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Abstract

The Kardashev Scale has long served as foundational model for classifying technological
civilizations based on energy consumption. However, its linear and energy-centric nature
limits its ability to capture the full complexity of advanced systems, particularly under
constraints imposed by the Second Law of Thermodynamics. This paper proposes a
multidimensional extension that incorporates not only energy utilization (E), but also
information processing (I) and entropy production (S), forming a three-dimensional
framework for evaluating civilizational development.

To formalize this approach, an original advancement function (A = I"oa. E"B/S"y) is
introduced, capturing the interplay between scale, efficiency, and thermodynamic cost. This
formulation demonstrates that highly advanced civilizations may achieve greater functional
complexity through optimization and reduced entropy generation rather than increased
computation alone. As a result, traditional assumptions regarding detectability and expansion

are reassessed.

Building on this framework, the paper develops and adaptive ranking methodology for the
Search for the Extraterrestrial Intelligence (SETI), emphasizing the identification of
information-rich, low-entropy technosignatures. This includes the potential detection of
compact, high-efficiency systems analogous to theoretical miniaturized or virtual
civilizations. Additionally, cross-scale indicators are proposed to evaluate systemic resilience

and long-term stability.

By integrating physical constraints with computational and informational dimensions, this
work presents a more comprehensive model of civilizational advancement. It not only refines
theoretical classifications but also offers practical implications for the observational
strategies, suggesting that the most advanced civilizations may be defined not by the

magnitude of their energy use, but by the efficiency and sustainability of their operations.



Introduction

The Kardashev Scale, proposed by Soviet Astrophysicist Nikolai Kardashev in 1964, has
become of the most influential frameworks for conceptualizing the technological
advancement of civilizations. However, despite its widespread adoption in both scientific
discourse and popular cultures, the scale contains numerous fundamental loopholes and
limitations that have drawn increasing criticism for researchers. These problems range from
questionable assumptions about civilizational development to practical engineering
impossibilities, ultimately suggesting that the scale may be fundamentally inadequate for
understanding how advanced situations.

From a research perspective, the Kardashev Scale remains highly influential in fields such as
astrobiology and cosmology. It provides a quantitative lens through which scientists
can model long term technological evolution, energy sustainability, and the feasibility
of mega-structures like Dyson Spheres. By framing progress in terms of energy
harnessing capacity, the scale enables comparative analysis across hypothetical
civilizations and offers a structured basis for estimating technological thresholds

required for planetary, stellar, and galactic dominance.

In contemporary research, the scale has been both expanded and critically examined.
Fractional classifications-often placing current human civilization around Type 0.7-
highlight its adaptability to real world metrics, while alternative models attempt to
incorporate variables such as information density, entropy control, and computational
efficiency. These refinements reflect a broader shift toward multi-dimensional

frameworks that extend beyond pure energy consumption.

Its ongoing influence is particularly evident in speculative and applied domains, including
interstellar colonization strategies, optimization of resource extraction, and theoretical
approaches to circumvent traditional scaling limitations. Concepts such as distributed
energy networks or non-linear technological progression challenge the assumption of

sequential advancement embedded in the original model.

For a research paper, the Kardashev framework functions not merely as a classification
system but as a heuristic tool. It structures inquiry into how civilizations might evolve
under physical and thermodynamic constraints, and whether alternative trajectories,
such as efficiency maximization over expansion, could redefine advancement itself.
This makes it especially relevant when exploring potential “loopholes” or deviations

from classical energy-scaling paradigms.



The Energy-Centric Bias: A Flawed Foundation

Singular focus on power consumption

The fundamental criticism of the Kardashev Scale lies in its exclusive reliance on energy
consumption as a metric for advancement. Critics argue this approach ignores multiple
alternative paths civilizations might take in their development. As noted in recent analyses, a
society might prioritize information technology, computational efficiency, pr sustainability

over simply using more energy.

Carl Sagan identified this limitation early, noting that the differences between Kardashev’s
types were so vast they prevented effective modeling of civilizational evolution. The scale
essentially assumes that the “more energy equals more advancement”, but this relationship

may not hold true for advanced civilizations.

The Exponential Growth Assumption

The scale is built on Kardashev’s assumption of exponential energy growth at 1% per year.
However, analysis of human energy consumption patterns reveals that per capita energy use
often follows logistic curves with saturation points rather than exponential growth. This
suggests that advanced civilizations may naturally plateau in their energy consumption,

invalidating the scale’s fundamental premise

Recent machine learning models predict humanity will reach only Type 0.7449 by 2060, with
growth rates actually declining over time. If current energy strategies continue unchanged, it

may take human civilization millennia to become Type 1.

Environment and Sustainability Loopholes

The Heat Death Problem

One of the most serious and practical loopholes involves the thermodynamic consequences of
massive energy consumption. According to the second law of thermodynamics, no energy
system is completely efficient. As civilizations grow and consume more energy, they

inevitably generate more waste heat, leading to planetary warming over time. (Clusius, 1865)

A recent study suggests that technologically advanced civilizations might inadvertently
render their planets inhabitable within a millennium due to increasing energy consumption

and subsequent heat buildup. Even if civilizations rely on renewable sources like wind and



solar, heat leakage from energy use would still occur, potentially creating climate

catastrophes that make planets uninhabitable.

Following the thermodynamic constraints imposed by the Second Law of Thermodynamics,
the inevitability of waste heat generation appears to place a fundamental upper bound on the
sustainability of advanced civilizations. However, this limitation may not represent an
absolute barrier, but rather a transitional challenge. A sufficiently advanced civilization could
mitigate heat accumulation by actively managing entropy rather than passively generating it.
One possible approach involves relocating energy intensive processes away from planetary
surfaces into space, where waste heat can be radiated more efficiently without destabilizing

biospheres.

Additionally, the exploitation of extreme astrophysical environments offers another pathway.
For instance, harnessing energy from Hawking Radiation energy usage is far beyond
conventional stellar limits. This would effectively decouple energy consumption from

planetary habitability constraints.(Prigogine,1980)

Moreover, advances in Reversible Computing could reduce the thermodynamic cost of
information processing, thereby minimizing waste heat production at its source. Collectively,
these strategies suggest that the progression beyond planetary scale limitations may depend
not only on energy acquisition, but on the efficiency and distribution of its utilization,
opening a potential loophole in the path toward long term survival beyond heat death

constraints.

Entropy Management as a Loophole to Thermodynamic Limits

While the constraints imposed by the Second Law of Thermodynamics suggest an inevitable
progression toward increasing disorder and usable energy, this trajectory may not represent
an absolute limitation for sufficiently advanced civilizations. Instead of viewing entropy as an
unavoidable endpoint, it can be reframed as a parameter that can be strategically managed,
redistributed, and minimized with localized systems. This perspective introduces a potential
loophole in the conventional understanding of thermodynamic limits within the context of

civilizational growth.

One of the primary strategies involves the spatial redistribution of energy intensive processes.
Rather than concentrating energy intensive processes. Rather than concentrating energy

consumption on planetary surfaces, where waste heat accumulation directly threatens



environmental stability, advanced civilizations may transitions toward off-world energy
infrastructures. By relocating computation, manufacturing, and energy transformation
processes into space based systems, waste heat can be radiated more effectively into the
cosmic background, significantly reducing localized thermal buildup. Such a shift not only
preserves planetary habitability but also aligns energy usage with the broader thermodynamic

capacity of interstellar space.

In addition to spatial redistribution, improvements in computational efficiency offer another
critical pathway. Traditional computation inherently generates heat due to information loss;
however, theoretical models of Reversible Computing (Laundauer, 1961) suggest that
computation can occur with minimal or near zero energy dissipation if information is
preserved throughout the processes. While practically challenging, even partial
implementation of reversible logic systems could drastically reduce the thermodynamic cost
of large scale data processing, which is expected to dominate energy usage in advanced

civilizations.

Furthermore, entropy itself can be actively redirected rather than merely tolerated. High
entropy systems, such as black holes, provide a unique opportunity in this regard. Through
mechanisms associated with Hawking Radiation, black holes are not only endpoints of matter
and energy but also dynamic systems capable of interacting with their surroundings over
extended timescales. A sufficiently advanced civilization might utilize black holes as entropy
sinks, effectively exporting disorder away from regions where low entropy is required for
complex processes. This would allow for sustained energy utilization without violating

fundamental thermodynamic laws.

Another important consideration is the temporal adaptation of energy usage. As the universe
evolves and background temperatures decrease, civilizations may adopt strategies that
involve slowing down their rate of energy consumption and computation. By operating closer
to thermodynamic equilibrium and minimizing gradients, they could extend their functional
lifespan significantly, by achieving what may be described as “asymptotic sustainability”. In
such a model, the goal is not to prevent entropy increase entirely, but to approach a regime

where its impact becomes negligible over practically infinite timescales.

Collectively, these approaches suggest that the limitations associated with heat accumulation
and entropy growth are not insurmountable barriers, but engineering and strategic challenges.
The progression of a civilization, therefore, may depend less on the total amount of energy it



can harness and more on how efficiently it can utilize, distribute, and recycle that energy
within the Kardashev Scale that increasing energy consumption alone defines advancement,
and instead highlights entropy management as a critical dimension of long term

sustainability.

Analysis of scale’s biases: exponential growth assumption, energy centricity, impractical
engineering

Rethinking the biases of the Kardashev Scale

The limitations discussed above are not isolated critiques, but are deeply interconnected with
the broader thermodynamic challenges facing advanced civilizations. The emphasis on
continuous energy expansion within the Kardashev Scale naturally leads to increasing
entropy production, reinforcing the assumption long term evolution culminates in the “Heat
Death” of the Universe. However, this outcome is not solely a consequence of physical laws,

but also of the scale’s underlying assumptions regarding the growth and source utilization.

If, instead, civilizations prioritize efficiency, distribution, and entropy management over
sheer energy accumulation, the trajectory changes fundamentally. (Clausius, 1865). The
problem shifts from acquiring more energy in a manner that minimizes thermodynamic loss.
This reframing opens the possibility that the apparent inevitability of heat death, at least from
a civilizational perspective, maybe mitigated or significantly delayed. Consequently,
addressing the biases of the Kardashev framework is not merely a theoretical exercise, but a

necessary step toward developing a more accurate model of long term survival advancement.

Summary of Defeater Scenarios: Introdus Hypothesis and The Krell Machine

Within the broader critique of the Kardashev Scale, certain hypothetical constructs, often
termed defeater scenarios, highlight fundamental blind spots in its underlying assumptions.
These scenarios are not merely speculative; rather, they function as conceptual stress tests
that expose how to scale may fail to recognize or classify genuinely advanced civilizations.
Two of the most understandable examples are the Introdus Hypothesis and the Krell machine

scenario, both discussed in analytical literature examining the scale’s limitations.

The Introdus hypothesis proposes that a highly advanced civilization may transition into a
state of extreme miniaturization and efficiency. Instead of expanding outward and consuming
vast amounts of energy, such a civilization could exist within compact, highly optimized

computational substrates, essentially digital or post biological environments. These entities



would prioritize information density and computational efficiency over physical expansion.
As a result, their total energy consumption could remain relatively low, and more
importantly, their waste emissions, typically used as a detection signature in astrophysical

searches, would be minimal or distinguishable from natural cosmic background levels.

This directly challenges the Kardashev assumption that the higher advancement correlates
with higher energy visibility. In the Introdus scenario, a civilization could be extraordinarily
advanced yet effectively invisible, not due to technological limitation, but due to
optimization. Such a model aligns with broader theoretical trends suggesting that progress
may involve compression rather than expansion, thereby undermining the observational basis

of the scale.

In contrast, the Krell machine scenario represents a different kind of defeater. Originating
from science fiction but used analytically, it describes a civilization that achieved immense
technological power, potentially within Type | or Il energy regimes, yet ultimately collapsed
despite its capabilities. Though the Krell machine is entirely fictional and practically
impossible even with an advancement of 500+ years.

Taken together, the defeater scenarios reveal a deeper issue. The Kardashev
framework(Kardashev, 1960) assumes that advanced civilizations will be large, energy
intensive, and detectable, yet both examples suggest the opposite possibilities: civilizations
that are too efficient to detect or too unstable to persist. Consequently, any robust model of
civilizational development must move beyond energy metrics alone and incorporate

dimensions such as efficiency, stability, and detectability.

Multidimensional Alternative Classification Schemes

Evaluation and Synthesis of Alternative Classification Schemes

In response to limitations of Kardashev Scale, several alternative frameworks have been
proposed, each attempting to capture dimensions of advancement that energy centric models
overlook, rather than replacing Kardashev outright , these models collectively suggest that

civilizational progress is inherently multidimensional.

One of the earliest refinements comes from Carl Sagan, who introduced a more continuous
version of the scale using decimal classifications. More importantly, he proposed an
additional axis based on information content, arguing that the amount of information content,

arguing that the amount of information a civilization can store and process is as significant as



the energy it consumes. This shift subtly reframes advancement from raw power to

complexity and knowledge density,

Similarly, Robert Zubrin emphasized spatial expansion and mobility, proposing that a
civilization’s ability to inhabit and utilize multiple celestial environments is a key indicator of
progress. Unlike Kardashev’s passive energy consumption model, Zubrin’s approach
highlights agency and adaptability, suggesting that movement through space is a critical as

energy acquisition.

The Barrow Scale, introduced by John D. Barrow, takes a fundamentally different direction.
Instead of measuring outward expansion, it evaluates a civilization’s ability to manipulate
matter at increasingly smaller scales, from macroscopic objects to atoms, subatomic particles,
and ultimately space time itself. This “Inward” trajectory contrasts sharply with Kardashev’s
outward focus and aligns closely with ideas such as miniaturization, nanotechnology, and

high density computation.

Other thinkers, including lvanov and Galantai, have further expanded these ideas by
incorporating technological diversity and systemic complexity, arguing that no single metric
can adequately capture civilizational advancement. Their perspectives reinforce the notion

that progress is not linear but depends on multiple interacting variables.

Synthesizing these approaches reveals a common pattern: energy remains important, but it is
no longer sufficient. Information, control over matter, mobility, and efficiency all emerge as
equally critical dimensions. This convergence strongly supports the need for a

multidimensional framework; on that integrates, rather than replaces, existing models.

Dimensions deserving inclusion in an expanded framework

Building on the limitations and alternative models discussed above, it becomes clear that a
more comprehensive framework must incorporate multiple dimensions beyond energy
consumption. One of the most crucial is information processing capacity, which underpins
nearly all aspects of advanced civilizations, from scientific discovery to infrastructure
management. Studies suggest that information processing acts as a fundamental constraint on

how effectively energy and resources can be utilized. (Bennet, 1973)

Equally important is computational efficiency, particularly in the context of thermodynamic

limits. As a civilization approaches a higher level of complexity, the cost of computation,



both in terms of energy and entropy, becomes a defining factor. Techniques that minimize
information loss, such as reversible computation, may represent a more meaningful measure

of advancement than total energy usage alone.

Another key dimension is material mastery, referring to the ability to manipulate matter
across different scales this includes not only macro engineering projects but also
nanotechnology and atomic level control, aligning closely with the principles of Barrow
Scale. Mastery at smaller scales often leads to greater efficiency and precision, reducing the

need for large scale resource consumption.

Generalized engineering capability also deserves consideration. This encompasses a
civilization’s ability to design, construct, and maintain complex systems across varying
environments, from planetary surfaces to interstellar space. Unlike energy metrics, this

dimension captures adaptability and problem solving capacity.(Laundauer, 1961)

Finally, resilience and sustainability must be central to any modern framework. As illustrated
by defeater scenarios, civilizations may fail not due to sufficient energy, but due to instability
or unsustainable practices. Long term survival, therefore, depends on ability to maintain

equilibrium with both internal systems and external environments.

Together, these dimensions suggest that advancement is better understood as a balance of

capabilities, rather than a single trajectory of increasing power.

Barrow’s “Anti-Kardashev” perspective

The Barrow Scale can be interpreted as an “Anti-Kardashev” model, not because it
contradicts the original framework, but because it inverts its central assumption. Where
Kardashev emphasizes expansion and increasing energy consumption, Barrow focuses on

compression, precision, and inward development.

In this model, progress is defined by the ability to manipulate smaller and smaller scales of
reality. Early stages involve control over macroscopic objects; while more advance extend to
molecules, atoms and sub-atomic particles. At its theoretical limit, a civilization could control

and modify the structure of space-time fabric itself.

The inversion has profound implications. If technological advancement trends toward
miniaturization and efficiency, then highly advanced civilization could become less viable

over time, not more. Instead of constructing massive, energy-intensive structures, they may



operate within compact, high-density systems that maximize computational output while

minimizing energy loss.

Such a perspective also aligns with modern technological trends observed on Earth, where
progress increasingly involves doing more with less, smaller devices, greater efficiency, and
higher information density. Concluded to cosmic scales, this suggests that the ultimate

trajectory of intelligence may not be outward colonization, but inward refinement.

Importantly, this does not render the Kardashev Scale obsolete. Rather, it highlights it
incompleteness. A truly comprehensive model of civilizational development must account
for both outward optimization, recognizing that the two are not mutually exclusive but

represent complementary pathways.

In this sense, the Barrow framework does not replace Kardashev; it completes it,

transforming a one dimensional scale into a multidimensional understanding of progress.

Hypothetical Solutions and Models

Combined Civilizational Scale (with 3D model integration)

The traditional Kardashev Scale provides a foundational framework for measuring the
civilizational advancement through energy consumption. However, its linear structure
assumes that progress is directly proportional to energy use, an assumption increasingly
challenged by modern theoretical perspectives. A more comprehensive understanding
requires a multidimensional approach, incorporating not only energy mastery but also

information processing, material control, computational efficiency, sustainability, resilience,

and detectability. To o unify these factors, this
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In this 3D framework, the horizontal axis (E) represents total energy harnessed, consistent
with Kardashev’s classification. The vertical axis (I) represents the civilizational’s ability to
process, compress, and utilize information. The third axis (S) represents entropy generation,
effectively, the inefficiency or thermodynamic cost of sustaining the system. Unlike
traditional models, where higher energy implies higher advancement, this structure introduces
a critical constraint imposed by the Second Law of Thermodynamics: all energy produce
entropy and excessive entropy accumulation can destabilize or even destroy a civilization’s

environment.

Within this space, different civilizational trajectories emerge. A civilizational that increases
energy consumption without improving efficiency moves along the E-axis but also rises in
entropy (S), pushing itself toward thermodynamic instability. This corresponds to what may
be termed expansion-dominant civilizations, potentially relying on large-scale structures as
Dyson Sphere (Dyson, 1960). While such systems maximize energy capture, they also

generate immense waste heat, making long-term sustainability questionable.
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In contrast, civilizations that prioritize information processing and efficiency move upward
along the I-axis while minimizing movement along the entropy axis. These optimization-
dominant civilizations achieve higher functional output per unit energy, often through
advanced computational architectures. Theoretical concepts such as Reversible Computing
suggest that it is possible, in principle, to approach near-zero energy loss in computation,
significantly reducing entropy production. Such civilizations may operate with relatively low

total energy yet exhibit capabilities far exceeding those predicted by Kardashev’s scale.

Material manipulation further enhances this framework by enabling tighter integration
between energy and information systems. As control over matter advances from macroscopic
engineering to atomic and subatomic precision, civilizations can construct highly efficient
computational substrates and energy systems. This reduces both resource consumption and
entropy generation, effectively shifting their position in the 3D space toward the optimal
region of high information, moderate energy, and low entropy.

Sustainability can also visualized within this model as a constraint on entropy growth.
Civilizations that fail to regulate entropy accumulation will drift toward regions of instability,
regardless of their energy or informational capabilities. Conversely, those that develop
closed-loop resource cycles and minimize waste remain confined to stable regions of the
model. This directly addresses the “heat death” loophole, suggesting that long-term survival

depends not on maximizing energy use, but on controlling its thermodynamic consequences.

Resilience introduces another layer of complexity by influencing how a civilization navigates
space over time. Highly resilient systems distribute energy and computation across
decentralized networks, preventing catastrophic failure. This aligns with the idea in advanced
civilizations may not form singular, massive structures, but rather distributed, adaptive

systems that balance all three dimensions effectively.

Finally, the dimension of stealth or detectability emerges naturally from this model.
Civilizations operating at high energy but low efficiency produce strong detectable
signatures, while those that optimize for low entropy and high information processing may
remain virtually invisible. This has significant implications for SETI, suggesting that the most

advanced civilizations may not be easiest to detect (Tarter, 2001).

In conclusion, the proposed 3D model transforms the evaluation of civilizations from a linear

scale into dynamic space of competing constraints and strategies. Advancement is no longer



defined solely by how much energy a civilization controls, but how efficiently it converts that
energy into structured information while minimizing entropy. This integrated perspective
provides a more realistic and flexible framework for understanding the long-term evolution of

intelligent life.

Advancement Function for Multidimensional Civilizations

To formalize the multidimensional model proposed in this work, civilizational advancement
can be expressed as a function of three primary variables: Energy utilization (E), information
processing capacity (1), and entropy production (S). Unlike the traditional Kardashev Scale,
which assumes a direct relationship between energy consumption and advancement, this

formulation introduces efficiency and thermodynamic constraints as central components.
The proposed Advancement function (A) is defined as

A =1 a. EAB/Sry

Where:

e E represents total usable energy harnessed
e | represents effective information processing capacity
e Srepresents entropy generation (waste or inefficiency)

e 0, B, vy are weighting parameters reflecting the importance of each dimension.

This formation catches a key principle: Advancement increases with energy and

information, but decreases with entropy. The inclusion of entropy explicitly incorporates

the constraints imposed by the Second Law of Thermodynamics, ensuring that the model

remains physically grounded.



3D Model of Civilizational Advancement:
Energy vs Information vs Entropy
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Conclusion: A multidimensional view (Energy — Information — Entropy) provides a more complete and realistic understanding
of civilizational evolution than energy alone.

Different civilizations can occupy distinct regimes within this function. For example, a high-
energy but inefficient civilization may exhibit large values of E but also large S, resulting in
only moderate advancement. In contrast, a highly optimized civilization with moderate
energy but extremely high information efficiency and low entropy production may achieve a
significantly higher (A) value. This directly supports the argument that efficiency can

outweigh scale.

The parameters a, 8, y allow the model to be adapted for different theoretical perspectives. A
traditional Kardashev-like interpretation would assign a higher weight to B (energy
dominance), while an information-centric model would increase a. In entropy-constrained
scenarios, y becomes the dominant factor, penalizing systems that generate excessive waste.
This flexibility allows the function to unify the multiple classification schemes within a

single mathematical framework.




An important implication of this model is that advancement is not strictly monotonic with
energy consumption. Instead, it is possible for a civilizational efficiency, even without
increasing its (A) value by reducing entropy or improving computational efficiency, even
without increasing total energy use. This aligns with the concept of optimization-dominant or
compression-based civilizations discussed earlier.

Furthermore, the function naturally integrates with the previously defined 3D model. In
geometric terms, higher values of (A) correspond to regions characterized by high
information density, controlled energy use, and low entropy production. These regions
represent stable and sustainable trajectories, while areas of high entropy correspond to
unstable or short-lived configurations.
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In conclusion, the Advancement Function provides a quantitative framework for evaluating
civilizational progress across multiple dimensions of energy-based models while
incorporating efficiency and thermodynamic realism, offering a more complete and adaptable

measure of advancement in both theoretical and observational contexts.



Adaptive Ranking for SETI

Algorithmic Prioritization beyond Enerqy Signatures

Traditional SETI methods are heavily influenced by the Kardashev Scale (Kardashev, 1964),
which assumes that higher energy consumption correlates with greater detectability.
However, within the proposed framework, advancement is determined by the value of (A),
not (E) alone. This implies that civilizations with moderate energy usage but high
informational complexity and low entropy output may rank higher than those with large but
inefficient energy systems.
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An adaptive ranking algorithmic can therefore be constructed to estimate (A) from
observational data. Energy (E) may be inferred from infrared excess or large-scale energy
signatures, while information processing () can be approximated through the detection of
structured, non-random signals, such as narrowband emissions, repeating patterns, or
statistically unlikely modulations. Entropy (S), though, not directly measurable, can be
estimated through waste heat dispersion and spectral indifferences. By combining these
indicators, SETI can assign a probabilistic advancement score to each target, dynamically

updating ranking as new data becomes available (Webb, 2015)

Detection of Miniaturization and Virtual Civilizations




The advancement function also highlights the possibility of civilizations that maximize (A)
not by increasing energy, but by increasing efficiency. In such cases, high values of (1) and
low values of (S) compensate for relatively small (E). This aligns with the concept of highly
optimized, compact systems, similar to the Introdus-type scenario, where civilizations operate

within dense computational substrates rather than large physical infrastructures.

Detecting such systems requires a shift in observational strategy. Instead of searching for
large-scale energy anomalies, SETI must focus on information-rich, low-energy signatures.
These may include highly structured electromagnetic signals, precise temporal patterns, or
localized anomalies that indicate advanced computation with minimal thermodynamic loss.
The relevance of approaches such as Reverse Computing further supports the plausibility of

such civilizations, as they would naturally minimize detectable waste.

Cross-Scale Indicators of Longevity and Risk

Beyond detection, the advancement function can also be extended to evaluate the stability
and longevity of civilizations. High (A) values are not only associated with efficiency, but
also with the ability to maintain low entropy over time. This suggests that civilizations with
stable, distributed systems and controlled energy usage are more likely to persist.

To incorporate this into SETI, a network-based approach can be adopted. Instead of
analyzing isolated signals, researchers can examine cross-scale indicators, such as
consistency across multiple observations, spatial distribution of signals, and resilience to
environmental fluctuations. Systems that exhibit coherence over time and across different
observational channels are more likely to represent stable, advanced civilizations rather than

transient phenomena.
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Conclusion of Section

By integrating the advancement function into SETI methodologies, the search for
extraterrestrial intelligence shifts from a purely energy-driven paradigm to a multi-
dimensional evaluation efficiency, complexity, and sustainability. This approach not only
broadens the range of detectable civilizations but also aligns observational strategies with

more realistic models of long-term technological evolution.

Discussion

Implications for the Great Filter and Fermi Paradox

The absence of clear evidence for extraterrestrial civilizations, often framed through the
Fermi Paradox (Fermi, 1950), has traditionally been interpreted as either a rarity of life or the
existence of a “filter” that prevents civilizations from reaching advanced stages. Within an
energy-centric view such as the Kardashev Scale, this filter is often assumed to occur before
or during large-scale expansion. However, the multi-dimensional framework proposed in this

work suggests a different interpretation.
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If advancement depends not only on energy but also on efficiency and entropy control, then
civilizations may avoid expansion entirely, choosing optimization over visibility. In such a
scenario, the so called “Great Filter” may not represent extinction but transition, a shift from
energy-intensive growth to compact, low-entropy systems. These civilizations would be
inherently difficult to detect, producing minimal waste heat and limited large-scale
signatures. This reframes the paradox: the universe may not be empty, but rather populated
by systems that are quiet by design.

Furthermore, civilizations that fail to manage entropy effectively may indeed collapse,
aligning with traditional Great Filter interpretations. However, the framework introduced here
suggests that survival is tied less to reaching higher energy thresholds and more to achieving
thermodynamic stability. Thus, the Great Filter may act as a selection mechanism favoring
efficiency over scale, allowing those civilizations that balance energy, information, and
entropy to persist (Sandberg & Bostrom, 2008).

“Bigger is Better” vs “Smarter is Safer”

A central tension in models of civilizational advancement lies between expansion and
optimization. The conventional view, implicit in the Kardashev Scale, equates progress with
increasing energy consumption and spatial dominance. This “bigger is better” paradigm
assumes that more energy enables greater capability, leading naturally to megastructures and
interstellar expansion (Dyson, 1960).
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However, the multidimensional model challenges this assumption by introducing entropy as a
limiting factor. As energy use increases, so does thermodynamic cost, as dictated by the
Second Law of Thermodynamics. Beyond a certain point, additional energy may Yyield
diminishing returns or even destabilize the system. In this content, “smarter is safer” emerges
as an alternative pathway, where civilizations prioritize efficiency, precision, and

sustainability.

This perspective aligns with trends already observable in human technology, where
advancements increasingly focus on miniaturization, optimization, and reduced resource
consumption. Extrapolated to cosmic scales, it suggests that the most advanced civilizations
may not be the largest or most powerful, but the most balanced and adaptive. Rather than
expanding indefinitely, they may refine their internal systems, achieving high functionality

with minimal external impact.

Importantly, these two approaches are not mutually exclusive. A civilization may initially
follow an expansion-driven trajectory before transitioning toward optimization as constraints
become more significant. The key insight is that long-term survival likely depends on when

and how this transition occurs.

Ethical Considerations in Humanity’s Developmental Pathway

The question of how civilizations should evolve is not purely scientific, it is also deeply
ethical. The multidimensional framework introduced in this paper highlights a fundamental
choice: whether to pursue growth at all costs or to prioritize sustainability and balance. This

decision has direct implications for humanity’s future.



An expansion-first approach may promise rapid technological progress and increased control
over resources, but it also risks the environmental degradation, instability, and increased
entropy production. Conversely, an optimization-focused pathway emphasizes efficiency,
resilience, and long-term viability, potentially at the cost of slower growth or reduced
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From an ethical standpoint, the latter approach aligns more closely with principles of
sustainability and responsibility. It encourages the development of technologies that
minimize waste, preserve ecological systems, and maintain equilibrium with the
environment. Moreover, it reduces the likelihood of catastrophic failure, increasing the

chances of long-term survival.

There is also an ethical dimension to detectability. Highly visible civilizations may expose
themselves to unknown risks, while low-entropy, low-emission systems remains largely
undetectable. Whether humanity should aim to be visible or remain subtle is a question that

intersects with both strategy and ethics.

Ultimately, the framework suggests advancement is not just about capability, but about
choice. The path humanity takes will shape not only its technological future but also its role

within the broader cosmic context.

Conclusion

Future Work: Simulation, Networking, and Policy

The framework proposed in this paper opens several avenues for future research. One
promising direction is the development of computational simulations that model civilizational
trajectories within the energy-information-entropy space, allowing researchers to explore
stability conditions and long-term outcomes. Additionally, the concept of distributed or
networked civilizations warrants further investigation, particularly in understanding how

decentralized systems enhance resilience and reduce risk.
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From a practical standpoint, the integration of these ideas into policy and technological
development is equally important. Strategies that prioritize efficiency, sustainability, and
resilience could guide future innovation, ensuring that progress aligns with long-term stability

rather than short-term gain.

The Need for Multidimensional Metrics

This work has demonstrated that single-axis models of advancement are insufficient for
capturing the complexity of technological civilizations. By incorporating energy, information,
and entropy into a unified framework, it becomes possible to evaluate progress in a more
realistic and comprehensive manner. Such multidimensional metrics account not only for

what civilizations can achieve, but also for how sustainably they can achieve it.
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Call for Adaptation in Research and SETI

Finally, this paper emphasizes the need to update both theoretical and observational
approaches. In academic research, adopting multidimensional models can lead to more
accurate representations of civilizational development. In SETI, expanding search criteria
beyond energy signatures to include information-rich and low-entropy indicators may
significantly increase the likelihood of detection.(Webb, 2015)
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Fig: SETI Search Strategy (Old vs New)

The broader implication is clear: understanding advanced civilizations requires beyond
traditional assumptions and embracing more performative frameworks. By doing so, we not
only improve our chances of discovering extraterrestrial intelligence but also gain deeper

insight into our own potential trajectory as a technological species.
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