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Introduction

Science explains how the world works; history records how it unfolds. The mandate of science is to extract
stable principles from history to explain the world and predict the future. For the past 500 years, we have
achieved this with great success through the paradigm of “reductionism.” Despite the many modern miracles
of reductionism, the very principle that helped us dissect the forces shaping our world has also obscured
the underlying patterns. These patterns are repeatedly rediscovered and renamed across fields, hiding their
common origin and reinforcing the illusion that the world is irreducibly complex.

This work demonstrates that many principles used to describe our reality are actually distinct mani-
festations of thirty-six fundamental ideas. Though many have been studied individually, no comprehensive
effort has unified them or explained their interdependence. These patterns appear at nearly every scale and
in almost every system, often arising from complexity’s fight with entropy. While they may not be "ele-
mentary” in the reductionist sense, they represent the essential governing dynamics of our world. Through
this lens, even ancient observations are revealed as natural extensions of two common axioms (Figure 1).
Given their universality, each of these patterns deserves the title of “law” just as much as the second law of
thermodynamics.
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Figure 1: Visualization of the top-level dependencies of the Laws of Emergence.



A network theorist studying the internet and a neurologist mapping the brain often describe the same
structures with different names. We treat a supply-chain bottleneck as only metaphorically similar to a
network bottleneck, despite both following from the same constraint. Any system that integrates stable
abstractions must route interactions through interfaces; when many interactions share few interfaces, bot-
tlenecks follow necessarily. Lacking a shared vocabulary, fields repeatedly rediscover the same structures in
isolation, obscuring their origin and preventing solutions from transferring across domains.

For centuries, reductionism has been the dominant paradigm, mandating that to understand a system,
one must break it down into its constituent parts. While valid for elementary mechanics, reductionism fails
to capture emergence. Knowing the microstates of particles does not predict the behavior of a market or
the stability of a government. Yet, as systems scale, they encounter universal constraints. While the specific
mechanistic rules that birth a complex system might only loosely explain the emergent system, its constraints
are strongly predictive of the new system’s behavior, the problems it faces, and solutions it finds.

Taxonomy and Scope

This framework rests on two foundational axioms: that phenomena exist within spacetime described by
local rules (1.1 Axiom of Space Time), and that evolution proceeds strictly through lawful, causal action
(1.2 Axiom of Action). These simple axioms lead to a number of Constraints that any system that
develops in this universe must navigate through a distinct evolutionary progression. The process begins
with Enclosure, creating boundaries to separate internal order from the environment, followed by History,
where competition and path dependence select for persistence. Successful configurations organize into a
Hierarchy, refining trade-offs through Optimization and developing Processing capabilities for adaptive
decision-making. This trajectory culminates in Biogenesis, characterizing autonomous agents capable of
self-repair, evolution, and environmental modification.

These laws are not reductionist forces, but emergent constraints akin to thermodynamics. They do not
predict exact microstates but define the boundaries of viability for any system operating under resource
limits. While transient violations may occur, long-term persistence requires conformity; systems that ignore
these structural dynamics inevitably degrade.

The thirty-six laws constitute a structurally sufficient set, exhaustive enough to explain phenomena
without redundancy. By synthesizing these independent patterns into a coherent system, the framework
provides nuanced explanations of development and unlocks specific analytical capabilities:

e Transfer Knowledge: Abstracting mechanistic solutions from one domain to resolve problems in
another.

e Predict Failure: Identifying structural fragilities to forecast collapse before it manifests.

e Understand Origins: Tracing complex behaviors back to the interaction of simple entropy and local
constraints.

Tensions of Emergence

While the core thesis of this work is that the emergence of these thirty-six laws is inevitable in the long run,
their manifestation depends on context. For any given system, several laws may apply at once, each exerting
a distinct influence on its trajectory. Without careful attention to the system’s history, one may misidentify
which laws are genuinely operating.

Laws often exist in a state of tension, requiring systems to navigate conflicts based on their environment.
Consider the opposition between 5.1 Law of Efficiency and 5.3 Law of Redundancy. The former
posits that processes will shed resources to minimize cost, while the latter dictates that critical processes
be implemented in multiple ways to prevent failure. A system cannot fully maximize both simultaneously;
it must find a balance determined by its stability, environment, and history. For example, a market under
extreme resource pressure may favor 5.1 Law of Efficiency, while a biological system facing high error
rates may favor 5.3 Law of Redundancy. Thus, applicability is determined by how a system resolves the
competition between laws.



Additionally, accurate diagnosis requires distinguishing between similar outcomes with different causes.
While some laws appear superficially alike, rigorous application reveals distinct underlying mechanisms.
For instance, 3.2 Law of Replication, 5.3 Law of Redundancy, 5.7 Law of Periodicity, and 4.2
Law of Recursion all result in duplication, yet they describe fundamentally different origins. 3.2 Law
of Replication concerns the persistence of structure through time; 5.3 Law of Redundancy ensures
reliability through functional backup; 5.7 Law of Periodicity arises from the generative efficiency of
repeating patterns; and 4.2 Law of Recursion describes self-similarity across different scales.

Operational Derivations

The derivations presented in this work offer one rigorous logical path from the axioms to the principles.
However, the web of causality in complex systems is dense, and these are not the only possible derivations.
For example, the 5.1 Law of Efficiency is derived here from 3.4 Law of Competition and 3.1 Law of
Persistence, yet a reader might observe that it could also be derived directly from 1.1 Law of Entropy
and 1.3 Law of Conservation. The reader is encouraged to view the arguments presented here as but one
comprehensive explanation and to find alternative derivations and applications for each law.
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Overview

Axioms.

1.1 Axiom of Space Time Objects exist and travel within space and time, described by microstates.
1.2 Axiom of Action State evolution is governed by local rules where forces are selective and opposing.

Constraints. There are emergent constraints that any structure must reconcile with.

1.1 Law of Entropy Systems always move from ordered configurations toward disordered ones over time.
1.2 Law of Propagation There is an environment-specific speed-limit for any structure.

1.3 Law of Conservation Most actions can be undone at some point in the future.

1.4 Law of Scarcity The most important resources in a system will be scarce.

Enclosure. Matter aggregates and forms stable boundaries between environments.

2.1 Law of Separation Most structure will use boundaries for stability.
2.2 Law of Phase Change Boundary creation or deletion can abruptly change a macrostate.
2.3 Law of Gating Systems often use gates to efficiently control selective mixing.

History. The frequency of structures over time is determined by a few simple qualities.

3.1 Law of Persistence Structures with long lifetimes are more common over time.

3.2 Law of Replication Structures that are duplicated are more common over time.

3.3 Law of Precedence Structures similar to those that have recently existed are more common over time.
3.4 Law of Competition Structures that capture resources from others are more common over time.

Hierarchy. As structures interact, they compose into larger units.

4.1 Law of Abstraction Stable macroscopic units with predictable interactions exist at many scales.
4.2 Law of Recursion Entropy-resisting units often form similar higher-level structures.

4.3 Law of Integration Systems combine stable abstractions, yielding properties beyond their parts.
4.4 Law of Bottleneck In integrated systems, a small subset of interfaces constrain interactions.

Optimization. Systems have a drive to do more with less.

5.1 Law of Efficiency Processes that solve some problem will become surprisingly efficient over time.
5.2 Law of Storage Processes that require resources to solve problems will tend to store those resources.
5.3 Law of Redundancy Important processes will tend to be implemented in multiple ways concurrently.
5.4 Law of Transversal Systems often form and use fast, branching pathways with just enough bandwidth.
5.5 Law of Adaptation Systems tend to adapt quickly via feedback to stay viable.

5.6 Law of Trade Systems often establish channels to exchange resources, waste, and information.

5.7 Law of Periodicity Stable systems tend to repeat patterns across space (structure) and time (cycles).
5.8 Law of Colocation Interdependent units cluster to exchange information and resources efficiently.
5.9 Law of Networks Capabilities scale super-linearly with connections, favoring large-scale organization.

Processing. Complex systems often use information to guide action.

6.1 Law of Information Information is knowledge about the state of abstractions in a system.

6.2 Law of Computation Computation transforms information about one abstraction into another.
6.3 Law of Decision A decision is an adaptive computation whose output is an action.

6.4 Law of Search When many options are wrong and errors are costly, systems invest in search.
6.5 Law of Learning Complex systems often update computation to improve future decisions.

6.6 Law of Association Complex systems often store relationships between to reduce uncertainty.
6.7 Law of Intelligence Complex systems often search over associations to solve problems.

Biogenesis. Complex systems often change themselves and their environment.

7.1 Law of Life Life sustains low entropy by continually creating, reshaping, and preserving boundaries.
7.2 Law of Repair Complex systems prefer local repair efforts to hardening the entire system.

7.3 Law of Scavenging Systems often search out and gather external resources.

7.4 Law of Symbiosis Recurring trade relationships tend to harden into permanent structural dependencies.
7.5 Law of Evolution Complex systems tend to improve protection from changing environments over time.



1 Axioms

Axioms

Axiom of Space Time

Definition

Derivation

Axiom of Action

Definition

Derivation

Objects exist and travel within space and time, described by microstates.

There exists a system that has objects that exist within some space and time, and these
objects can travel through space and time. More formally, this system is described by
a microstate x taken from a set of possible states S which has a single dimension of
time and at least one dimension of space. z(t) can be understood as the collection of
all particles and their positions in space and at time ¢ for all possible times ¢ € (0, c0).
There exists an initial configuration of particles 2(0) which will change over time. One
can also consider a macrostate X (t) which is a description of z(t) that is more abstract
and has fewer degrees of freedom than x(t) itself. Thus, there exists a many-to-one
mapping from x(¢) to X (¢). When some part of this system has an atypical distribution
or arrangement of objects, this part is a structure. The more atypical this region is
(the fewer microstates that could represent this macrostate), the more complex this
structure is. All structures and objects near this structure that could interact with it
are its environment [1, 2].

State evolution is governed by local rules where forces are selective and opposing.

An action is a local rule that updates a state through time, written as #(t) = f(z(t)).
An action can also operate in discrete time. The evolution of the system is governed by
distinct fields (e.g., mass, charge, spin) associated with objects. Interactions between
these fields are characterized by three necessary dynamics:

1. Attraction: A force that draws degrees of freedom together, increasing local
density and interaction frequency.

2. Repulsion/Exclusion: A force or constraint that prevents total collapse, cre-
ating volume and distinct spatial occupancy.

3. Selectivity: Interactions are conditional; not all objects interact with all fields.
An object interacts only if it couples to a specific field.

It is the tension between attraction (which seeks to minimize volume) and repulsion
(which seeks to maximize it), filtered by selectivity, that creates stable, complex ge-
ometries rather than uniform collapse. Without selective repulsion, all matter would
collapse to a singularity; without selective attraction, all matter would disperse into a
gas. Complexity exists between these two extremes. We assume in this work that the
space-time state is interesting, meaning that actions are defined such that for a long
period of the system’s life-time these actions actually occur and affect the system in
non-trivial ways. For example, a system would be uninteresting if there were only two
charged particles in the universe, separated by many light-years, so that attraction
and repulsion technically occurred but did not significantly influence the system’s evo-
lution. A system like a cloud of particles with different masses and charges, however,
would be interesting since gravitational and electromagnetic forces both apply and
significantly influence the system’s development [2].



2 The Laws

Constraints

There are emergent constraints that any structure must reconcile with.

Law of Entropy

Definition
Prerequisites

Derivation

Examples

Systems always move from ordered configurations toward disordered ones over time.
Relies on 1.1 Axiom of Space Time and 1.2 Axiom of Action.

Entropy is a measure of uncertainty or disorder, describing how many distinct micro-
scopic arrangements can produce the same observable state [3, 4, 5, 6]. Let Q(M)
be the number of compatible microstates for a macrostate M. Boltzmann’s definition
S(M) = kpInQ(M) (and its probabilistic generalization in Gibbs and Shannon form)
makes entropy a statement about counting and typicality [3, 4, 6, 5]. Under an action
that explores accessible microstates over time, trajectories will, with overwhelming
probability, move from macrostates with smaller {2 to macrostates with larger €2, sim-
ply because there are vastly more of them [5].

e Physics: Gas spreads to fill a container rather than clustering in one corner [5].
e Thermodynamics: Temperature gradients smooth unless work is applied [5].

e Information: Random noise overwhelms structured signals [6].

e Society: Institutions decay without maintenance and enforcement.

Law of Propagation

Definition
Prerequisites

Derivation

Examples

There is an environment-specific speed-limit for any structure.
Relies on 1.1 Axiom of Space Time and 1.2 Axiom of Action.

If the action is local, then a change at one location can only affect nearby locations
in the next moment, so influence accumulates step by step through adjacency. This
creates an effective causal cone: points outside the cone cannot be affected yet, because
no sequence of local updates reaches them [7]. Some interactions are more complex
and thus require more time to propagate. Propagation, therefore, defines the minimum
time required for coordination, feedback, and control across distance, and it sets the
scale at which “global” behavior can be treated as approximately simultaneous.

e Physics: Speed of light constraints [8].
e Biology: Speed of a reflex after an injury.
e Technology: Clock cycle limitations.



Law of Conservation

Definition
Prerequisites

Derivation

Examples

Law of Scarcity

Definition
Prerequisites

Derivation

Examples

Enclosure

Most actions can be undone at some point in the future.
Relies on 1.1 Axiom of Space Time and 1.2 Axiom of Action.

Conservation appears when actions are reversible in time. That is, there exists some
action that can be applied to undo a prior one. The quantity that describes the la-
tent variable that tracks when an action can be undone is conserved. Most important
actions must be conserved; the action will cease to occur, or occurrences will be dom-
inated by that one action and lead to structural instability in the system.

e Physics: Energy conservation [9].
e Biology: Metabolic budgets.
e Cognition: Limited attention.

The most important resources in a system will be scarce.
Relies on 1.1 Law of Entropy and 1.3 Law of Conservation.

By 1.1 Law of Entropy, an unconstrained system drifts toward higher-entropy
macrostates; sustaining a low-entropy pattern requires continual work to counter per-
turbations. But work draws on conserved quantities: energy, matter, time, bandwidth,
attention, or other invariants that cannot be created from nothing inside the system
(1.3 Law of Conservation). Let a maintained structure or function i require an
ongoing resource burn rate ¢; > 0 to hold entropy at bay (repair drift, enforce bound-
aries, correct errors). If the system has a bounded budget rate B, then at any moment
it can stably maintain only sets satisfying >, ¢; < B. Since environments fluctuate,
¢; and B vary, making slack itself a scarce reserve.

e Thermodynamics: A finite free-energy gradient can sustain only limited refrigera-
tion, separation, or computation before it dissipates.

e Biology: Organisms cannot maximize speed, armor, reproduction, and immune in-
vestment simultaneously under a metabolic budget.

e Computing: Limited power and memory force compression, caching policies, and
dropped packets under load.

e Society: Time, capital, and attention constraints force prioritization; enforcement
and maintenance costs limit how many rules and institutions can be effectively upheld.

Matter aggregates and forms stable boundaries between environments.



Law of Separation

Definition
Prerequisites

Derivation

Examples

Most structure will use boundaries for stability.
Relies on 1.1 Law of Entropy.

Entropy drives mixing [5]. A boundary reduces mixing by restricting transitions across
it [10]. When crossing a boundary is slow, costly, or rare, the interior explores a reduced
state space and behaves as a unit [11]. This makes it easier for the system internally
to reduce entropy when it otherwise would not. Boundaries are never prefect so there
typically exists imperfections within an enclosed region where part of the environment
has mixed in.

e Physics: Surface tension can prevent mixing of certain liquids [10].

e Chemistry: Molecular bonds can trap atoms and prevent them from reacting when
they otherwise would [10].

e Biology: Cell membranes isolate metabolic processes [11].

e Ecology: Invasive species do not compete until a geographical boundary is crossed.
e Society: State boundaries enable differential governance, resource allocation, and
enforcement of laws.

Law of Phase Change

Definition
Prerequisites

Derivation

Examples

Boundary creation or deletion can abruptly change a macrostate.
Relies on 2.1 Law of Separation.

Separation partitions state space by restricting mixing. If the boundary weakens, col-
lapses, or is pierced, previously isolated degrees of freedom re-couple, and the accessible
state space expands. Conversely, when a new boundary forms, mixing contracts and
distinct internal basins can stabilize. Because entropy explores what is accessible, a
small change in separability can cause a large change in typical behavior: new attrac-
tors appear, old ones vanish, and macroscopic properties shift discontinuously, even
when microscopic rules change smoothly [5, 12].

e Physics: Melting, boiling, and magnetization transitions [5].

e Materials: Percolation, cracking, and conductivity onset when connectivity crosses
a threshold.

e Biology: Membrane permeabilization that flips a cell from regulated to runaway
dynamics.

e Society: A border opening that merges markets, or a new boundary that fragments
a network into factions.



Law of Gating

Definition
Prerequisites

Derivation

Examples

History

Systems often use gates to efficiently control selective mixing.
Relies on 2.1 Law of Separation and 6.3 Law of Decision.

By 2.1 Law of Separation, boundaries resist entropy by restricting transitions and
mixing, but a perfectly sealed boundary also blocks resources, information, and co-
operation that can improve persistence. A gate resolves this tension by making per-
meability conditional: the boundary remains mostly closed, while a decision process
opens it only for selected flows.

Formally, let B be a boundary between two regions and let Z be the set of potential
cross-boundary interactions. A gate implements a decision rule § that maps a situation
estimate s to an allow/deny choice (or a bandwidth level) for each interaction: (s) :
Z —{0,1} (or R>g). When ¢ denies, the regions remain effectively separated; when it
allows, a narrow, controlled coupling forms. Because allowed interactions are funneled
through a few interfaces, gating reduces uncontrolled mixing while preserving necessary
exchange, and it makes regulation cheaper than uniformly strengthening the entire
boundary [13].

Over time, precedent and optimization thicken gates into stable chokepoints: ports,
APIs, checkpoints, valves, synapses, protocols, and permissions. Where decision qual-
ity is limited, gates become the dominant control surface because they let the system
trade risk for benefit in discrete, enforceable choices.

e Biology: Ion channels and synapses gate molecular and electrical flow; cell mem-
branes gate transport via receptors and pumps.

e Immunology: Lymph-node screening and inflammation gates trafficking into tissue.
e Computing: Firewalls, auth, rate limits, and API gateways gate access and band-
width.

e Organizations: Hiring, approvals, and checkpoints gate entry and resource release.
e Society: Borders, visas, courts, and licensing gate movement and permitted actions.

The frequency of structures over time is determined by a few simple qualities.

Law of Persistence

Definition
Prerequisites

Derivation

Examples

Structures with long lifetimes are more common over time.
Relies on 1.1 Law of Entropy and 1.2 Axiom of Action.

Entropy perturbs states and induces failure modes [5]. Let a structure have a per-unit-
time chance of breaking under typical perturbations. Structures with higher failure
rates disappear more often and therefore contribute fewer “structure-hours” to the
history of the system. If an observer samples the system at a late time, the sample
is dominated by the low-failure-rate structures, even if they were rare to assemble,
because they persist once formed [14, 15]. Persistence is therefore a selection effect
over time, not a claim about which direction dynamics prefer locally.

e Physics: Long-lived orbital configurations are common among what remains, while
unstable orbits are rarely observed.

e Geology: Diamonds and stable minerals dominate deep-time records relative to
short-lived phases.

e Society: Long-lived languages, laws, and institutions dominate archives because
short-lived alternatives leave little trace.



Law of Replication

Definition Structures that are duplicated are more common over time.
Prerequisites Relies on 3.1 Law of Persistence and 1.1 Law of Entropy.
Derivation Complex structure is statistically rare to assemble from scratch, but once one instance

exists, causal processes can copy it using local resources and templates [16]. Or re-
construction from existing building blocks is typically cheaper than re-deriving the
same arrangement from noise, so replicated variants occupy more of the state space
over time [17]. Persistence, therefore, selects for structures that can be reproduced,
whether by literal copying, templating, or repeated recombination of the same sub-
parts.

Examples e Biology: Reproduction and evolution [17].
e Culture: Idea transmission.
e Technology: Mass manufactured designs.

Law of Precedence

Definition Structures similar to those that have recently existed are more common over time.
Prerequisites Relies on 1.1 Law of Entropy, 1.2 Axiom of Action and 3.1 Law of Persistence.
Derivation The current configuration biases future trajectories by making some transitions cheap

and likely and others costly and rare. History matters because switching paths re-
quires coordinated change [18]. In high-dimensional systems, local actions typically
move the state by small steps. The state space contains basins separated by barriers
[19]. Once the system is inside a basin, leaving it usually requires a sequence of aligned
changes. Entropy supplies many small perturbations, but it rarely supplies the sus-
tained coordination needed to cross a barrier. As a result, the system tends to refine
and elaborate what already exists, rather than repeatedly jumping to unrelated con-
figurations. In domains with increasing returns, this produces path dependence and
lock-in: early choices alter costs and payoffs, which then steer later choices toward the
incumbent path [18].

Examples e Physics: Metastable states persist until a rare fluctuation crosses an activation barrier
[19].
e Biology: Evolutionary lock-in where developmental constraints bias future variation.
e Fconomics: Standards and networks that persist because adoption lowers future
adoption costs [18].
e Society: Legal precedent that guides future rulings because changing doctrine is
institutionally expensive.
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Law of Competition

Definition

Prerequisites

Derivation

Examples

Hierarchy

Structures that capture resources from others are more common over time.
Relies on 1.4 Law of Scarcity and 3.2 Law of Replication.

By 1.4 Law of Scarcity, maintained structure requires ongoing expenditure from
finite budgets, so not all entities can be sustained simultaneously when they share a
limiting resource. By 3.2 Law of Replication, successful structures tend to produce
copies or near-copies, increasing their number and therefore their aggregate demand
on shared resources.

Let replicators ¢ consume a limiting resource at rate ¢; per instance and produce new
instances at rate r; when the resource is available. If the total available supply rate is
B, then as replication increases abundance, the constraint . n;c; < B binds. Once
binding, additional copies cannot be supported without displacing others or reducing
their viability. Competition is this enforced trade: replication converts scarcity into
an exclusion pressure.

In such regimes, small differences compound. Replicators that (i) reduce per-copy
cost, (ii) secure preferential access, (iii) deny access to rivals, or (iv) shift to alternative
resources can maintain higher n; and persist longer. Those that fail to do so shrink,
fragment, or vanish. Thus, competition is not an extra principle layered on replication;
it is replication operating under scarcity [20, 21, 22].

e Biology: Species competing for food, territory, or mates; pathogens competing for
host cells.

e Fcology: Plants competing for light and water; invasive species displacing natives
under a shared limiting resource.

e Computing: Processes competing for CPU, memory, bandwidth, and cache; runaway
replication of tasks causing resource starvation.

e Economics: Firms competing for customers, labor, capital, and attention; platform
competition under limited user time.

As structures interact, they compose into larger units.

Law of Abstraction

Definition

Prerequisites

Derivation

Examples

Stable macroscopic units with predictable interactions exist at many scales.

Relies on 1.1 Law of Entropy, 2.1 Law of Separation, and 3.3 Law of
Precedence.

Many microscopic configurations map to the same macroscopic behavior [12]. When
a boundary or strong internal coupling makes the macrostate robust to microstate
fluctuations, higher-level descriptions become predictive [23]. Abstractions persist
because they compress irrelevant degrees of freedom while preserving the interactions
that matter at the next scale.

e Physics: Atoms as stable aggregates of particles.

e Biology: Cells as modular metabolic units [11].

e Neuroscience: Neurons abstract over molecular noise.

e Engineering: Components with standardized interfaces.
e Society: Institutions as role based abstractions.

11



Law of Recursion

Definition
Prerequisites

Derivation

Examples

Law of Integration

Definition
Prerequisites

Derivation

Examples

Entropy-resisting units often form similar higher-level structures.
Relies on 4.1 Law of Abstraction.

The same constraints that stabilize a unit at one scale can apply again when units
are composed [24]. Boundaries, feedback, and redundancy recur because they solve
the same type of problem or are caused by the same common conditions that exist at
multiple scales.

e Physics: Atoms to molecules to solids.
e Biology: Cell organelles to organism organs [11].
e Geology: Coast lines are fractals.

Systems combine stable abstractions, yielding properties beyond their parts.
Relies on 4.1 Law of Abstraction and 4.2 Law of Recursion.

Abstractions reduce degrees of freedom by hiding internal detail behind stable inter-
faces, making prediction and control tractable [24, 25]. When such units are composed,
new constraints and feedback loops couple them into higher-dimensional dynamics,
creating new effective state variables and macrostates [26, 27]. In many regimes, the
behavior of the composite is not a linear sum of component behaviors because inter-
action structure creates new attractors and informational dependencies, and can be
influenced by the micro-states that were not important in building the initial macro-
state [28, 25]. Complexity, therefore, grows when abstraction makes assembly easy,
and emergence appears when interactions make the assembled unit qualitatively dif-
ferent from its parts.

e Biology: Cells combine into tissues whose functions depend on organization, not cell
type alone [11].

e Cognition: Neurons form circuits that implement computations no neuron performs
in isolation [25].

e Markets: Many agents yield price dynamics and crashes absent from any single agent
[26].

e Software: Modules composed through interfaces produce system-level failure modes
and capabilities beyond any module [27].

12



Law of Bottleneck

Definition
Prerequisites

Derivation

Examples

Optimization

In integrated systems, a small subset of interfaces constrain interactions.
Relies on 4.3 Law of Integration.

Integration composes many stable units into a larger unit with collective behavior. But
composition requires interfaces: shared protocols, joints, buses, gateways, managers,
membranes, or message routes. If many dependencies must traverse a small set of
interfaces, then those interfaces bound the rate at which the integrated whole can
coordinate, adapt, and repair. Pressure then concentrates at the bottleneck: queues
form, errors amplify, and control becomes centralized around the narrow passage. Over
time, precedent and optimization tend to thicken, formalize, or guard these passages,
further reinforcing hierarchical structure [29].

e Biology: A spinal cord tract limits signal throughput between brain regions and the
body.

e Computing: A database, message broker, or API gateway bounds system-wide
throughput.

e Organizations: Managerial layers constrain decision bandwidth between teams.

e Infrastructure: A bridge, port, or interconnect becomes the binding constraint for
regional flow.

Systems have a drive to do more with less.

Law of Efficiency

Definition
Prerequisites

Derivation

Examples

Processes that solve some problem will become surprisingly efficient over time.
Relies on 3.4 Law of Competition and 3.1 Law of Persistence.

By 3.4 Law of Competition, when multiple processes draw from shared scarce
resources, the continued operation of one reduces what remains for others. Let a
mechanism provide function F' with steady-state cost rate ¢ (energy, time, material,
bandwidth, attention). For a given inflow budget B, a lower ¢ leaves more slack
and allows either (i) longer runtime before exhaustion or failure, or (ii) more parallel
instances for the same budget. This directly improves competitive position because
the mechanism can sustain itself, replicate its function, or scale its influence while
rivals hit the resource ceiling sooner.

By 3.1 Law of Persistence, structures that last longer occupy more of history and are
therefore more likely to be observed, reused, and selected as precedent. Lower ongoing
cost reduces the probability of budget-driven failure over time, extending lifetime and
increasing the share of “structure-hours” contributed by the efficient mechanism. Over
long horizons, this biases systems toward designs that achieve similar ' with lower
average resource burn, because those designs remain viable and present while less
efficient alternatives vanish [30].

e Biology: Metabolic efficiency improves survival and reproductive capacity under
limited food.

e Computing: Algorithms and systems that reduce time, memory, or energy per task
handle higher load before saturation.

e Economics: Lower-cost production and logistics tend to win price competition and
survive downturns.

e Organizations: Simpler, cheaper procedures that achieve the same outcome persist
and spread relative to costly bureaucracy.

13



Law of Storage

Definition
Prerequisites

Derivation

Examples

Processes that require resources to solve problems will tend to store those resources.
Relies on 5.1 Law of Efficiency.

Efficiency minimizes cost per unit function under expected conditions, which pushes
inventories toward “just enough” and utilization toward saturation. Efficiency is
constraint-specific. When resources or needs change, the same system might no longer
be sufficient. Survival thus depends on the ability to store a short-term surplus of
resources at the cost of short-term utility to survive these changing constraints [31].

e Biology: Fat and glycogen reserves; nutrient vacuoles; cached molecular templates.
e Engineering: Spares, safety stock, batteries, capacitors, and fuel buffers.

e Computing: Caches, free disk headroom, and pre-provisioned capacity.

e Society: Emergency funds, strategic reserves, and stocked hospitals.

Law of Redundancy

Definition
Prerequisites

Derivation

Examples

Important processes will tend to be implemented in multiple ways concurrently.
Relies on 5.1 Law of Efficiency.

Efficiency pushes systems toward the single cheapest path under expected conditions.
But a single optimized path is brittle when assumptions fail. Thus, systems will spend
extra resources to build in redundancy and create alternative ways to reach the same
goal. The average marginal cost is often smaller than that of total failure, so over
time, functional redundancy with mechanistic diversity will accumulate in important
systems.

e Computing: Multi-region failover, backups, diverse implementations, and manual
fallback procedures.

e Biology: Overlapping metabolic pathways and immune mechanisms.

e Organizations: Cross-training, succession planning, and independent review chan-
nels.

e Infrastructure: Alternate routes, secondary controls, and diverse suppliers.
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Law of Transversal

Definition Systems often form and use fast, branching pathways with just enough bandwidth.
Prerequisites Relies on 5.1 Law of Efficiency and 5.3 Law of Redundancy.
Derivation By 5.1 Law of Efficiency, flow organizes onto routes that reduce time and access cost:

in heterogeneous speed fields (v(z)), least-time paths minimize (T'(y) = fy ds/v(x)),
bending toward high-(v) regions, while a branching backbone approximates a space-
filling curve that keeps every point close to some fast path, reducing last-mile distance.
Concentrating traffic onto this backbone lowers total cost, but it forces capacity con-
straints, so trunks that carry more important or heavier flow thicken and gain band-
width to avoid overload. By 5.3 Law of Redundancy, essential flow cannot depend
on a single trunk, so systems add parallel links and alternate branches with distinct
failure modes, yielding a redundant, branching, space-covering network whose widest
segments serve the most critical loads. If a path is useful, then either demand will fill
until the path is constrained, or the path will be expanded until demand is met but
not much more to avoid wasting resources.

Examples e Physics: Light bends at material boundaries to minimize time spent traveling.
e Society: Highways and roadways branch and are redundant, airplanes and gulf-
stream.

e Biology: Arterial highways plus collateral circulation for occlusions.
e Computing: Internet usage flow control and rerouting to lower demand servers.

Law of Adaptation

Definition Systems tend to adapt quickly via feedback to stay viable.

Prerequisites Relies on 5.2 Law of Storage, 5.3 Law of Redundancy, and 5.1 Law of
Efficiency.

Derivation By 5.1 Law of Efficiency, persistent systems are pressured to allocate resources

toward mechanisms that achieve function cheaply under expected conditions, driving
operation toward tight coupling and minimal slack. This alone increases fragility under
unanticipated disturbance. Adaptation counteracts this fragility through feedback.
Feedback requires the ability to sense deviation and correct before loss exceeds viable
bounds. Each step consumes conserved resources at the moment of need. By 5.2 Law
of Storage, persistent systems therefore maintain reserves so corrective action remains
possible when inflows are delayed, disrupted, or locally overwhelmed. Feedback loops
are themselves vulnerable, and so by 5.3 Law of Redundancy often a system has
multiple ways to adapt to a single disturbance [32].

Examples e Chemistry: Buffer solutions maintain pH when reactants fluctuate.
e Biology: Bodies are ~ 98°F regardless of weather.
e Society: Organizations will produce different products as client demands change.
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Law of Trade

Definition
Prerequisites

Derivation

Examples

Law of Periodicity

Definition

Prerequisites

Derivation

Examples

Systems often establish channels to exchange resources, waste, and information.
Relies on 2.1 Law of Separation, 2.3 Law of Gating, and 1.4 Law of Scarcity.

By 2.1 Law of Separation, resources and capabilities are isolated. By 1.4 Law
of Scarcity, entities rarely possess everything they need to survive or optimize. Ad-
ditionally, sometimes systems contain waste or problematic internal sub-states that
need to be removed from its environment in order for the system to survive. To re-
solve this, entities must bridge the gap. Trade is the active process of opening a gate
(2.3 Law of Gating) to a specific partner to allow a specific flow. Unlike passive
diffusion, trade requires a protocol: a shared method of communication to negotiate
the exchange and ensure it is beneficial. This establishes a temporary dissolution of
the boundary, allowing two entities to share their internal states or resources. The
cost of maintaining this link is the ”transaction cost,” and trade only occurs when the
value of the exchange exceeds this cost for both participants [33, 34, 35].

e Biology: Neurotransmitters between neurons.

e Computing: A client and server performing a handshake to open a session.
e Society: Sewage, trash, and recycling systems.

e Economics: Barter systems where goods are exchanged for mutual utility.

Stable systems tend to repeat patterns across space (structure) and time (cycles).

Relies on 3.2 Law of Replication, 5.1 Law of Efficiency, 5.5 Law of Adaptation,
and 1.2 Law of Propagation.

By 3.2 Law of Replication, systems are often built from identical sub-units (atoms,
cells, modules). When identical units pack together under attractive and repulsive
forces (1.2 Axiom of Action), the lowest-energy configuration is typically a regular
lattice (spatial periodicity), as irregular packing leaves gaps or stress. Similarly in
time, by 5.5 Law of Adaptation and 1.2 Law of Propagation, feedback loops
with delays often cannot hit a static point perfectly; instead, they settle into stable
limit cycles (temporal periodicity) where the system retraces a viable path rather than
drifting into chaos. Periodicity is also selected for because it minimizes the information
required to build or control a system (5.1 Law of Efficiency). A periodic structure
allows a single local rule to generate a massive global object. A periodic cycle allows
an organism to predict the future based on the past (6.5 Law of Learning) and
automate behavior without constant decision-making cost[36, 37].

e Physics: Crystals (spatial), Light waves, and Orbits (temporal).

e Biology: Honeycombs (spatial); Circadian rhythms and heartbeats (temporal).
e Computing: Clock cycles and loop structures.

e Society: City grids (spatial); Work weeks and fiscal quarters (temporal).
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Law of Colocation

Definition
Prerequisites

Derivation

Examples

Law of Networks

Definition

Prerequisites

Derivation

Examples

Processing

Interdependent units cluster to exchange information and resources efficiently.
Relies on 5.6 Law of Trade, 1.2 Law of Propagation, and 5.1 Law of Efficiency.

By 5.6 Law of Trade, systems often require the exchange of matter, energy, or
information to function. However, by 1.2 Law of Propagation, moving these quan-
tities across space requires time and consumes conserved resources, creating a cost
that scales with distance. By 5.1 Law of Efficiency, persistent systems are selected
to minimize this waste. Consequently, when two units frequently exchange resources
or information, separating them incurs a continuous efficiency penalty. To minimize
latency and transport cost, the system reduces the physical distance between the in-
teracting units. Colocation is the spatial optimization of trade relationships [38].

e Biology: Neural tissue clusters in the brain to minimize signal delay.

e Cells: Organelles are the result of colocation.

e Computing: Processor cores and cache memory are adjacent to maximize bandwidth.
e Society: Cities form to minimize travel time for labor and commerce exchanges.

Capabilities scale super-linearly with connections, favoring large-scale organization.

Relies on 5.6 Law of Trade, 4.3 Law of Integration, and 3.4 Law of
Competition.

By 5.6 Law of Trade, a single connection provides linear utility. However, if multiple
entities connect, the number of possible interactions grows as N2 (Metcalfe’s Law) or
2V (Reed’s Law). A system that organizes into a connected whole therefore possesses
vastly more potential states, routes, and resources than the sum of its isolated parts
[39, 40, 41].

This geometric scaling creates an overwhelming competitive advantage (3.4 Law of
Competition) for connected groups over isolated individuals. Consequently, in any
competitive environment, unconnected entities are eventually out-competed or ab-
sorbed. The scaling properties of networks also lead to their frequent use in solving
very complex problems.

e Technology: Social media user, a neural network.
e Biology: Brains.
e Society: Cities connected by airports and roads, markets.

Complex systems often use information to guide action.
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Law of Information

Definition

Prerequisites

Derivation

Examples

Information is knowledge about the state of abstractions in a system.

Relies on 1.1 Axiom of Space Time, 1.1 Law of Entropy, and 4.1 Law of
Abstraction.

A Space Time system has many possible microstates (1.1 Axiom of Space Time),
but by 1.1 Law of Entropy most microscopic detail is unstable, rapidly changing,
or unhelpful. Abstractions (4.1 Law of Abstraction) compress this detail into
resilient, stable macrostates that capture the system’s meaningful degrees of freedom.
Information is knowledge of which macrostate the system occupies, relative to a chosen
abstraction.

e Thermodynamics: Temperature and pressure.

e Computing: Program state (running, blocked, failed).
e Biology: Physiological states (fed, stressed, infected).
e Neuroscience: Neuronal firing rates.

e Society: Legal or social status categories.

Law of Computation

Definition

Prerequisites

Derivation

Examples

Computation transforms information about one abstraction into another.

Relies on 6.1 Law of Information, 4.3 Law of Integration, 1.2 Axiom of Action,
and 1.2 Law of Propagation.

Let an abstraction define an encoding E and decoding D. The system computes a
function g if, for admissible inputs u,

D(F'(E(u))) = g(u),

holds reliably, where F* is the time evolution induced by local actions.

By 1.2 Axiom of Action, computation is implemented by local state updates. By
4.3 Law of Integration, these updates occur in a composite system where parts
interact. While abstractions (4.1 Law of Abstraction) compress state to simplify
prediction, they discard microstate details. In many systems, specific microstates can
have outsized effects on the full system, rendering the simplified abstraction insufficient
for long-term prediction. When the behavior of the system cannot be predicted by
a shortcut and requires stepping through the exact physical evolution, the system
exhibits computational irreducibility [42].

e Logic: Gates compute by funneling states into stable attractors [6].

e Complexity: Cellular automata where the state at step t requires running steps
1...t—1.

e Biology: Protein folding where the final shape depends on complex path-dependent
interactions.

e Organizations: Bureaucracies where outcomes depend on specific unwritten social
dynamics.
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Law of Decision

Definition
Prerequisites

Derivation

Examples

Law of Search

Definition
Prerequisites

Derivation

Examples

A decision is an adaptive computation whose output is an action.
Relies on 6.2 Law of Computation and 5.5 Law of Adaptation.

Computation converts sensed distinctions into internal evaluations. Adaptation uses
feedback from outcomes to adjust those evaluations over time. A decision differs from
mere classification because it commits the system to a course of action that alters
future state space. Let an abstraction define a situation estimate s and a finite action
set A. A decision rule computes a* = J(s) € A, and feedback modifies J so that
repeated application improves expected viability under typical disturbances. Because
noise, delay, and cost limit exhaustive search, real decisions rely on compressed state
variables and heuristics.

e Control: A thermostat switches states to stabilize temperature [43].
e Animals: Foraging choices trade risk against energy gain.

e Organizations: Investment decisions follow profit-and-loss feedback.
e Software: Routing policies update based on observed load.

When many options are wrong and errors are costly, systems invest in search.
Relies on 6.3 Law of Decision and 5.1 Law of Efficiency.

Search is gathering information to reduce uncertainty in decision-making. A decision
commits the system to an action under uncertainty (6.3 Law of Decision). When
the action space is large and correct options are rare or costly to miss, blind com-
mitment has high expected loss. Search expends resources to reduce this uncertainty
before acting. Each search step trades conserved resources for information that sharp-
ens situation estimates or narrows viable options. By 5.1 Law of Efficiency, such
expenditure is favored only when it lowers expected loss more than it costs. Search,
therefore, appears when errors are expensive and commitments are hard to reverse
[44, 45].

e Biology: Foraging, roots of a tree finding water.

e Cognition: Hypothesis testing, attention shifts, and memory retrieval.
e Computing: Graph search, directions.

e Society: R&D and market discovery.
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Law of Learning

Definition Complex systems often update computation to improve future decisions.

Prerequisites Relies on 6.2 Law of Computation, 5.5 Law of Adaptation, 6.3 Law of
Decision, and 6.1 Law of Information.

Derivation By 6.2 Law of Computation, behavior results from lawful transformations of infor-
mation. By 5.5 Law of Adaptation, feedback can modify internal mechanisms to
reduce future loss or increase persistence. Let internal parameters 6 govern how inputs
are encoded and how outputs are produced. Learning is an updated computation

Ory1 = U(0;, dy),

where d; is experience (observations, actions, outcomes). Because information is rel-
ative to an abstraction (6.1 Law of Information), learning can only improve per-
formance with respect to the distinctions the system preserves and the feedback it
can obtain. Under limited time and noise, U is typically incremental: it makes local,
repeatable changes that accumulate into a durable internal structure.

Examples e Neuroscience: Plasticity changes synaptic efficacy from repeated paired activity [46].
e Machine learning: Training updates parameters to reduce prediction or control error
?7].
e Organizations: Postmortems update checklists, thresholds, and escalation rules.
e Culture: Practice and reinforcement stabilize improved behavioral policies.

Law of Association

Definition Complex systems often store relationships between to reduce uncertainty.
Prerequisites Relies on 6.5 Law of Learning and 4.1 Law of Abstraction.
Derivation Knowledge is association: a stored set of reliable relationships among preserved dis-

tinctions. By 6.5 Law of Learning, experience produces persistent internal structure
rather than a fleeting state. By 4.1 Law of Abstraction, only certain distinctions
are preserved, and these become the nodes that can be linked. Repeated experience
and feedback strengthen links that are useful and weaken those that are not, yielding
a memory graph, table, model, or rule set whose content reflects what has been predic-
tive or valuable in the system’s past. Stored relationships then reduce future cost by
allowing retrieval and constraint without re-deriving everything from raw interaction.

Examples e Cognition: Cues retrieve related concepts and episodes.
e Science: Laws and models link variables so measurements imply predictions.
e Computing: Indexes, embeddings, and knowledge graphs store relationships for fast
lookup.
e Society: Categories, reputations, and precedent link cases to expected outcomes.
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Law of Intelligence

Definition Complex systems often search over associations to solve problems.
Prerequisites Relies on 6.6 Law of Association and 6.4 Law of Search.
Derivation Intelligence is the process of using search to find the important associations needed

to solve problems. Given a goal, it selects, tests, and composes relevant knowledge
so effective action is found with limited time, computation, and resources [? 7 |.
By 6.6 Law of Association, knowledge exists as a web of stored relationships. By
6.4 Law of Search, when the correct action is not yet known, the system explores
alternatives to reduce uncertainty. Intelligence couples these: it searches through the
space of associations (and, when needed, through the world) to locate the few links
that explain the situation, constrain the hypothesis space, or expose high-leverage
interventions. Because attention and bandwidth are scarce, intelligence is not the use
of all knowledge, but the discovery of which associations matter now.

Examples e Diagnosis: Searching symptom-to-cause associations to find the small set that ex-
plains the evidence.
e Debugging: Traversing dependency relationships to find the causal bottleneck.
e Mathematics: Finding the right lemma or analogy that collapses a proof search.
e Strategy: Identifying the binding constraint that makes an intervention effective.

Biogenesis

Complex systems often change themselves and their environment.

Law of Life

Definition Life sustains low entropy by continually creating, reshaping, and preserving bound-
aries.

Prerequisites Relies on 2.3 Law of Gating and 2.1 Law of Separation.

Derivation By 2.1 Law of Separation, boundaries restrict mixing and make it possible to

hold internal macrostates unlike the environment. But survival requires exchange:
matter, energy, and information must cross the boundary to fuel maintenance. A
static boundary cannot satisfy both needs across changing conditions. By 2.3 Law
of Gating, a system can resolve this tension by making permeability conditional: it
remains mostly closed to entropy and threats, yet selectively opens channels to admit
resources, signals, and partners.

Because environments vary, viable low-entropy processes must repeatedly reconfigure
their interface with the world: tightening boundaries during danger, loosening them
during acquisition, partitioning internally to localize damage, and opening transient
corridors for growth and repair. Systems with controllable boundaries can both resist
disorder and exploit external gradients. Over time, such gated boundary management
makes life-like processes the persistent form of low-entropy organization in noisy worlds
[47, 48].

Examples e Biology: Membranes with channels, pumps, and receptors that selectively regulate
exchange.
e Immunity: Local gating via inflammation and tissue barriers that open to responders
and close to spread.
e Computing: Sandboxes and permissions that allow specific calls while blocking un-
controlled access.
e Society: Borders, checkpoints, and institutions that selectively admit flows and ex-
clude threats.

21



Law of Repair

Definition Complex systems prefer local repair efforts to hardening the entire system.
Prerequisites Relies on 7.1 Law of Life, 6.4 Law of Search, and 5.8 Law of Colocation.
Derivation Hardening every point against every possible threat is prohibitively expensive due to

1.4 Law of Scarcity. By 7.1 Law of Life, failures are inevitable but typically
localized and sparse. Efficient systems therefore decouple detection from correction.
By 6.4 Law of Search, the system monitors its boundary to locate deviations. Once a
fault is found, 5.8 Law of Colocation drives the transport of specialized repair agents
to the specific site. This concentrates high-bandwidth correction exactly where and
when it is needed, minimizing the standing cost of defense while ensuring survival. As
systems become complex, the cost of repair increases. Often, repair requires sacrificing
a part for the good of the whole.

Examples e Biology: Immune cells migrate to infection sites.
e Engineering: Field service units repair grid infrastructure only where it breaks.
e Computing: Engineers patch bug reports in order of importance.
e Society: Emergency services (fire/ambulance) rush to the specific crisis location.

Law of Scavenging

Definition Systems often search out and gather external resources.
Prerequisites Relies on 6.4 Law of Search and 5.8 Law of Colocation.
Derivation Resource landscapes are patchy, uncertain, and time-varying, so acquisition cannot

rely on passive local availability. By 6.4 Law of Search, systems explore to reduce
uncertainty about where usable resources are and which are worth the cost and risk
of acquisition. Finding resources is not enough; extraction requires interaction. By
5.8 Law of Colocation, dense interaction is cheapest when the acquiring unit is
physically close to the target. Though sometimes, when a unit is too large to efficiently
move as a whole, it will send out sub-components to collect resources and bring them
back [44].

Examples e Biology: Foraging and hunting; roots exploring.
e Computing: Crawlers that locate sources and collect into databases.
e Society: People go to work for resources and come back to their homes.
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Law of Symbiosis

Definition Recurring trade relationships tend to harden into permanent structural dependencies.
Prerequisites Relies on 5.6 Law of Trade and 5.5 Law of Adaptation.
Derivation By 5.6 Law of Trade, entities connect to access external resources. Initially, this

is a choice. However, by 5.5 Law of Adaptation, entities optimize for efficiency.
If a trade partner reliably provides a resource (e.g., nutrients, protection, data), the
receiving entity will eventually dismantle its own internal mechanisms for producing
that resource to save energy.

Once this internal capacity is lost, the trade is no longer optional; it is a requirement
for survival. The entities are no longer independent traders but symbiotic partners,
effectively forming a single, coupled biological or mechanical unit [49, 50].

Examples e Mutualism: Mitochondria losing independent existence to power cells.
e Commensalism: Epiphytes relying on trees for height without harming them.
e Parasitism: Viruses discarding metabolic machinery to rely entirely on host cells.

Law of Evolution

Definition Complex systems tend to improve protection from changing environments over time.

Prerequisites Relies on 3.2 Law of Replication, 3.4 Law of Competition, 5.5 Law of
Adaptation, and 3.3 Law of Precedence.

Derivation Replication creates many related instances [17]. Variation explores nearby configura-
tions; selection preferentially preserves variants whose boundaries and controls better
resist entropy under conservation [? ? ]. Successful designs become precedent, biasing
future change toward refinement rather than reinvention [18].

Examples e Biology: Cellular evolution.
e Society: Competition across companies and nations.
e Culture: Cultural values and stories.

3 Conclusion

We traditionally view entropy as a force of decay: a relentless drift toward disorder. However, viewed through
the lens of these laws, entropy reveals itself not as a destroyer, but as the sculptor of complexity. A sculptor
does not create a statue by adding material, but by aggressively removing everything that is not the statue.
Similarly, the universe does not build complexity by random addition; rather, entropy relentlessly chips away
at unstable configurations, eroding everything that cannot separate, propagate, or adapt.

The laws detailed in this work define the limits of what can resist the chisel. When we observe an atom,
a cell, or a society, we are looking at the helpful and the inevitable processes that support survival. We see
the rare geometries that were robust enough to endure while a universe of weaker possibilities was whittled
away. Physics, Chemistry, Biology, Technology, Economics, and Sociology do not describe different worlds.
They are describing the same statue, observed at different scales and for different purposes, revealing subsets
of the common relationships that remain after entropy has begun its work.
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