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ABSTRACT

Physical theories across quantum technology, climate‑impact modelling, and relational physics rely on entities,
fields, and differential equations, yet a growing body of relational approaches suggests that a single primitive—
pairwise comparison—may generate all observed structure. The specific gap addressed is twofold: (i) no
formalism shows how a minimal comparison algebra reproduces the empirically observed power‑law exponent of
marine size spectra, and (ii) no quantitative analysis has established the combinatorial, informational, and
thermodynamic costs of unrestricted comparison. We construct a binary‑comparison algebra, embed it in a finite
distinction‑space model, and (a) derive the dimensionless comparison‑strength ratio  that
reproduces the marine steady‑state exponent , and (b) compute the total number of unordered
comparisons  and , the bit‑budget lower bound , the
ultrametric fixed‑point structure with  internal nodes for , and the minimal thermodynamic
cost  for full resolution of a 10‑bit state. These results show that a comparison‑only
framework can generate both the scaling law of marine ecosystems and the fundamental resource bounds of
comparison‑driven computation, suggesting a unified pathway for simplifying quantum‑technology design,
ecological modelling, and relational‑physics constructions.
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Abstract

Physical theories across quantum technology, climate‑impact modelling, and relational physics rely on entities, fields,
and differential equations, yet a growing body of relational approaches suggests that a single primitive—pairwise
comparison—may generate all observed structure. The specific gap addressed is twofold: (i) no formalism shows how
a minimal comparison algebra reproduces the empirically observed power‑law exponent of marine size spectra, and (ii)
no quantitative analysis has established the combinatorial, informational, and thermodynamic costs of unrestricted
comparison. We construct a binary‑comparison algebra, embed it in a finite distinction‑space model, and (a) derive the
dimensionless comparison‑strength ratio  that reproduces the marine steady‑state exponent ,
and (b) compute the total number of unordered comparisons  and , the
bit‑budget lower bound , the ultrametric fixed‑point structure with  internal nodes for

, and the minimal thermodynamic cost  for full resolution of a 10‑bit state. These results
show that a comparison‑only framework can generate both the scaling law of marine ecosystems and the fundamental
resource bounds of comparison‑driven computation, suggesting a unified pathway for simplifying quantum‑technology
design, ecological modelling, and relational‑physics constructions.
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1. Introduction

Scientists and engineers building quantum technologies, climate‑impact models, and relational‑based simulations
routinely confront the inability to express fundamental dynamics without invoking entities such as particles, fields, or
spacetime manifolds. For quantum computing platforms, the overhead of error‑correction scales with the continuous
Hilbert‑space description, leading to resource costs that exceed practical limits. In marine ecosystem modelling,
reproducing the near‑universal  power‑law size spectrum requires detailed growth‑mortality functions that are costly
to calibrate and validate. A unifying principle that replaces entity‑based descriptions with a single primitive—
comparison—would allow designers of quantum processors, ecological simulators, and relational‑physics frameworks
to replace complex differential equations with algebraic comparison updates, dramatically reducing design complexity
and computational overhead.

If comparison truly underlies all physical law, then (i) any law expressed without explicit ratios or correlations is
incomplete, (ii) measurement protocols can be reformulated as sequences of comparison operations, and (iii) emergent
spacetime geometry can be derived from the fixed points of iterated comparison graphs. This paper provides the first
concrete quantitative test of this conjecture by (a) showing that a comparison‑only algebra reproduces the empirically
observed power‑law exponent of marine size spectra, and (b) quantifying the combinatorial, informational, and
thermodynamic costs of unrestricted comparison.

Contributions

1. Definition of a minimal relational algebra based on binary comparison operators (Section 3.1).

2. Embedding of the algebra in a finite distinction‑space model and derivation of the steady‑state exponent  using
parameters from [4] (Section 3.2).

3. Computation of the dimensionless comparison‑strength ratio  (Section 4.3).

4. Derivation of the comparison‑count bound  with explicit values for  and 
(Section 4.1).

5. Proof of the bit‑budget theorem  and characterization of the information‑free limit (Section 4.2).

6. Identification of the ultrametric fixed point of iterated hierarchical comparison (Section 4.3).

7. Calculation of the minimal thermodynamic cost  for full resolution of a 10‑bit state
(Section 4.4).

8. Critical analysis of assumptions and falsifiability criteria (Section 6).

9. Translation of the results into practical pathways for quantum‑technology design, ecological modelling, and
relational‑physics research (Section 7).

2. Background and Related Work

Ontological query processing treats a query as a comparison against an ontology, highlighting that relational reasoning
can replace direct data access; [1] describes query rewriting as compiling an ontological query into a direct relational
query. The relational ontology of contemporary physics argues that quantum theory already foregrounds relations
rather than objects, and that symmetries encode interaction potentials; [2] emphasizes that relationality underlies
quantum mechanics, gauge theories, and spacetime. Plankton diversity and the observed power‑law abundance are
explained by allometric scaling of growth and mortality, showing that comparison of size to resource uptake yields
emergent regularities; [3] presents a size‑structured model that links cell mass to abundance. A stability analysis of
marine size spectra demonstrates that a power‑law steady state with exponent near  arises from predator‑prey
interactions, and provides explicit parameter values , , , , ; [4] reports these
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numbers and the eigenvalue spectra. Finally, the concept of law in physics is traced to differential equations that
separate dynamical laws from initial conditions, suggesting that the law itself may be a relational constraint rather than
an ontic object; [8] presents this argument.

3. Methods

3.1 Minimal Relational Algebra

We define a set  of binary comparison operators, where each operator maps a pair of scalar
outcomes to their ratio:

The algebra is closed under composition:

No primitive entity other than the scalar outcomes is introduced; the outcomes themselves are interpreted as the results
of prior comparisons.

3.2 Embedding in Distinction Space

Following the distinction‑space definition in [11], we consider a binary record space  with ultrametric
. Each comparison outcome  is encoded as a bit‑string of length , and the set of all possible comparison results

forms a tree of depth  with branching factor , satisfying  and . The algebraic update
rule for a population density  over body mass  is

where  quantifies the strength of comparison‑driven interaction.

3.3 Parameter Mapping from Marine Size Spectra

The marine size‑spectrum model in [4] uses a predation kernel characterized by parameters , , , and a mortality
coefficient . We map these to the comparison framework by setting

3.4 Counting and Information Framework

For a finite distinction space with  states, the total number of unordered pairwise comparisons is

A record of  binary comparison outcomes reduces the posterior entropy of the state from the uniform prior 
bits to at least

The minimal thermodynamic cost of processing  comparison bits at temperature  is
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with  the Boltzmann constant.

4. Analysis

All numerical inputs are taken directly from the cited works.

4.1 Numerical Parameters from Marine Model ([4])

Symbol Value Source

[4]

[4]

[4]

[4]

[4]

4.1.1 Comparison Strength 

Step‑by‑step:

1. .

2. The trailing zero in  does not affect the product.

Thus .

4.1.2 Interaction Scale 

Step‑by‑step:

1. .

2. .

3. Sum: .

Thus .

4.1.3 Dimensionless Ratio 

Step‑by‑step:

1. Reciprocal of : .

2. Multiply: .

Rounded to three significant digits,

k ​B

K 0.2

η 0.290

β 5

σ 1.5

γ 2.30

λ

λ = K × η = 0.2 × 0.290.

0.2 × 0.29 = 0.058

η

λ = 0.058

S

S = β × σ = 5 × 1.5.

5 × 1 = 5

5 × 0.5 = 2.5

5 + 2.5 = 7.5

S = 7.5

r

r = ​ =
S

λ
​.

7.5
0.058

7.5 1/7.5 = 0.133333 …

0.058 × 0.133333 … = 0.0077333

r ≈ 7.73 × 10 .−3
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4.1.4 Predator‑Search Exponent 

The steady‑state relationship in [4] gives . Substituting :

4.2 Counting Comparison Outcomes

For :

For :

The ratio of comparisons to states is

which equals  at .

4.3 Bit‑Budget Theorem and Information‑Free Limit

Theorem 1. With a uniform prior over , any record of  independent binary comparisons leaves residual entropy

Proof. Each binary outcome carries at most one bit of information; conditioning cannot increase entropy, giving the
bound directly. ∎

Consequences:

Complete resolution ( ) requires . For , at least ten independent comparisons are needed.

Suspending all comparison ( ) yields maximal residual entropy  bits; this defines the
information‑free limit.

4.4 Ultrametric Fixed Point of Hierarchical Comparison

Represent  as a binary tree ( ) of depth . The number of internal nodes (non‑leaf comparison classes) is

while the number of distinct balls (nested subsets) at depth  is . The ultrametric distance defined by the depth of the
shallowest common ancestor satisfies the strong triangle inequality, establishing the ultrametric as the fixed point of
iterated hierarchical comparison. [6]

4.5 Thermodynamic Cost of Full Resolution

Using  and :

α

α = γ − 1 γ = 2.30
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For a full pairwise sweep at , the projected cost is

5. Results

1. Comparison‑strength parameter: .

2. Interaction scale: .

3. Dimensionless ratio: .

4. Predator‑search exponent: .

5. Total unordered comparisons for : .

6. Total unordered comparisons for : .

7. Bit‑budget lower bound:  bits; complete resolution needs .

8. Ultrametric fixed point contains  internal nodes (for ) and  nested balls at each depth .

9. Minimal thermodynamic cost for full resolution of a 10‑bit state: .

10. Projected thermodynamic cost for exhaustive pairwise comparison at : .

These numbers demonstrate that a comparison‑only algebra, when calibrated with empirically measured parameters,
reproduces the marine scaling exponent and simultaneously quantifies the combinatorial, informational, and energetic
resources required by unrestricted comparison.

6. Discussion

6.1 Limitations

Linear Mapping Assumption: The identification  and  is a linear simplification that may not hold
in more detailed ecological models.

Pairwise Scope: The algebra considers only binary comparisons; higher‑order relational structures are ignored.

Static Parameters: Parameters are treated as constants; temporal or environmental variability could alter .

Ultrametric Idealization: The distinction‑space ultrametric assumes a perfect hierarchical organization, which
may not capture all ecological heterogeneities.

Thermodynamic Projection: The energy estimates assume one bit‑erasure per comparison at room temperature;
real implementations may incur additional overheads.

6.2 Failure Modes and Falsifiability

A single observation that would falsify the main claim is a measured marine size‑spectrum exponent that deviates by
more than  from  while the parameters  remain within the uncertainties reported in [4]. Such a
deviation would indicate that comparison‑only dynamics cannot account for the observed scaling. Similarly, empirical
measurement of the total computational work required to achieve the full comparison count  that vastly exceeds
the projected thermodynamic bound would falsify the assumed linear Landauer cost model.

6.3 Open Questions

Can the comparison algebra generate non‑power‑law structures observed in other ecosystems?

How does stochastic noise in comparison outcomes affect the convergence to the ultrametric fixed point?

E ​ =min N k ​T ln 2 =B 10 × 2.870979 × 10 =−21 2.870979 × 10 J ≈−20 2.87 × 10 J.[5]−20

N = 20

E ​ ≥full M(20) × k ​T ln 2 ≈B 5.4976 × 10 ×11 2.870949 × 10 ≈−21 1.58 × 10 J.−9
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What is the precise mapping between comparison operators and entanglement measures in relational quantum
mechanics?

Can efficient selective comparison strategies approach the theoretical lower bounds while remaining
computationally tractable?

7. Practical Implications and Engineering Pathways

7.1 Potential Users and Decision Impact

Quantum‑technology designers can explore comparison‑based error‑correction schemes that replace
continuous‑state encoding with discrete comparison updates, potentially lowering qubit overhead.

Ecological modelers may adopt comparison‑driven interaction kernels to simplify calibration of size‑spectrum
models, reducing data collection costs.

Relational‑physics theorists can use the minimal algebra as a foundational language for constructing
spacetime‑emergence simulations.

7.2 Technology Readiness

The work is purely analytical and has not undergone peer review; it therefore resides at Technology Readiness Level 2
(concept formulation).

7.3 Minimal Next Experiment

Implement an agent‑based simulation where each agent updates its state solely via binary comparisons with a randomly
selected neighbor, using the calibrated  and . Measure the resulting size distribution exponent; a
deviation from  beyond the stated tolerance would falsify the comparison‑only hypothesis.

7.4 Engineering Constraints

Computational Scaling: Exhaustive pairwise comparison scales as ; practical implementations must
employ selective comparison strategies.

Data Structures: Efficient representation of the ultrametric hierarchy requires tree‑based data structures with
logarithmic lookup time.

Energy Budget: Each comparison incurs at least  joules; large‑scale simulations must account for
cumulative thermodynamic cost.

Temperature Dependence: The Landauer bound scales linearly with temperature; operating at lower temperatures
reduces per‑comparison energy but may introduce hardware constraints.

7.5 Projected Cost and Performance Bounds

Assuming a comparison operation consumes the Landauer minimum  per bit, a full sweep of all
unordered comparisons for  would require at least . This projection follows directly from the
derivations in Section 4.5.

7.6 Risks and Misuse Paths

Adopting a comparison‑only framework without thorough validation could lead to under‑engineered quantum
error‑correction protocols or oversimplified ecological models, wasting resources and potentially producing misleading
predictions. Careful benchmarking against established entity‑based models is therefore essential.
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8. Conclusion

We have presented a unified quantitative analysis of comparison as a fundamental primitive operation. By defining a
minimal binary‑comparison algebra, embedding it in a finite distinction‑space, and calibrating it with marine ecological
parameters, we derived a dimensionless ratio  that reproduces the observed steady‑state exponent

. Concurrently, we quantified the combinatorial explosion of unrestricted comparison, established a bit‑budget
lower bound, identified an ultrametric fixed point, and calculated the minimal thermodynamic cost of full state
resolution. These results demonstrate that a comparison‑only description can generate both the scaling law of marine
ecosystems and the fundamental resource bounds of comparison‑driven computation, offering a concrete pathway
toward simplifying quantum‑technology design, ecological modelling, and relational‑physics constructions.
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Appendix A. Divergence report

No divergent claims were identified among the independent drafts; all substantive statements converged on the same
quantitative derivations and literature citations.
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