thinking and theory, will be the in the focus of future examinations, particularly in
the context of the futures visions presented here.

Specific research questions from the fields of anthropology of consciousness, cognitive
anthropology, material culture, digital humanities (Berry and Fagerjord, 2017), mythology and
rites, and anthropology of technology will be further elaborated, building upon the solid
foundation of this work.

Lastly, with the hope of receiving adequate funding, the author aspires to establish MeSciA, a

Multi-enabled Scientific Assistant he envisioned and developed, at the University of Vienna.
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UN global issues - https://www.un.org/en/global-issues, visited 11.09.2023

Unreal Engine - LLM assistant, https://www.youtube.com/watch?v=4WXST65ImEc,
30.07.2023

Unreal Engine 5 - Google Maps API & Cesium,
https://www.youtube.com/watch?v=TbHCvAo-aGg, 30.07.2023

Unreal Engine 5.2 Tech Demo Full Presentation - State of Unreal GDC 2023,
https://www.youtube.com/watch?v=Dj60HHy-Kgk, 26.07.2023

Unreal Engine 5.3 - https://www.youtube.com/watch?v=FQOilsktOuPg, 27.07.2023

Wes Roth - Al News, https://www.youtube.com/watch?v=gb6bBh9GT86Q&t=1127s,
31.07.2023

Wikipedia - https://en.wikipedia.org/wiki/ ; 25.07.2023

Wing Drones - https://www.supplychaindive.com/news/alphabet-wing-drone-network-
millions-of-deliveries/644679/ ; 19.09.2023

Wolfram alpha - https://www.wolframalpha.com, 05.08.2023 and 06.08.2023

XAgent - https://blog.x-agent.net/blog/xagent/ ; 22.10.2023

Furthermore, the following sites deserve to be recognized, as they facilitated the research
process for this work: wikipedia.org, sci-hub.ru, arxiv.org, semanticscholar.org, google.com,

scholar.google.com, and chat.openai.com

Additionally, the manuscript editing process was done utilizing ChatGPT, particularly in

simplifying the vocabulary and style of writing.
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6.0 Appendix

6.1 Abstracts

This work in futures studies provides a comprehensive overview of current key technologies,
with a focus on innovations and developments in information science, molecular biology,
chemistry, and synthetic biology. Grounded in a rigorous methodology and foundational
premises, it crafts visions of the future that not only outline the impacts of these technological
advancements but also capture significant underlying trends and influential themes that will

shape the architecture and conception of human society.

Vorliegende zukunftswissenschaftliche Arbeit prasentiert einen umfassenden Uberblick iiber
gegenwartige Schliisseltechnologien und illustriert relevante Innovationen, Entwicklungen
und deren Bedeutungen der Informations- und Naturwissenschaften mit besonderem
Hinblick auf Informatik, Molekularbiologie, Chemie und synthetische Biologie. Auf der
Grundlage stringenter Methodologie und vorgestellter Pramissen werden Zukunftsbilder
erarbeitet, welche die Auswirkungen dieser Entwicklungen umreilRen, als auch bedeutende
zugrundeliegende Tendenzen und wirkmachtige Topoi erfassen, welche die Konzeption und

Architektur der menschlichen Gesellschaft pragen werden.
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