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Objective: The concept of “substrate independence” is one of the most fundamental
concepts in information science, computer science, and the philosophy of mind. It has
played a decisive role in the transition from traditional librarianship to modern
information science, as well as in the formation of new paradigms in artificial intelligence
(Al). This concept emphasizes the distinction between “information as an abstract entity”
and “the material substrate of its manifestation,” defining information not as a physical
object but as an “abstract pattern.”

Method: This study, adopting an analytical approach, elucidates this concept at four
main levels: 1. The level of information science, encompassing the separation of content
from carrier, the transformation of knowledge organization systems and metadata, and
the redefinition of the role of information professionals; 2. The interdisciplinary level,
including publishing, music, and computation; 3. The level of artificial intelligence and
philosophy of mind, including the mind-as-software thesis and mind uploading; and 4.
The level of theoretical and practical challenges, including the problem of consciousness,
the embodiment problem, ethical challenges, and physical limitations.

Results: The findings indicate that although substrate independence has become an
efficient managerial tool in information science, its generalization to the domain of
consciousness and artificial intelligence entails profound philosophical, technical, and
ethical questions. This concept is not merely a theoretical principle but also a dynamic
and challenging research domain within contemporary sciences.

Conclusions: The concept of substrate independence, as a foundational principle of
contemporary information science, has, by separating abstract content from its physical
carrier, paved the way for the transformation of modern knowledge organization systems,
metadata, and digital preservation strategies. However, the generalization of this
principle to the domain of consciousness and artificial intelligence raises unresolved
questions regarding the nature of understanding, the role of embodiment in cognition,
and individual identity in digital environments. Thus, this concept not only provides a
theoretical framework for information management in multi-format environments but
also opens up an interdisciplinary research field requiring collaboration among
information scientists, computer scientists, neuroscientists, and philosophers to explore
its epistemological, technical, and ethical dimensions.
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Introduction
In the age of digital transformations and the emergence of new information paradigms, the

nature of information has undergone fundamental changes. Information, once understood as an
entity dependent on physical objects (books, manuscripts, paper documents, etc.), has today
become an abstract, fluid, and multi-substrate phenomenon. Within this theoretical framework,
the principle of “substrate independence”, what Luciano Floridi (2011, p. 86) terms “support-
independence”, has emerged as a key concept in contemporary information science. This
principle asserts that information, despite its necessary reliance on a medium for storage,
transmission, or processing, possesses an identity independent of that medium and can manifest
in various material forms without its abstract nature being altered.

“Substrate independence denotes a system’s ability to maintain its identity or life

process without being bound to a specific material substrate. What matters is

the preservation of functional patterns and relations, not the continuity of the

physical medium. A system is substrate-independent when its identity can be

reconstructed across different carriers.” (Jones, 2026, p.97).

Despite the widespread acceptance of this principle in information science and its
transformation into an efficient tool for managing information resources in multi-format
environments, the extension of this same principle to more complex domains such as the
philosophy of mind, cognitive science, and artificial intelligence (Al) faces profound
theoretical, technical, and ethical challenges (Poczobut, 2024). On the one hand, in information
science, substrate independence has facilitated the transformation of knowledge organization
systems (e.g., FRBR and IFLA LRM models), the redefinition of digital preservation processes
(through the strategy of migration), and the transformation of the role of information
professionals from “custodians of resources” to “managers and brokers of information flows.”
On the other hand, in the domain of Al and the philosophy of mind, this same principle has
provided the theoretical basis for pioneering ideas such as “Strong Al” (also called artificial
general intelligence: AGI) and “mind uploading”, ideas that assume consciousness and
intelligence, as information processing patterns, can be reproduced on silicon substrates
independently of the biological substrate of the brain. This functional dualism of a single
concept raises fundamental questions: Can the principle of substrate independence, accepted as
an operational principle in information resource management, be extended to the domain of
human consciousness and intelligence without redefinition and additional theoretical
precautions? Where is the boundary between “informational pattern” and ‘“conscious
experience”? Does the manipulation of symbols and the execution of algorithms on non-
biological substrates necessarily lead to “understanding” and “inner consciousness,” or is
consciousness a substrate-dependent phenomenon rooted in neurobiology?

Furthermore, challenges such as John R. Searle's “Chinese Room Argument,” the
“embodiment problem” in cognitive science, and the questions of identity and ethics related to
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mind uploading indicate that a simplistic generalization of this principle may lead to
epistemological dead ends and undesirable ethical consequences.

In addition to philosophical dimensions, a technical and operational gap exists in this area.
Although from a theoretical perspective, an algorithm can be executed on any material
substrate, in practice, the efficiency, speed, and energy consumption of intelligent systems are
highly dependent on the type of substrate. The human brain, consuming approximately 20 watts
of energy, performs complex cognitive functions whose simulation on a silicon substrate
requires data centers consuming megawatts of power (Thagard, 2022; Yi, 2025). This stark
difference raises an important question regarding the “implementation cost” of cognitive
functions, an issue less addressed in the theoretical literature on substrate independence.

Given the foregoing, the main problem of this study can be formulated as follows: How can
the concept of “substrate independence” be explained systematically and critically in a way that
both clarifies its function as a foundational principle of contemporary information science in
managing multi-format information resources and also examines its limitations, challenges, and
open questions when extended to the domain of consciousness and artificial intelligence?
Answering this question requires an interdisciplinary analysis that, while drawing on the
achievements of information science, examines the epistemological, technical, and ethical
dimensions of this concept at the intersection of contemporary knowledge, with the
participation of computer science, neuroscience, and the philosophy of mind. Therefore, the
aim of this study was to provide a systematic explanation of the concept of “substrate
independence” across four analytical layers and to investigate its theoretical and practical
challenges at the intersection of information science, computer science, and the philosophy of
mind.

First Layer: Substrate Independence in Information Science

In this domain, substrate independence is the factor that has transformed the discipline from
a “physically demanding job” into a “modern science.” This transformation can be analyzed
along three main axes:

1. Separation of “Content” from “Carrier”

The first manifestation of this concept in information science is the distinction between
“intellectual content” and “physical carrier”:

o Content (information/work): The idea, meaning, data, or message created by the author.
o Carrier: The physical or digital storage medium, including paper, optical discs, cloud
servers, or digital signals.

Accordingly, a book or scientific work, whether in the form of a manuscript, a PDF file, or
an HTML page, is identical in terms of informational value and identity. In this field of science,
information is no longer tied to its physical object. This principle has facilitated the transition
from “object-centricity” to “information-centricity” and has provided the theoretical basis for
managing information resources in multimedia environments.
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2. Transformation of Knowledge Organization and Metadata Systems

With the independence of information from its material substrate, physical addressing,
content tagging, marking, storing, and parking (Fairthorne, 1956, 1961) have given way to
conceptual models:

- Traditional approach: Systems such as the Dewey Decimal Classification or the Library of
Congress Classification were designed to locate a book's physical place on a shelf. In
effect, the physical address was the retrieval address.

- Modern approach (models such as FRBR and IFLA LRM): Within this framework,
information is managed at four conceptual levels:

1. Work: The abstract idea (e.g., Ferdowsi's Shahnameh).

2. Expression: The way the idea and work are realized (e.g., its French translation or a
specific critical edition).

3. Manifestation: The overall publication format (e.g., printed book, PDF file, or ePub).

4. Item: The specific physical copy held in a library.

This four-level conceptual model is designed precisely for managing information that
appears in different forms independently of its material substrate and enables the efficient
organization of information resources in multi-format and multimedia environments (Riva, Le
Boeuf & Zumer, 2018).

3. Redefining the Mission and Role of Information Professionals
The acceptance of the principle of substrate independence has led to structural
transformations in the identity and function of information institutions:

- Digital preservation: Given the instability and perishability of digital carriers (e.g., floppy
disks, optical discs, hard drives, etc.), professionals rely on the principle of
information independence to perform a process called “migration.” In this process,
information is continuously transferred from obsolescent material substrates to new
ones so that the information itself survives.

- Transformation of the library's function: The library is no longer merely a repository for
holding “physical information objects”; it has become a hub or portal for accessing
“information flows” globally, regardless of whether that information resides on a
server on the other side of the world or on a local hard disk.

- Changing role of the librarian and information professional: The role of librarians and
information professionals has evolved from “custodians of resources” to
“information managers and brokers.” This new role includes designing information
retrieval systems, managing data, facilitating access to information resources in
digital environments, and providing value-added information services.



SUBSTRATE INDEPENDENCE OF INFORMATION ... S

Second Layer: Generalization of the Concept to Interdisciplinary Fields

Substrate independence demonstrates that for an “algorithm” or “concept” to exist, it does
not matter on what material it is implemented; what matters is the preservation of the structure
and relations between components. This principle is observable in various fields:

- Publishing: A literary or scientific work can be presented in printed format, as an eBook,
an audiobook, or a web page without its informational identity changing. The nature of
the work (story, poem, concepts, and words) remains constant, but its material substrate
continually changes.

- Music: A Beethoven symphony can exist on a gramophone record, a magnetic cassette tape,
an MP3 digital file, or through the vibration of piano strings in a concert hall. The music
is not dependent on any of these objects (media); the music is the “informational pattern”
of the notes, manifesting independently of the recording and performance medium.

- Computation: A simple mathematical operation (e.g., 2+2=4) can be performed by silicon
logic gates in a computer processor, by moving beads on a wooden abacus, or even by
the firing of neurons in the human brain. The media are completely different (silicon,
wood, biological tissue); but the informational result and the logical content of the
processing operation (i.e., 2+2=4) is identical across all these material substrates, it makes
no difference whether it is calculated with silicon, an abacus, or the human brain.

In all these cases, the “informational pattern” is constant, and the “material substrate” is

variable. This principle has enabled the transmission, reproduction, and access to information
on a global scale, independent of physical limitations.

Third Layer: Substrate Independence in Al and Philosophy of Mind
The most exciting and controversial application of this theory lies in explaining the nature
of the mind and consciousness.

1. The Mind as an Information Processing Pattern

Proponents of the principle of substrate independence maintain that the human mind is
merely an exceedingly complex “information processing pattern,” and that the biological brain
is only one of the possible substrates for the implementation of this pattern. This view provides
the theoretical foundation for ideas such as brain simulation, mind uploading, and strong Al
(Hawkins, 2026). Accordingly, consciousness and intelligence are not exclusively biological
phenomena; rather, they are informational properties that can also emerge on any other suitable
material substrate.

2. Technical Steps for Whole Brain Simulation and Mind Uploading

The idea of “mind uploading” is based on the assumption that if the informational structure
of the brain is reconstructed, consciousness can also be reproduced. To transfer a mind from a
biological substrate to silicon, three technical steps are envisioned:
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- Scanning: Nanometer-scale scanning of approximately 86 billion neurons and trillions of
connections between them, i.e., the connectome.

- Translation: Converting the biological map into computer binary code; that is, precisely
simulating how each neuron sends electrical signals and how it communicates with other
neurons.

- Simulation and Execution: Running this model on a supercomputer or a very powerful
hardware platform to reproduce the personality, memories, and consciousness of the
original individual (H&ggstrom, 2020; Wissinger & Wang, 2023; Perdikakis et al., 2025).

If all goes well, this simulation would begin to “think” and would reproduce the
informational identity of the individual. The European Union's scientific research project
known as the “Human Brain Project” (HBP) aimed to simulate the entire human brain.
Although this project was a major success in the field of digital neuroscience and served as a
launchpad for a new generation of scientific discoveries about the brain and the treatment of
neurological diseases, there is still a very long way to go before achieving a full simulation of
a conscious human brain.

Fourth Layer: Fundamental Challenges and Theoretical Crises
Separating information from the body has created major crises in the fields of Al, philosophy
of mind, and ethics.

1. The Challenge of Consciousness and the Chinese Room Argument

The greatest challenge is whether running an intelligent algorithm on a non-biological
substrate leads to “understanding” and “consciousness.” Critics such as John R. Searle (1980,
1992), a proponent of “Biological Naturalism” in the philosophy of mind and language, argue
that a machine merely manipulates symbols and mathematical codes based on specific models,
rules, and algorithms, without any grasp of “meaning” or “inner consciousness.” In their view,
consciousness may be an entirely biological property (dependent on the material substrate of
the brain), and consciousness will not emerge simply by copying informational patterns and
algorithms onto silicon. Searle imagines a scenario where a person is locked in a room and has
a rulebook (a computer program) to answer questions written in Chinese. Although the person,
like a computer, gives correct answers, they do not understand the meaning of those symbols at
all. From this, Searle concludes that the manipulation of symbols (syntax) is not sufficient for
creating understanding and consciousness (semantics).

2. The Embodiment Problem

Many cognitive scientists believe that purely informational Al reaches a dead end because
“mind without body” is incomplete. They argue that much of human understanding and
intelligence arises from the physical interaction of the body with the material world (sensing
heat, gravity, pain, and touch). When we completely separate information from its material and
physical substrate and store it on cloud servers, Al does not develop a proper understanding of
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“physical reality.” This is why an Al system may perform superhumanly at a game of chess but
struggle to understand the simplest physical concepts of the real world.

3. Ethical and Identity Challenges of Mind Uploading

If one day the hypothesis of substrate independence is fully realized and we can extract the
informational pattern of a human brain and upload it onto a supercomputer or an Al-powered
robot, we will face daunting challenges (Niu, 2025). For exmaple:

e Copy or the individual themselves? If your mind is copied onto a digital substrate, is
that digital copy “you”? If both exist simultaneously, which one has legal rights and
ownership of your property?

e Death and immortality: If the material substrate (the fleshly body) dies, but the digital
substrate survives, is that person dead or alive?

e The problem of destruction or non-destruction: In some high-precision scanning
methods, the physical brain must be sliced layer by layer and destroyed. In that case,
have you been killed and a robot resembling you been born, or have you truly been
transferred to the robot?

4. Physical and Energy Limitations

One fundamental yet practically neglected issue in the philosophy of Al and computational
neuroscience is the difference between the “possibility of implementation” and the “optimality
of implementation” of an algorithm or cognitive function. The principle of substrate
independence, prevalent in computer science and the philosophy of mind, states that a
computational function can be realized on diverse physical substrates (from silicon circuits to
biological or even mechanical systems) (Linssen & Koene, 2025; McLean, 2024). However,
this principle provides no information about the “implementation cost” of that function.

The human brain, consuming approximately 20 watts of energy (equivalent to a low-energy
light bulb), is capable of performing a range of complex cognitive functions, including
hierarchical processing, multimodal learning, decision-making under uncertainty, and possibly
the phenomenon of consciousness (Lennie, 2003; Attwell & Laughlin, 2001; Levy & Calvert,
2020). In contrast, training and running large Al models on silicon substrates requires gigantic
data centers that consume megawatts of electricity and need enormous cooling systems. This
stark difference demonstrates that although information is theoretically independent of matter,
in practice, the type of material substrate has a profound impact on the efficiency, speed, and
energy consumption of intelligent systems (Thagard, 2022).

Conclusions

The concept of substrate independence has created a bridge between information science,
computer science, and the philosophy of mind. This principle has taught us that information, as
an abstract entity, can manifest across various substrates without losing its identity. In
information science, the principle of substrate independence has become an efficient and
accepted managerial tool and has facilitated the transformation of modern knowledge
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organization systems, metadata, preservation and retrieval of information, and information
services. However, the generalization of this principle to domains such as consciousness and
Al entails profound philosophical, technical, and ethical challenges. Questions about the nature
of understanding, the role of embodiment in intelligence, individual identity in the digital age,
and the boundary between human and machine remain unanswered. The current scientific state
of the art indicates that although we have succeeded in mapping simple nervous systems, the
complete simulation of a conscious human brain remains on the frontier between a dream and
immense technical challenges. Consequently, the concept of substrate independence is not
merely a theoretical principle but also a dynamic and challenging research domain in
contemporary sciences, requiring interdisciplinary collaboration among computer scientists,
neuroscientists, philosophers, and information scientists to elucidate its various dimensions.
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I, implementation cost

2, physically demanding job

3. Content, work, information

4. carrier

5. cloud servers

¢, digital signals

7. physical addressing, content tagging, marking, storing and parking
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!, work

2, expression

3, manifestation
4. item

5. four-level conceptual model
6, digital preservation

7. hub

8, portal

%, local hard disk

10 information broker
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. gramophone record

. neurons firing

. mind uploading

. scanning

. nanometer-scale scanning

. connectome

. translation

. simulation

. EU scientific research project

0, The Human Brain Project: https://www.humanbrainproject.eu
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!, biological naturalism
2, syntax

3. semantics

4, embodiment problem
5. supercomputer

6, fleshly body
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2, data centers
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