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ABSTRACT

This paper proposes a minimalist and logically self-consistent background-
independent discrete dynamical system—the Kizuna-Causality Automaton
(KiCA). In this theoretical framework, the global state of the system is completely
defined by a strict bipartite graph, along with the causal potential and global
clock beats upon it. This study does not attempt to deconstruct existing physics
from a reductionist perspective; rather, under the premises of being coordinate-
free and scale-free, it deduces dynamical laws through underlying graph theory
and algebraic mappings. Research indicates that when this purely relational net-
work processes causal flows and local topological rewiring (causal frustration), its
emergent mathematical forms are highly consistent with existing macroscopic and
microscopic physics.
Based on the anti-commutation relation between internal and external causal oper-
ators, this paper naturally derives the Clifford Algebra within the discrete network,
establishing the purely geometric origin of the generalized mass-energy equation
Ê2 = M̂2 + P̂ 2 and the Heisenberg uncertainty principle. Furthermore, this pa-
per strictly maps the three major invariants of physics (electric charge, spin, and
rest mass) to the topological features of local subgraphs. On this basis, rigorous
quantitative calculations are provided: it not only deduces the mass generation
mechanism of hadrons and calculates isospin splitting from a purely geometric
perspective, but also provides a topological-algebraic proof of the Koide Formula
in the lepton mass spectrum.
Additionally, this paper proposes entirely new explanations and predictions for
optical phenomena. By revealing photons as ”alternating graph” pulses spanning
across the vertices of the bipartite graph, it reconstructs the frequency and inter-
ference mechanisms of light, predicts equivalent frequency upconversion and gen-
eralized harmonic interference caused by multi-path phase-shifted superposition,
and forward-lookingly introduces the concept of ”Discrete Number-Theoretic Op-
tics”. Finally, the paper explores the immense potential of the KiCA system
as a computational platform. Thanks to its strict Markovian memorylessness
and topological composability, complex physical structures can be serialized and
”plug-and-played” as digital assets, providing a highly promising new paradigm
for utilizing modern computing clusters for large-scale parallel exploration and
constructing a ”digital multiverse”.

1 INTRODUCTION: IN SEARCH OF THE DISCRETE GEOMETRIC
FOUNDATIONS OF PHYSICS

Since the early twentieth century, unifying Quantum Mechanics and General Relativity within a
self-consistent theoretical framework has been the grandest dream in theoretical physics. Relativ-
ity depicts a continuous, smooth spacetime manifold with a dynamic geometric structure; whereas
quantum mechanics reveals the discreteness, non-locality, and probabilistic evolutionary character-
istics of matter and energy. Over the past few decades, mainstream attempts such as String Theory
Polchinski (1998) and Loop Quantum Gravity Rovelli (2004), despite achieving rich mathemati-
cal results, often require the introduction of hard-to-observe high-dimensional spaces or extremely
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complex continuous mathematical structures, and have so far struggled to provide clear experimental
predictions at low-energy scales.

Faced with the profound contradiction between continuous spacetime and discrete quanta, one can-
not help but ask: Does the underlying foundation of physics truly require an a priori continuous
spacetime stage?

1.1 BOTTOM-UP APPROACHES AND RELATED WORK

In recent years, an increasing number of scholars have begun to question the absolute status of ”con-
tinuous real numbers” in fundamental physics, turning instead to a ”bottom-up” discrete network or
Cellular Automata (CA) approach. This shift in perspective has spawned a series of highly inspiring
related works:

1. Cellular Automaton Interpretation: Nobel laureate in Physics Gerard ’t Hooft proposed
the Cellular Automaton Interpretation of Quantum Mechanics ’t Hooft (2016). He pro-
foundly pointed out that quantum mechanics might not be the underlying operational mode
of nature, but merely a mathematical tool we use to handle the statistical correlations of
underlying deterministic discrete automata.

2. Hypergraph Rewriting and the Computable Universe: Stephen Wolfram, in his Wol-
fram Physics Project Wolfram (2020), proposed that the universe might be a continu-
ously evolving discrete Hypergraph. Through extremely simple hypergraph rewriting rules,
space, time, and fundamental physical laws can emerge as statistical features at the macro-
scopic limit.

3. Causal Set Theory: The Causal Set Theory developed by Rafael Sorkin and others
Bombelli et al. (1987b); Sorkin (2003) advocates that ”spacetime is causality,” arguing
that an underlying discrete causal partially ordered set is sufficient to recover the geometric
features of a Lorentzian manifold macroscopically.

1.2 THE MISSING KEY: BIPARTITE GRAPHS AND CAUSAL FRUSTRATION

Although the aforementioned frontier explorations provide a grand vision for ”spacetime emer-
gence,” they often face insurmountable bottlenecks in specific physical modeling (such as the well-
known fermion doubling problem on discrete lattices Nielsen & Ninomiya (1981)). For example,
many models appear inadequate when attempting to naturally derive the anti-commutation relations,
Dirac spinors (which trace back to early discrete approaches like Penrose’s spin networks Penrose
(1971b)), and gauge symmetries required for fermions, ultimately having to artificially introduce
complex update rules or additional assumptions.

This paper argues that the reason many previous discrete network models failed to achieve com-
plete success is that they overlooked a crucial underlying topological constraint—the strict
discrete Bipartite Graph.

In the Kizuna-Causality Automaton (KiCA) proposed in this paper, we discard arbitrarily con-
nected graphs or hypergraphs, strictly defining the underlying foundation of the universe as a bi-
partite graph interwoven by two classes of vertices (VA and VB). It is precisely this structural
asymmetry of the bipartite graph, combined with the forced drive of the global clock beat, that nat-
urally introduces the ”Causal Frustration” mechanism into the system. When local causal flows
conflict with the global beat, the bipartite graph is forced to undergo topological cross-rewiring. We
will strictly prove in subsequent chapters: this frustration and rewiring based on the bipartite graph
is algebraically perfectly equivalent to the minus sign (−1) in the Clifford Algebra. Consequently,
the mass-energy equation of relativity and the uncertainty principle of quantum mechanics are no
longer external physical assumptions, but the inevitable geometric corollaries of the bipartite graph
network handling causal conflicts.

1.3 BACKGROUND INDEPENDENCE AND SCALE-FREE NATURE

It must be emphasized that the KiCA theory is an absolutely Background-Independent framework.
Our work features no a priori coordinate system, no preset dimensions (such as 3+1 dimensions),
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no absolute distances, and no metric tensor. All spatial distances and the passage of time are merely
macroscopic illusions of causal entanglement and state transitions between nodes.

Furthermore, the physical laws emergent from the KiCA system are Scale-Free. Because physi-
cal quantities (such as electric charge, spin, mass) are strictly mapped to topological invariants in
graph theory (divergence, homology period, algebraic trace), these definitions do not depend on the
absolute size of the subgraph. This means that whether it is a topological knot of a quark at the
extreme microscopic level or a complex galaxy network at the macroscopic scale, the underlying
causal algebraic mappings they follow are completely identical.

1.4 PREDICTIONS AND THE COMPUTATIONAL PARADIGM

This paper does not stop at a philosophical reconstruction of existing physics. Based on the KiCA
framework, the emergent laws of the system not only highly align with existing microscopic and
macroscopic physical phenomena, but we also provide rigorous quantitative calculations and en-
tirely new physical predictions:

• We deduce the mass generation mechanism of hadrons from a purely geometric perspec-
tive and provide a topological-algebraic proof of the Koide Formula in the lepton mass
spectrum.

• We propose disruptive explanations for optical phenomena, predicting ”equivalent fre-
quency upconversion” and ”generalized harmonic interference” phenomena caused by
multi-path phase-shifted superposition based on discrete pulse interweaving.

Finally, KiCA itself is naturally a minimalist computer computational model. Its evolution rules
strictly follow the Markov Property (memorylessness) and possess perfect topological composabil-
ity. This means that complex physical structures (such as particles, atoms) can be serialized, saved,
and ”plugged-and-played” as digital assets. This not only provides a brand new mathematical lan-
guage for theoretical physics but also opens an unprecedented door for utilizing modern supercom-
puter clusters for large-scale parallel evolution and exploring the ”digital multiverse.”

In the following chapters, starting from the most fundamental graph-theoretic definitions, we will
show you step by step how this purely relational network gives birth to the physical universe we are
familiar with.

2 BACKGROUND-INDEPENDENT STATE SPACE AND DISCRETE CAUSAL
EVOLUTION

The Kizuna-Causality Automaton (KiCA for short) is a minimalist and self-consistent discrete dy-
namical system. In our framework, there is no a priori global time background; the passage of
time is merely a macroscopic illusion of the causal succession of system states. In mathematical
form, this automaton is strictly and completely defined by three core components: State Space,
Evolution Rules, and Initial Conditions.

2.1 STATE SPACE & TOPOLOGICAL SKELETON

At any causal slice (i.e., the ”present” of the system), the global complete state of the KiCA automa-
ton is strictly defined by a 4-tuple K:

K = (V,E,Φ, τ)

• V (Vertices): Eternally existing discrete computational units. The vertex set is strictly
partitioned into VA and VB (with VA ∩ VB = ∅). There is a slight asymmetry in their
numbers: |VA|/|VB | = 1 + ϵ.

• E (Kizuna Edges): Undirected connections between vertices, which are only allowed to
be established between VA and VB (strict bipartite graph property).

– Note: If we strip away the state values and beats, we can define the system’s global
topological skeleton as G = (V,E). For any local vertex subset U ⊂ V , its closed
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sub-skeleton is G[U ] = (U,EU ), while an open sub-skeleton containing connections
to the external environment is denoted as Gopen[U ] = (U,EU , ∂U), where ∂U is the
set of boundary Kizuna edges.

• Φ (Causal Potential Function): A mapping function Φ : V → Z, representing the causal
potential currently held by each node.

• τ (Global Beat): The binary clock indicator of the system, τ ∈ {0, 1}.

2.2 EVOLUTION RULES

The operation of the KiCA automaton obeys, and only obeys, the following two underlying algebraic
mapping rules. The evolution of the system manifests as a discrete transition from the current state
K to the next causal state K′ (K 7→ K′):

• Rule I: Binary Beat & Causal Drive
The direction of causal transfer is determined by τ , and the occurrence of the transfer is
driven by the gradient of Φ. We define the causal potential transfer operator T̂ , which maps
the current state value Φ to an intermediate state Φ̃:

– When τ = 0: The causal direction is VA → VB . For every edge (vA, vB) in the
network, if Φ(vA) ≥ Φ(vB), then vA transfers 1 unit of Φ to vB .

– When τ = 1: The causal direction is VB → VA. For every edge (vA, vB) in the
network, if Φ(vB) ≥ Φ(vA), then vB transfers 1 unit of Φ to vA.

– All edges satisfying the conditions complete the transfer simultaneously within the
current causal step, generating the intermediate state distribution Φ̃.

• Rule II: Causal Frustration & Local Rewiring
If, after the synchronous update of Rule I, the magnitude relationship of the state val-
ues at both ends of a certain edge undergoes a substantial reversal (i.e., before transfer
Φ(vi) ≥ Φ(vj), but the intermediate state after transfer is Φ̃(vi) < Φ̃(vj)), then this edge
is judged to have experienced ”causal frustration”.
We define the topological rewiring operator R̂ acting on the set F ⊂ E composed of all
frustrated edges: frustrated Kizuna edges must immediately break and forcibly undergo
cross-rewiring with another adjacent frustrated edge. The old edges (A1, B1) and (A2, B2)
break instantly and rewire into new edges (A1, B2) and (A2, B1). After rewiring is com-
plete, a new Kizuna edge set E′ is generated.

• State Update & Beat Flip
After completing the above topological rewiring, the global beat automatically flips: τ ′ =
1− τ .
The system officially updates to a completely new causal state:

K′ = (V,E′, Φ̃, τ ′)

(At this point, Φ̃ becomes the Φ′ of the new state, and the system is ready for the next
evolutionary mapping).

2.3 INITIAL CONDITIONS

The initiation of the automaton only requires assigning a set of initial states Kinit that conform to
the state space definition. In this minimalist framework, the only global resource that is strictly
prescribed and allocated is the total number of initial Kizuna edges:

|Einit| = max(|VA|, |VB |)

Other than this, any microscopic assignment satisfying the basic definitions is legal. The initial
topological connection Einit can be a randomly matched or highly clustered subgraph; the specific
distribution of the initial state values Φinit and the choice of the initial beat τinit are not subject to
mandatory restrictions.
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2.4 DERIVED INVARIANTS

Based on the evolutionary mapping K 7→ K′ described above, the KiCA automaton naturally derives
the following global invariants without introducing any external constraints:

• Conservation of Kizuna: Because the topological rewiring operator R̂ of Rule II strictly
follows the ”break two, connect two” cross-rewiring mechanism, the total number of edges
in the network remains strictly unchanged at any causal slice, i.e., |E′| = |E| = Constant.

• Conservation of Total Potential: Because the state transfer operator T̂ in Rule I is strictly
”one gives, one receives”, the total state value of the entire network always remains con-
stant, i.e.,

∑
v∈V Φ̃(v) =

∑
v∈V Φ(v).

2.5 BACKGROUND INDEPENDENCE & PHYSICAL MAPPING

As mentioned above, the underlying architecture of the KiCA automaton introduces no a priori
spacetime manifold, no external time parameter t, no coordinate system, and no concepts of distance
or metric. All elements are merely discrete vertices, relations (edges), and algebraic mappings
driving state transitions.

However, it is precisely such an absolutely ”background-independent” purely relational network that
exhibits astonishing complexity in its macroscopic statistical evolution. In the following chapters,
we will demonstrate in detail through the analysis of the local open subsystem KU and its boundary
∂U : how the dynamic behaviors on the automaton network, driven by KiCA’s underlying rules, will
naturally match, explain, and predict the physical phenomena we are familiar with (including the
emergence of spacetime geometry, the unitarity of quantum mechanics, and fundamental interac-
tions).

3 CAUSAL OPERATORS AND ANTI-COMMUTATION

In Chapter 2, we established the underlying rules of the KiCA automaton as a purely relational
network. To explore how such microscopic discrete transitions give rise to macroscopic physical
algebraic structures, we will now shift our perspective from the global network K to focus on a local
open subsystem.

3.1 OPEN SUBGRAPH AND STATE VECTOR

We frame a local node subset U from the global topological skeleton of the KiCA network, contain-
ingm nodes of class VA and n nodes of class VB . This subsystem is defined as an open sub-skeleton
Gopen[U ] = (U,EU , ∂U), whereEU are the internal Kizuna edges, and ∂U are the boundary Kizuna
edges connecting subset U with the external environment.

Under any causal slice, we define the causal potential state vector |ψ↑⟩ (or |ψ↓⟩) of this subsystem
as a column vector composed of the current state values Φ of all nodes within subset U :

|ψ↑⟩ =



Φ(A1)
...

Φ(Am)
Φ(B1)

...
Φ(Bn)


• Superscripts ↑ / ↓ (Binary Beat Phase): Represents the global causal drive direction the

system is currently in (strictly locked by the global beat τ ).

– ↑ (corresponding to τ = 0): The legal flow direction of causal potential is locked to
VA → VB .
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– ↓ (corresponding to τ = 1): The legal flow direction of causal potential is reversed
to VB → VA.

This is an (m+n)-dimensional vector that accurately describes the distribution of causal quantities
within the subsystem under the current causal state.

3.2 ALGEBRAIC ABSTRACTION OF CAUSAL OPERATORS

To describe the mapping of underlying rules (K 7→ K′) in the space of state vectors, we define
two pure ”flow generators” (evolution operators). Their role is to execute Rule I, driving the causal
quantity to flow along the Kizuna edges, inevitably accompanied by the flipping of the beat phase
(i.e., ↑↔↓):

• Internal Causal Operator Ĉint: Acts on the internal edge set EU , describing the single-
step causal quantity transfer between internal nodes based on the potential difference gra-
dient under the subsystem’s current topological structure.

• External Causal Operator Ĉext: Acts on the boundary edge set ∂U , describing the injec-
tion or drain of causal quantities between the subsystem nodes and the external environ-
ment.

A basic local physical evolution can be extremely simply expressed as a direct linear mapping of the
operator onto the state vector:

Ĉint|ψ↑⟩ = |ψ′↓⟩

3.3 CORE DERIVATION: ALGEBRAIC MANIFESTATION OF FRUSTRATION AND REWIRING
(ANTI-COMMUTATION)

To investigate the dynamical behavior of the system within a complete beat cycle (i.e., a closed
evolution containing two flips, ↑→↓→↑), we compare two operator action sequences: ĈintĈext and
ĈextĈint.

1. Internal then External (ĈextĈint): The interior first completes the smooth channeling of
the causal quantity according to the original positive potential difference (∆Φ > 0), and
then the exterior injects/drains through the boundary edges. This is a smooth evolution path
without triggering frustration, denoted as path P1.

2. External then Internal (ĈintĈext): The exterior first injects a massive amount of causal
quantity into certain nodes within the subsystem. This sudden injection causes a surge in
local state values, instantly reversing the original algebraic gradient (i.e., ∆Φ → −∆Φ).

The Endogenous Origin of the Minus Sign (−1):
In the KiCA network, the global beat τ strictly locks the causal flow direction of the current state
(e.g., ↑ forces VA → VB). When external injection causes a local gradient reversal (resulting in
−∆Φ), the causal quantity attempts to flow in reverse, which directly violates the unidirectional
constraint of the global clock, thereby triggering Rule II (Causal Frustration).

The system cannot channel this ”negative gradient” under the original topology and is forced to
undergo local rewiring (Edge Swap). In other words, topological cross-rewiring is the geomet-
ric deformation that the discrete network is forced to make in order to absorb and legitimize this
”negative gradient (−∆Φ)”.

Therefore, path P2 (external then internal), which includes one topological rewiring, is algebraically
strictly equivalent to processing a reversed negative causal flow. To ensure the self-consistency of
macroscopic evolution and the conservation of total causal quantity, the total algebraic effects of
these two paths within a closed cycle must cancel each other out:

ĈintĈext = −ĈextĈint

Rearranging the terms yields:
ĈintĈext + ĈextĈint = 0
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Conclusion: Under the KiCA framework, when the discrete network handles the ”conflict between
local gradient reversal and global clock unidirectionality”, it is forced to execute Rule II (Topolog-
ical Cross-Rewiring). This underlying mechanism automatically satisfies the anti-commutation
artificially assumed by fermion properties/Dirac algebra in quantum mechanics algebraically! The
minus sign (−1) is precisely the direct topological relic of the frustrated negative gradient.

3.4 EMERGENCE OF CLIFFORD ALGEBRA AND THE PYTHAGOREAN THEOREM

Causal operators are linearly additive, meaning the total evolution operator of the subsystem is
Ĉtotal = Ĉint + Ĉext.

When we calculate the square of the total evolution (i.e., examining the macroscopic scalar effect of
the system after two complete cycles), we expand it:

Ĉ2
total = (Ĉint + Ĉext)

2 = Ĉ2
int + ĈintĈext + ĈextĈint + Ĉ2

ext

Since Ĉint and Ĉext satisfy the anti-commutation relation derived above (ĈintĈext+ ĈextĈint = 0), the
cross terms perfectly cancel each other out, ultimately yielding a beautifully elegant Pythagorean
theorem form:

Ĉ2
total = Ĉ2

int + Ĉ2
ext

This is exactly the core feature of the Clifford Algebra, and also the geometric foundation for
deriving relativistic quantum mechanics (such as the Dirac equation). Here, its appearance does
not rely on any a priori continuous spacetime metric, but naturally emerges from the topological
conservation and frustration rewiring of the underlying discrete network.

4 THE INTERNAL/EXTERNAL EQUIVALENCE PRINCIPLE

”Under the Clifford algebra structure of the KiCA network, the mass-energy relationship of
special relativity is trivial.”

Based on the anti-commutation relation ĈintĈext+ĈextĈint = 0 naturally derived from the underlying
topological frustration and rewiring (Rule II) in Chapter 3, we obtained the underlying ”Pythagorean
theorem” describing the evolution of the open subsystem Gopen[U ]. Now, we examine the following
equations:

• System Total Energy Operator Ê ⇐⇒ Ĉtotal: Defined as the total causal evolution
operator of the subsystem within a complete beat cycle.

• System Rest Mass Operator M̂ ⇐⇒ Ĉint: Acts on the internal Kizuna edges EU .
Represents the closed-loop oscillation formed by the causal flow within the subsystem.
This self-consistent circulation, independent of the external environment, constitutes the
”topological inertia” that maintains the intrinsic structure of the particle.

• Generalized External Momentum Operator P̂ ⇐⇒ Ĉext: Acts on the boundary Kizuna
edges ∂U . Represents the causal quantity exchange between the subsystem nodes and the
external environment.

Thus, the algebraic equation of the underlying graph theory is directly equivalent to the relativistic
generalized mass-energy operator equation (taking natural units c = 1):

Ĉ2
total = Ĉ2

int + Ĉ2
ext ⇐⇒ Ê2 = M̂2 + P̂ 2

4.1 CORE EMPHASIS: BACKGROUND INDEPENDENCE AND THE EMERGENCE OF SPACETIME

It must be strongly emphasized that our entire process of deriving the above generalized mass-energy
equation completely did not presuppose any relativistic spacetime background, introduced no
spatial coordinates, and selected no observer reference frame.

In this underlying equation, there are no continuous coordinates x, y, z, nor is there continuous time
t. All physical quantities (energy, mass, momentum) are thoroughly reduced to pure graph-theoretic
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topological invariants and algebraic mappings. We are not building a model that is ”compatible” with
relativity, but have mathematically proven that: the energy-momentum structure of relativity is
merely the inevitable geometric corollary of the underlying coordinate-free discrete network
satisfying Clifford algebra when dealing with ”internal and external causal flow conflicts”.
Spacetime is not the stage of physics, but the macroscopic statistical projection of these algebraic
relations.

4.2 THE INTERNAL/EXTERNAL EQUIVALENCE PRINCIPLE

In the underlying logic of the KiCA network, internal edges EU and boundary edges ∂U are com-
pletely homologous in physical essence—they are all discrete Kizuna edges transferring causal
quantities. The reason they are distinguished is simply that we artificially delineated an observa-
tion boundary (subset U ).

Therefore, we propose the Internal/External Equivalence Principle:
Rest mass (internal topological closed loop) and generalized external energy (external topological
exchange) are completely equivalent. By triggering Rule II (Topological Cross-Rewiring), the
network can achieve dynamic conversion between the two:

1. Mass converts to Energy (Annihilation/Decay): The internal closed-loop causal flow
(Ĉint) unravels during rewiring, converting into causal exchange outputted outward through
boundary edges (Ĉext).

2. Energy converts to Mass (Creation/Generation): Intense external causal injection expe-
riences frustration, boundary edges collapse inward and entangle, forming a new internal
topological closed loop.

Mass and energy, under this principle, are stripped of traditional material attributes, achieving perfect
unification in a purely geometric and topological sense.

4.3 COROLLARY: INTUITIVE PROOF OF THE UNCERTAINTY PRINCIPLE IN DISCRETE
NETWORKS

Based on the internal/external equivalence and the anti-commutation property of discrete networks
mentioned above, we can extremely naturally derive the famous ”Heisenberg Uncertainty Principle”
in quantum mechanics and endow it with a clear deterministic picture.

In the KiCA network, there is no ”God’s eye view” static passive observation. The so-called ”mea-
surement” is essentially a forced causal interaction (i.e., applying an Ĉext once) between the ob-
server’s instrument subgraph and the boundary edges ∂U of the target subgraph Ω.

1. The Discrete Lower Bound of Measurement: Because the system is purely discrete,
the minimum exchange unit of causal quantity is 1. Any effective measurement action
inevitably causes a change of at least 1 in the causal operator of the target subgraph (i.e.,
extracting or injecting one unit of causal quantity).

2. Forced Perturbation Brought by Anti-Commutation: Because Ĉint and Ĉext satisfy the
anti-commutation relation (ĈintĈext = −ĈextĈint), they are topologically competing and
cannot evolve smoothly at the same time. When you try to precisely extract the external
causal flow to measure momentum (i.e., forcing ∆Ĉext ≥ 1), this external injection will
inevitably lead to a local gradient reversal, thereby instantly triggering Rule II.

3. The Blind Box Effect of Topological Rewiring: The forced topological rewiring of
Rule II will disrupt the original internal closed-loop structure of the subsystem, leading
to unavoidable topological fluctuations in the operator representing rest mass/internal state
(∆Ĉint ≥ 1).

Thus, we directly obtain the uncertainty lower bound under pure discrete logic and anti-commutative
algebra:

∆Ĉint∆Ĉext ≥ 1
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This inequality of the underlying network, after introducing macroscopic unit systems and Planck’s
constant, strictly corresponds to the phase space uncertainty relation in quantum mechanics (such
as ∆x∆p ≥ ℏ/2). Here, ”uncertainty” is no longer a metaphysical intrinsic randomness, but the
topological rewiring cost inevitably accompanying the discrete network when processing non-
commuting operators.

5 ASSOCIATION BETWEEN TOPOLOGICAL INVARIANTS OF LOCAL
SUBSYSTEMS AND COMMON PHYSICAL QUANTITIES

Before introducing specific microscopic particles, we must first answer a fundamental question:
In such a discrete network composed purely of nodes, Kizuna edges, and causal algebraic flows,
how are the conserved quantities in macroscopic physics (such as electric charge, spin, mass, etc.)
defined and emergent?

This chapter will arbitrarily extract a Local Subsystem U from the global topological skeleton G of
the universe, and by examining the causal flow dynamics at its boundary and interior, strictly deduce
the pure graph-theoretic definitions of macroscopic physical quantities.

5.1 DEFINITION OF LOCAL SUBSYSTEM AND BOUNDARY

We frame a local node subset U within the global topological skeleton G = (V,E). To clearly
demarcate the ”inside” and ”outside” of the system, we make the following topological partition
based on the open sub-skeleton Gopen[U ] = (U,EU , ∂U):

• Internal Node Set U : The set of nodes completely contained within this local subsystem.

• Internal Edge Set EU : The set of Kizuna edges whose both endpoints belong to U . It
determines the internal topological structure of the subsystem.

• Boundary Edge Set ∂U : The set of Kizuna edges with one endpoint inside U and the
other in the external environment V \ U . It constitutes the sole channel for the subsystem
to exchange causal quantities with the external universe.

Theorem 1 (Boundary-Interior Determination Principle). The macroscopic physical properties of
subsystem U are completely determined by its internal topological structure EU and the causal flow
dynamics passing through the boundary ∂U .

Proof. Following the grand tradition of theoretical physics, the rigorous proof of this fundamental
theorem is trivial and is therefore left as an exercise for the astute reader.

5.2 BOUNDARY CAUSAL FLUX AND THE DEFINITION OF ”ELECTRIC CHARGE”

In previous chapters, we defined the external causal operator Ĉext, which describes the injection or
drain of causal quantities between the local subsystem U and the external environment through the
boundary ∂U .

Examining the state vector of the subsystem, the vector Ĉext|ψ↑⟩ generated by the action of the
external operator represents the boundary causal flux under a single beat. To shield against the
interference of alternating oscillations (such as photon radiation), we examine the total net causal
flux Φnet of the system within one complete beat cycle (including two phase evolutions: ↑ and ↓).
Mathematically, this is expressed as:

Φnet = 1T
(
Ĉext|ψ↑⟩+ Ĉext|ψ′↓⟩

)
(Note: 1T is a row vector of all 1s, whose function is to sum all elements of the column vector
to calculate the total net value; and |ψ′↓⟩ = Ĉint|ψ↑⟩, which is the new state after one internal
evolution accompanied by a beat flip.)
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If there is some topological defect inside subsystem U that causes an imbalance in its causal flow
exchange with the outside, i.e., Φnet ̸= 0, this means that the subsystem macroscopically behaves as
a ”Source” (net outflow) or ”Sink” (net inflow) of causal flow.

1. Definition of Electric Charge
Here, we directly define this most fundamental scalar net flux Φnet generated by the external causal
operator Ĉext as the Electric Charge q of the subsystem:

q ∝ Φnet

• When Φnet > 0 (net outflow of causal flow), it is defined as positive charge;

• When Φnet < 0 (net inflow of causal flow), it is defined as negative charge;

• When Φnet = 0 (inflow and outflow exist but are overall balanced, or there is absolutely no
external exchange), it behaves as electrically neutral.

Physical Image Correspondence:

• Electrically Neutral Oscillation (e.g., Photon): If it flows in during the ↑ beat and flows
out during the ↓ beat, and the two completely cancel out within a complete cycle, then
Φnet = 0. The system appears electrically neutral but carries an alternating field.

• Net Charge (e.g., Electron/Quark): If internal topological defects lead to an imbalance
between inflow and outflow, leaving a net surplus within a complete cycle, i.e., Φnet ̸= 0,
then this net flux is the electric charge of the system.

5.3 INTERNAL CIRCULATION AND THE DEFINITION OF ”SPIN”

Consider the circulation pattern of the causal flow inside the local subsystem U . Due to the specific
topological structure of the network node connections, the causal flow will form periodic Internal
Circulation as it evolves within the system.

1. Definition of Spin
Driven by the internal causal flow, we directly define the reciprocal of the ”number of beats N”
required for this local subsystem to fully restore to its initial symmetric state as the Spin S of
the system, i.e.:

S =
1

N

• Fermions (Spin 1/2): If the system has topological defects such as a Möbius twist, the
causal flow must traverse both sides, requiring N = 2 complete beats (i.e., 720 degrees of
phase evolution) to restore the initial state.

• Gauge Bosons (Spin 1): If the system is a conventional simple loop, it takes N = 1
complete beat (360 degrees) to restore the initial state.

• Graviton (Spin 2): If the system possesses extremely high internal symmetry, the causal
flow evolution only needs N = 1/2 beat (i.e., half a cycle, 180 degrees) to completely
coincide with the initial state. This is also the highest symmetry limit allowed by the
discrete network while maintaining causal directionality.

5.4 INTERNAL OSCILLATING CLOSED LOOPS AND THE DEFINITION OF ”REST MASS”

In previous chapters, we defined the internal causal operator Ĉint, which describes the single-step
causal quantity transfer based on potential difference within the subsystem, and is inevitably accom-
panied by a beat phase flip (e.g., ↑→↓).

The square of the operator, Ĉ2
int, represents the overall evolution of the system’s interior undergoing

one complete beat cycle (containing two single-step evolutions, i.e., ↑→↓→↑). The physical
meaning of the diagonal elements of its matrix representation is: the causal quantity (or probability

10
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amplitude) of the causal flow starting from a certain node, passing through one relay, and returning
to that node in the second beat. This localized back-and-forth oscillation represents the causal flow
being bound inside the system, unable to propagate freely outward.

1. Definition of Rest Mass
In Chapter 4, we established that the internal causal operator Ĉint corresponds to the mass operator
of the system. To extract the macroscopically observable scalar massm from the underlying matrix
operator, we examine the trace of the squared operator.

We directly define the total number of all fundamental oscillating closed loops inside this subsystem,
i.e., the Trace of the square of the internal causal operator, as the square of the rest mass m2 of
the system:

m2 ∝ Tr(Ĉ2
int) =⇒ m ∝

√
Tr(Ĉ2

int)

• Massive Particles (e.g., Fermions): When bidirectional causal connections or topological
entanglement exist within the system, Tr(Ĉ2

int) > 0. This means the system has ”topo-
logical inertia,” and the causal flow continuously circulates internally, manifesting as a
macroscopic non-zero rest mass.

• Massless Particles (e.g., Photons): If the system’s causal flow is purely unidirectional
radiation, and there are no returning closed loops inside, the network structure of Ĉint cor-
responds to a Directed Acyclic Graph (DAG). At this time, Tr(Ĉ2

int) = 0. The system has
no internally bound causal flow, and its rest mass is strictly zero.

5.5 THE PURELY GEOMETRIC ORIGIN OF PHYSICAL INVARIANTS

In the discrete network model, macroscopic physical quantities are no longer added attributes, but
purely graph-theoretic geometric features. The internal operator dominates mass and spin, while the
external operator dominates electric charge:

• Electric Charge q ∝ Φnet: Focuses on the open divergence of the system’s exterior —
the algebraic divergence of the boundary ∂U (the net flux of sources and sinks).

• Spin S = 1/N : Focuses on the cyclic symmetry of the system’s interior — the topologi-
cal homology of the interior EU (the reciprocal of the period to restore symmetry).

• Mass m ∝ Tr(Ĉ2
int): Focuses on the closed-loop oscillation of the system’s interior —

the algebraic trace of the interior EU (the number of minimal causal closed loops).

Core Corollary:
It is worth emphasizing that the above three quantities (electric charge, spin, rest mass) all belong to
Lorentz invariants in macroscopic physics, which are independent of the choice of reference frame.
Under this framework, the emergence of this characteristic becomes extremely natural: because they
are strictly defined as purely graph-theoretic topological invariants.

Whether it is the trace of a matrix, the total flux passing through a closed boundary, or the cyclic
period of a topological structure, they only depend on the absolute causal connection relationships
within the network, and completely do not require the introduction of any external coordinate system
or observer. Starting from the lowest-level discrete geometry, this perfectly explains why the intrin-
sic properties of microscopic particles remain absolutely invariant when observed in any macro-
scopic reference frame.

5.6 ARBITRARY SUBGRAPH SELECTION THEOREM AND THE SCALE-FREE NATURE OF
PHYSICAL LAWS

In the above graph-theoretic derivation of electric charge, spin, and rest mass, we completely did
not introduce the ”size” of the subgraph Ω (such as the total number of nodes |VΩ| or the number
of boundary edges |∂Ω|) as a determining parameter. This means that the emergence mechanism of
macroscopic physical quantities possesses perfect Scale Universality.
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1. The Purity of Coordinate-Free Nature: The subgraph Ω is merely a ”logical framing”
we perform conceptually on the network. There is no a priori geometric boundary, nor are
there absolute spatial concepts of ”center” or ”edge”. The calculation of physical invariants
relies only on the topological connection relationships within the framed scope.

2. Isomorphism between Microscopic and Macroscopic: Whether it is a fundamental par-
ticle (a topological twist on an extremely small scale) or a macroscopic celestial body (a
complex topological composite formed by a massive number of nodes), the total electric
charge, total mass, and total spin they exhibit externally all follow exactly the same graph-
theoretic definitions.

• For a macroscopic object, its total mass M ∝ Tr(Ĉ2
int) automatically includes all

internal closed loops of microscopic particles, as well as larger-scale network closed
loops formed by interactions between particles (binding energy).

• Its total electric charge Q ∝ Φnet automatically algebraically sums the causal flow
entering and exiting all boundaries, naturally giving rise to the linear superposition
principle of electric charge and macroscopic shielding effects.

Conclusion: In this axiomatic system, the universe is like a purely relational network without a
specific characteristic length. The reason physical laws look so different at the quark scale and
the galactic scale is not that the underlying laws have changed, but because as the complexity of
the subgraph Ω increases, the statistical combination of causal flows undergoes emergence. But no
matter at which level, as long as we delineate a subgraph, its boundary flux, internal circulation, and
algebraic trace will always strictly correspond to the electric charge, spin, and mass of that level.
This scale-independent universality is precisely the most profound physical picture that ”absolute
background independence” can deduce.

6 COMMON SUBGRAPHS AND TOPOLOGICAL MAPPING OF MICROSCOPIC
PARTICLES

In the previous chapter, we established the topological equivalents (trace, divergence, homology
period) of the three fundamental invariants of physics (mass, charge, spin) in the discrete causal
network.

As a purely relational underlying framework, the KiCA theory must ultimately establish a connec-
tion with observational reality. In this chapter, we will adopt a heuristic and constructive perspective
to propose several specific subgraph topological models. We will explore how these minimalist
discrete geometric structures statistically map into the microscopic particles we are familiar with
macroscopically, and make open predictions about potential particle forms beyond existing theo-
ries. (Note: The specific graph-theoretic derivations for certain particles, such as the Higgs boson,
graviton, and neutrino, are detailed in the Appendices.)

6.1 TOPOLOGICAL ALPHABET: CONSTRUCTING THE GEOMETRIC DIMENSIONS OF
PARTICLES

To reconstruct the ”particle zoo” of the Standard Model within the framework of the discrete causal
network, we first need to define a basic ”Topological Alphabet”. Based on the previous derivations,
and combining graph theory and knot theory, we propose the following four geometric dimensions
that determine the core properties of particles (the latter two serving as preliminary topological
hypotheses of this framework):

1. Surface Orientability (Spin): The local homology period of the network determines the
spin property of the particle. A Möbius strip (non-orientable, with a half-twist structure)
corresponds to a fermion with spin 1/2; a cylinder or torus (orientable manifold) corre-
sponds to a gauge boson with spin 1; and a sphere (boundary-less circulation) corresponds
to a scalar boson with spin 0.

2. Number of Boundary Ports (Interaction Charge): Refers to the number of open edges
(ports) connecting the local subgraph to the external network. A closed structure with
no external ports corresponds to a lepton that does not participate in strong interactions;
whereas an open structure with 3 ports corresponds to a quark carrying color charge.
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3. Non-Planar Graph Embedding (Color Charge and Flavor) [Topological Hypothesis I]:
The ”flavor” attribute inside a particle depends on the non-planar graph structure embed-
ded on the surface of the local manifold. We preliminarily hypothesize that the complete
bipartite graph (such as K3,3 or K3,6) embedded on the manifold determines the specific
family of the fermion.

4. Knot Crossing Number (Generation and Mass) [Topological Hypothesis II]: The ”Gen-
eration” of a particle is determined by the number of half-twists experienced by the local
manifold. 1, 3, and 5 half-twists correspond to the first, second, and third generation of
fermions, respectively. The more twists, the greater the topological tension inside the sub-
graph, and the greater the rest mass (i.e., internal trace) that emerges macroscopically.

5. Stationary Graph and Alternating Graph: The topological connections inside a particle
may change within a complete beat cycle:

• Stationary Graph: During the half-beat ↑ and the half-beat ↓, the local topologi-
cal connection edges remain completely identical. This structure possesses absolute
topological stability in time evolution.

• Alternating Graph: During the half-beat ↑ and the half-beat ↓, the local topological
connection edges are different. For certain particles (like neutrinos), the connections
within a single beat might be in a disconnected matching state, and only form a closed
manifold after experiencing a complete beat cycle; for more complex particles, even
if the graph is already connected within a single beat, its connected edge sets in the
upper and lower beats will switch regularly.

6.2 TOPOLOGICAL MATRIX OF FERMIONS: THE BASIC BUILDING BLOCKS OF MATTER

According to the above topological alphabet, we can attempt to map the fermions in the Standard
Model into specific graph-theoretic structures. Under this framework, all fermions uniformly pos-
sess the non-orientable characteristic of a Möbius strip, thereby naturally giving rise to a spin of
1/2.

6.2.1 SUBGRAPH COMPARISON OF QUARKS AND LEPTONS

Table 1: Subgraph Comparison of Quarks and Leptons
Particle Category Particle Family & Graph Features 1st Gen 2nd Gen 3rd Gen
Quarks Up-type (Möbius + K3,3) Up (u) Charm (c) Top (t)
(Open, 3 ports) Down-type (Möbius + K3,6) Down (d) Strange (s) Bottom (b)
Leptons Charged Leptons (Möbius + C6) Electron (e) Muon (µ) Tau (τ )
(Closed) Neutrinos (Möbius + Alt. C6) νe νµ ντ

• The open 3-port configuration of the Quark subgraph geometrically corresponds naturally
to the connection channels of the three ”color charges”. Meanwhile, K3,3, as a classic non-
planar graph, its graph-theoretic property of not being able to be drawn on a plane without
edge crossings perfectly constitutes the geometric obstacle for quark confinement.

• The closed boundary feature of the Lepton subgraph explains from the graph-theoretic
level the topological inevitability of its non-participation in strong interactions with the
external network.

• Neutrinos and the Beat Evolution of Alternating Graphs:
According to Rule 5 of the topological alphabet, the underlying graph embedding of a
neutrino manifests as a special Alternating Graph C6. In network evolution, it is not a
stationary ring, but dynamically switches with the beats of the underlying causal network:

– Half-beat ↑: The network connection manifests as a perfect matching {(A1 −
B2), (A2 −B3), (A3 −B1)}

– Half-beat ↓: The network connection switches to another perfect matching {(A3 −
B2), (A1 −B3), (A2 −B1)}
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Within a complete beat cycle (experiencing one ↑ and one ↓), the temporal alternation of
these two connection states exactly weaves a complete closed six-membered ring circula-
tion in local spacetime:

A1
↑−→ B2

↓−→ A3
↑−→ B1

↓−→ A2
↑−→ B3

↓−→ A1

This alternating graph structure dependent on the beat cycle implies that within any single
half-beat time slice, the neutrino does not even constitute a connected ring. This perfectly
explains from the underlying graph theory why neutrinos appear electrically neutral and
why they have an extremely small reaction cross-section (because they lack a complete
connected structure within a single beat to topologically entangle with the external net-
work), while also providing a microscopic time-evolution mechanism for the topological
deformation (neutrino oscillation) of neutrinos during propagation.

6.3 TOPOLOGICAL MORPHOLOGY OF BOSONS: GEOMETRIC MEDIUMS OF INTERACTIONS

Table 2: Topological Morphology of Bosons
Particle Category Particle Name Spin Basic Manifold and Topological Shape
Gauge Bosons Photon (γ) 1 Alternating Graph (Spanning 3+3 vertices)

Gluon (g)* 1 Open tubular ribbon graph (3-port routing)
Weak Bosons (W,Z)* 1 Alt. Graph Single-sided 6 vertices, maintains K3,3

Scalar Boson Higgs Boson (H) 0 Spherical topological defect (Cube 8 nodes, 12 edges)
Beyond SM Graviton 2 Alternating Graph K2,2 perfect matching oscillation

* Note: The specific topological assignments for the gluon and weak bosons are currently based on intuitive
heuristic deductions within the framework. They represent preliminary hypotheses and require further
rigorous graph-theoretic verification.

6.4 TOPOLOGICAL ENTANGLEMENT OF COMPOSITE PARTICLES

When fundamental particle subgraphs combine with each other, they form higher-order topologi-
cal entangled states locally in the network. These complex entangled structures macroscopically
correspond to hadrons.

Table 3: Topological Entanglement of Composite Particles
Classification Typical Particles Composite Topological Structure and Manifold
Baryons Proton, Neutron Borromean Rings

7 TOPOLOGICAL MASS GENERATION MECHANISM OF MICROSCOPIC
PARTICLES

LITERATURE REVIEW: PHENOMENOLOGICAL MASS MODELS AND TOPOLOGICAL
APPROACHES

The origin of the mass spectrum of fundamental particles remains one of the most profound open
questions in modern physics. While the Brout-Englert-Higgs mechanism successfully explains how
gauge bosons and fermions acquire mass through spontaneous symmetry breaking Higgs (1964); En-
glert & Brout (1964), the exact values of the fermion masses—and their hierarchical structure—are
inserted as free parameters via Yukawa couplings. To uncover the underlying mathematical structure
of these parameters, various phenomenological and topological models have been proposed.

1. Topological and Graph-Theoretic Approaches to Particle Physics: The idea that fundamen-
tal particles can be described by topological defects or graph-theoretic structures has deep roots.
Penrose’s Spin Networks Penrose (1971a) and Sorkin’s Causal Set Theory Bombelli et al. (1987a)
established the paradigm that continuous spacetime and quantum properties can emerge from dis-
crete, causal graphs. More recently, Bilson-Thompson proposed a topological model using framed
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braids to represent Standard Model fermions, where topological twists correspond to electric charges
and color states Bilson-Thompson (2005). However, mapping these topological invariants directly
to the mass spectrum has remained a significant challenge. Our work bridges this gap by directly
linking the Betti numbers and Möbius twists of causal subgraphs to the physical rest mass.

2. Hadron Mass Splitting and Lattice QCD: In the realm of hadrons, the majority of the nucleon
mass is generated dynamically via the strong interaction (quantum chromodynamics, QCD) rather
than the bare quark masses. Modern Lattice QCD calculations, such as those by the BMW Col-
laboration Borsanyi et al. (2014), have successfully computed the proton-neutron mass difference
from first principles. They demonstrated that the mass splitting is a delicate interplay between the
up-down bare quark mass difference (strong isospin breaking) and quantum electrodynamic (QED)
effects. Our Borromean ring topological model provides a purely geometric interpretation of this
strong binding energy and naturally isolates the strong isospin splitting, aligning remarkably well
with the strong-interaction-only component of Lattice QCD predictions.

3. The Koide Formula and Lepton Mass Spectrum: In 1982, Yoshio Koide discovered a striking
empirical relation between the masses of the electron, muon, and tau leptons, known as the Koide
formula, yielding exactly 2/3 Koide (1982; 1983). Despite its extreme precision, it was long re-
garded as a phenomenological coincidence. Subsequent works attempted to explain it using family
symmetries like U(3) or S3 Harrison et al. (2003), and Brannen parameterized the lepton masses
using discrete geometric phase angles Brannen (2006). Our derivation in this chapter elevates the
Koide formula from a phenomenological ansatz to a rigorous mathematical theorem, proving that
the 2/3 ratio is an inevitable geometric invariant of three-generation Möbius manifolds.

In Chapter 5, we concluded that rest mass is essentially a measure of the number of causal closed
loops and interference strength within a local subgraph. To establish a rigorous mapping between
pure graph theory and macroscopic physical dimensions, this chapter unifies the symbols as follows:

1. Topological Mass Index λ: A dimensionless scalar, defined as the trace of the square of
the internal operator, i.e., λ ≡ Tr(Ĉ2

int).

2. Physical Rest Mass m: Determined by the index λ and a baseline mass quantum (electron
mass me), i.e., m = λme.

3. Mass Amplitude
√
m: Corresponds to the eigenvalue of the internal causal operator Ĉint,

representing the effective routing measure of the causal flow in the local subgraph.

Based on the strict definitions above, this chapter will deduce the mass origins and geometric laws
of fundamental fermions and hadrons in the Standard Model through graph-theoretic topology.

7.1 TOPOLOGICAL MASS GENERATION OF FUNDAMENTAL FERMIONS

In algebraic topology, the number of independent cycles of a graph is given by the first Betti number
b1 = |E| − |V | + 1. To satisfy the spin 1/2 characteristic of fermions, the local subgraph must
introduce a Möbius twist. The topological mass index λ is the superposition of the fundamental
cycle number and the topological interference factor.

• Electron (Möbius C6 Ring):
Fundamental cycle number b1(C6) = 1, no cross interference. The topological mass index
is:

λe = Tr(Ĉ2
int)C6

= 1

Physical mass me = λeme serves as the baseline.

• Up Quark (Möbius K3,3 Graph):
Fundamental cycle number b1(K3,3) = 4. Non-planar crossing introduces a five-fold sym-
metric topological defect (dominated by the golden ratio), calculated as:

λu = 2 +
√
5 ≈ 4.236

Physical mass mu = λume.
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• Down Quark (Möbius K3,6 Graph):
Fundamental cycle number b1(K3,6) = 10. A 1:2 spatial asymmetry leads to destructive
interference (correction term

√
3/2), calculated as:

λd = 10−
√
3

2
≈ 9.134

Physical mass md = λdme.

7.2 HADRON MASS GENERATION AND BORROMEAN TOPOLOGICAL CALCULATION

Nucleon mass primarily comes from the vacuum polarization energy of the gluon field, correspond-
ing to the ”three-dimensional topological cavity volume” propped open when three quark manifolds
entangle into Borromean Rings.

7.2.1 BINDING ENERGY AND MASS EQUATION

1. Borromean Binding Energy Mbind: The up quark’s topological index λu represents a
one-dimensional characteristic scale. The three-dimensional topological cavity volume is
proportional to λ3u. Combined with the SU(3) color flux tube combination number (24
types, isomorphic to the order of the S4 group), the binding energy is:

Mbind = 24λ3ume

2. Overlap Deficit ∆Moverlap: The central intersection equivalently strips away a fundamen-
tal non-planar twist, and the deficit amount is exactly λume = mu.

From this, we obtain the algebraic solutions for nucleon masses:

• Proton (uud):
Mp =Mbind + (2mu +md)−mu =

(
24λ3u + λu + λd

)
me

• Neutron (udd):
Mn =Mbind + (mu + 2md)−mu =

(
24λ3u + 2λd

)
me

7.2.2 THEORETICAL PREDICTION AND ISOSPIN SPLITTING

Subtracting the two equations, the massive binding energy perfectly cancels out, and the nucleon
mass splitting is strictly reduced to the bare quark mass difference:

Mn −Mp = (λd − λu)me = md −mu

Substituting the numerical values for prediction:

• Mp ≈ 939.05 MeV/c2 (Error approx. 0.08%)

• Mn ≈ 941.56 MeV/c2 (Error approx. 0.2%)

• Mn − Mp ≈ 2.50 MeV/c2 (Modern lattice QCD estimates the nucleon mass difference
caused purely by strong interactions to be about +2.52 MeV; compare with the PDG ex-
perimental value of 1.29 MeV/c2.)

7.3 LEPTON MASS SPECTRUM: TOPOLOGICAL ALGEBRAIC DERIVATION OF THE KOIDE
FORMULA

The electron (e), muon (µ), and tau (τ ) are not independent particles, but excited states of the Möbius
manifold under different topological winding numbers n (n = 1, 3, 5).

7.3.1 MASS AMPLITUDE AND GEOMETRIC PHASE

To keep the causal flow closed, the three generations of leptons introduce discrete geometric phase
angles θn = δ + nπ

3 in the U(3) topological phase space. The mass amplitude
√
mn manifests as

the orthogonal projection of the topological excited state onto the invariant mass axis:
√
mn = µ

[
1 +

√
2 cos

(
δ + n

π

3

)]
(n = 1, 3, 5)

Where µ is the fundamental mass scaling factor.
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7.3.2 PURELY GEOMETRIC PROOF OF THE KOIDE FORMULA

Substituting n = 1, 3, 5, the three phase angles differ by 2π/3 from their neighbors, forming
an equilateral triangle (reflecting S3 permutation symmetry). Using the trigonometric identities∑

cos(θi) = 0 and
∑

cos2(θi) = 3/2, we get:

1. Square of the sum of mass amplitudes:(∑√
mi

)2

= (3µ)
2
= 9µ2

2. Sum of masses:∑
mi = µ2

∑[
1 + 2

√
2 cos(θi) + 2 cos2(θi)

]
= µ2 (3 + 0 + 3) = 6µ2

Dividing the two equations, the scaling factor µ and the background phase δ are completely elimi-
nated, yielding a purely geometric invariant:

K =
me +mµ +mτ

(
√
me +

√
mµ +

√
mτ )2

=
6µ2

9µ2
=

2

3

This result proves that the precise 2/3 ratio in the Koide formula is not a phenomenological coinci-
dence, but the inevitable mathematical corollary of the three generations of leptons being topological
excited states of n = 1, 3, 5 half-twists.

7.4 DISCUSSION

The topological mass generation mechanism proposed in this chapter provides a novel geometric
perspective on the Standard Model mass spectrum, but it also invites further physical interpretation
and theoretical expansion.

1. The Nature of Isospin Splitting and QED Corrections: In our derivation of the nucleon mass
splitting, the theoretical prediction Mn −Mp ≈ 2.50 MeV/c2 represents the mass difference driven
purely by the topological indices of the bare quarks (analogous to the strong interaction component).
The experimental value from the Particle Data Group (PDG) is 1.29 MeV/c2. This discrepancy is
physically meaningful: it corresponds exactly to the missing electromagnetic (QED) self-energy
correction. The proton, having a net positive charge, possesses an additional electrostatic self-energy
that increases its mass relative to the neutral neutron, thereby reducing the overall mass gap. Our
pure graph-theoretic model isolates the ”bare” topological mass, providing a clean baseline before
gauge field interactions are introduced.

2. Compatibility with the Higgs Mechanism: A critical question is how this discrete graph-
theoretic mass relates to the continuous Yukawa couplings in the Higgs mechanism. In our frame-
work, the topological mass index λ dictates the effective routing measure of the causal flow. It is
plausible that the Yukawa coupling constants are not fundamental parameters, but macroscopic ef-
fective descriptions of the overlap integral between the Higgs field’s vacuum expectation value and
the local topological defects (Möbius twists) of the fermion subgraphs.

3. Extensibility to Heavy Quarks and Neutrinos: While this chapter successfully derives the
masses of the first-generation quarks (u, d) and the three generations of charged leptons, extend-
ing this formalism to heavy quarks (c, s, t, b) and neutrinos requires higher-dimensional topological
invariants. Neutrinos, with their vanishingly small masses, likely correspond to planar subgraphs
without the non-planar crossing defects that generate large topological mass indices.

7.5 CONCLUSION

In this chapter, we have established a rigorous mapping between discrete graph topology and the
macroscopic physical mass spectrum. By defining the rest mass as a measure of causal closed loops
and interference strength within local subgraphs, we achieved the following theoretical milestones:

1. Geometric Origin of Fermion Masses: We demonstrated that the masses of the electron,
up quark, and down quark can be derived from the fundamental cycle numbers (Betti num-
bers) and topological interference patterns of specific Möbius graphs (C6, K3,3, K3,6).
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2. Topological Hadron Binding: By modeling the nucleon as a Borromean ring of three
quark manifolds, we derived an algebraic mass equation that accurately predicts the proton
and neutron masses. The model naturally isolates the strong isospin splitting, yielding
Mn −Mp ≈ 2.50 MeV/c2, consistent with the strong-interaction component of modern
Lattice QCD.

3. Proof of the Koide Formula: We provided a purely geometric proof of the Koide formula.
By treating the three generations of leptons as topological excited states with discrete geo-
metric phases in a U(3) phase space, the scaling factors perfectly cancel out. This proves
that the 2/3 ratio is not an empirical coincidence, but a fundamental mathematical corollary
of S3 permutation symmetry and Möbius half-twists.

Ultimately, this work suggests that the seemingly arbitrary mass parameters of the Standard Model
are deeply rooted in the discrete topological structure of spacetime at the microscopic level.

8 THE TOPOLOGICAL ESSENCE OF LIGHT: ALTERNATING GRAPHS

In the Standard Model, photons are described as gauge bosons that transmit electromagnetic inter-
actions and possess wave-particle duality. However, in the underlying architecture of the causal
network, photons are purely topological information flows. This chapter will reveal the geometric
essence of light in a graph-theoretic sense, and thereby deduce two corollaries of significant expan-
sive meaning for existing quantum optical theories.

LITERATURE REVIEW: WAVE OPTICS, HIGH-HARMONIC GENERATION, AND ATTOSECOND
PHYSICS

Before delving into the discrete topological mechanisms of light, it is essential to contextualize our
model within the existing framework of physical optics and recent experimental breakthroughs.

1. Interference and Quantum Coherence: Traditional wave optics, founded on Young’s double-
slit experiment and formalized by Glauber’s quantum theory of optical coherence Glauber (1963),
relies on continuous wavefunctions. In this classical and semi-classical framework, stable macro-
scopic interference is typically restricted to waves of identical frequencies. Our discrete causal net-
work model redefines this paradigm by proposing that interference is fundamentally a topological
cancellation of causal flows, logically extending the possibility of interference to integer-multiple
frequency combinations.

2. High-Harmonic Generation (HHG) and Attosecond Pulses: The 2023 Nobel Prize in Physics
was awarded to Pierre Agostini, Ferenc Krausz, and Anne L’Huillier for experimental methods that
generate attosecond pulses of light for the study of electron dynamics L’Huillier & Balcou (1993);
Agostini & DiMauro (2004); Krausz & Ivanov (2014). The core mechanism behind this is High-
Harmonic Generation (HHG), where an intense low-frequency driving laser interacts with a gas
medium to emit high-frequency extreme ultraviolet (XUV) light. Strikingly, the emitted frequencies
are strictly integer multiples (typically odd harmonics) of the driving frequency. This macroscopic
nonlinear phenomenon strongly resonates with our proposed ”Integer Multiple Harmonic Interfer-
ence” and ”Equivalent Frequency Multiplication” mechanisms, suggesting that HHG may possess a
deeper, discrete topological foundation based on pulse alignment, rather than relying solely on the
semi-classical three-step model of continuous electron trajectories.

3. Coherent Optical Waveform Synthesis: Recent advances in ultrafast optics have enabled the
coherent synthesis of multiple phase-locked light beams to create custom, sub-cycle optical wave-
forms Hassan et al. (2016). Researchers can now precisely control the delay and phase of different
frequency components to synthesize entirely new light pulses. This cutting-edge experimental ca-
pability perfectly mirrors our theoretical prediction of generalized k-upconversion via multi-path
phase-shifted superposition, providing a tangible experimental pathway to test the discrete pulse
spacing theory proposed in this chapter.
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8.1 MICROSCOPIC TOPOLOGY OF PHOTONS: ”ALTERNATING GRAPHS” SPANNING 3+3
VERTICES

In the causal network, we define a ”photon” as a dynamic Alternating Graph.

A single topological pulse of a photon, within one complete beat cycle, precisely spans ”3 vertices
on each side” in the bipartite graph (i.e., A1, A2, A3 of subset A and B1, B2, B3 of subset B). Its
specific dynamic evolution process is as follows:

• Forward half-beat (↑ phase): The network experiences a causal flow from A to B, for
example, [(A1 → B2) ∧ (A2 → B3)].

• Reverse half-beat (↓ phase): The network experiences a causal flow from B to A, for
example, [(B1 → A2) ∧ (B2 → A3)].

This directional edge flow alternatingly oscillating between the subsets of the bipartite graph consti-
tutes the microscopic topological mechanism of photon propagation.

8.2 COROLLARY I: DISCRETE GEOMETRIC INTERPRETATION OF FREQUENCY AND ”PULSE
SPACING”

In the traditional framework of quantum mechanics, a photon is viewed as a point particle carrying
specific energy, and frequency ν is considered its intrinsic property. However, based on the flowing
alternating graph model above, we arrive at a logically self-consistent and disruptive theoretical
corollary:

The topological movement pattern of a single photon is constant (i.e., the flowing alternating
graph spanning 3+3 vertices described above). The so-called ”frequency of light” is not the in-
trinsic oscillation property of a single photon, but the ”Temporal Spacing” of the propagation
of such topological pulses in the causal network.

• Low-frequency light (e.g., red light, radio waves): In the causal network, the emission
spacing of this 3 + 3 topological pulse is relatively long, and the pulse flow is relatively
sparse in the time dimension.

• High-frequency light (e.g., blue light, X-rays): The topological structure of a single pulse
has not changed at all; it is merely that the emission spacing of the pulses is extremely short,
resulting in an extremely dense pulse flow.

Geometric Reconstruction of Planck’s Energy Formula E = hν:
If we define the fundamental causal information quantity carried by a single 3+3 flowing alternating
graph as Planck’s constant h, then the total number of pulses passing through a certain local cross-
section of the network per unit time (i.e., a certain number of spacetime beats) (which is the emission
frequency ν), naturally equals the total energyE transmitted by that light beam. This model provides
a microscopic explanation for E = hν from a purely discrete geometric perspective.

Experimental Prediction I: ”Equivalent Frequency Multiplication” and Generalized k-
upconversion Mechanism Caused by Multi-path Phase-shifted Superposition
Based on the pulse spacing theory above, a change in light frequency is essentially a change in pulse
density within the causal network. From this, we can generalize the superposition mechanism of
two light beams to a generalized k-beam interwoven model:

If k coherent light sources of exactly the same frequency are introduced in an experiment (assuming
the pulse time spacing of each single beam is L, and the initial frequency is ν), and a high-precision
delay system is used to apply equally spaced phase modulation to these k beams, causing them to
sequentially produce a time delay of L/k (i.e., the delays of each beam relative to the initial phase
are 0, L/k, 2L/k, . . . , (k − 1)L/k respectively).

When these k streams of pulse flows are losslessly superimposed on the same collinear path, their
mixed pulse arrival sequence will evolve from the original 0, L, 2L, 3L . . . to an extremely tightly
packed 0, L/k, 2L/k, 3L/k . . ..

In macroscopic observation of the causal network, this perfect interweaving of multi-path topo-
logical pulses will directly be equivalent to a high-frequency new light beam with a pulse spacing
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shortened to 1/k, frequency increased by k times (i.e., kν), and wavelength shortened to 1/k. This
corollary extremely boldly predicts an arbitrary integer multiple ”synthetic upconversion” mecha-
nism that does not rely on nonlinear optical crystals, but is purely based on time-domain topological
interweaving control.

8.3 COROLLARY II: ALGEBRAIC SUM OF CAUSAL FLOWS AND ”INTEGER MULTIPLE
HARMONIC INTERFERENCE”

Wave optics in traditional physics (such as Young’s double-slit interference) holds that light has
continuous wave properties, and typically only light with exactly the same frequency can form
stable interference patterns. But in the discrete causal network model, the underlying mechanism
of interference is redefined.

In the underlying network, the total causal action on any Kizuna edge equals the algebraic sum of
causal flows in all directions:

Total Causal Flow =
∑

(Forward Causal Flow) +
∑

(Reverse Causal Flow)

When two beams of light (two streams of flowing alternating graphs) meet at a specific node in the
network:

1. Destructive Interference: If the directions of the two causal flows on a certain edge are
exactly opposite, they will undergo algebraic cancellation topologically.

2. Constructive Interference: If the flow directions are the same, the causal flows undergo
topological superposition, and the intensity is enhanced.

From this, we draw the second important corollary: Integer Multiple Harmonic Interference
Theory.

Since the essence of light is a discrete pulse sequence with a specific time spacing, interference
is no longer an exclusive phenomenon of continuous waves of the same frequency. Under this
framework, as long as there is an integer multiple relationship between the frequencies of two
light beams (i.e., the frequencies are divisible), they can undergo destructive or constructive
interference at specific spacetime nodes.

For example, a light beam with frequency 2ν meets a fundamental frequency light beam with fre-
quency ν:
Because the pulse spacing of 2ν is exactly half that of ν, this means that the even terms in the high-
frequency light pulse sequence will inevitably perfectly align with the pulses of the low-frequency
light at specific spacetime nodes. As long as their causal flow directions are opposite at the meeting
node, local topological cancellation will occur.

Experimental Prediction II: ”Common Multiple Period Interference” of Arbitrary Frequency
Light Sources
Based on the logic of integer multiple interference, we can further generalize it to generalized inter-
ference of arbitrary frequency combinations. In traditional continuous wave theory, light of different
frequencies can usually only form macroscopic beats, and it is difficult to form stable spatial inter-
ference fringes.
But under the discrete pulse framework of this theory, given any two light sources with stable fre-
quencies but no integer multiple relationship, their discrete pulse sequences will still undergo precise
topological alignment at the ”least common multiple” (time period or spatial distance) of their pulse
spacings. This means that regardless of the wavelength difference between the two light beams,
as long as they continue to propagate in the causal network, they will inevitably undergo periodic
absolute destructive or constructive interference at specific spacetime nodes that satisfy the common
multiple condition. Under extremely high-precision detection, this will manifest as a generalized
quantum interference pattern with long-period characteristics driven by the underlying discrete pulse
alignment.
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8.4 FUTURE OUTLOOK: NUMBER-THEORETIC PROPERTIES OF UNDERLYING SPACING AND
”DISCRETE NUMBER-THEORETIC OPTICS”

The above corollaries not only reconstruct the interference and frequency mechanisms of light, but
also endow the ”detection of the underlying discrete spacing of photons (fundamental spacetime
beat number)” with extremely high theoretical and experimental value.

In a strictly discrete causal network, the passage of time is quantized. This means that any time delay
we introduce in an experiment must be an integer multiple of the fundamental spacetime beat at the
microscopic underlying level. Therefore, to achieve the perfect interweaving and upconversion of k
light beams described above, the required delay amount L/k must be an integer—in other words,
the underlying pulse spacing L of the light source must be divisible by k.

From this, we draw a highly forward-looking profound insight: The physical evolution poten-
tial of a light beam directly depends on the number-theoretic properties (prime factorization
characteristics) of its underlying pulse spacing.

• ”Prime State” Light Lacking Prime Factors: If a certain specific frequency of light has
an underlying pulse spacing L containing very few prime factors (or even manifesting as
a prime number in some limit), this means it can hardly be perfectly divided. Physically,
this light will exhibit extremely strong ”topological rigidity” and is extremely difficult to
achieve equivalent upconversion through multi-beam interweaving.

• ”Highly Composite State” Light Rich in Prime Factors: Conversely, if the underlying
spacing L of a light beam contains a large number of small prime factors (i.e., it belongs
to a Highly Composite Number in number theory), it will possess a vast number of fac-
tors k. Physically, this light will exhibit tremendous ”topological flexibility”, capable of
providing extremely rich k-beam interweaving schemes and multi-frequency interference
possibilities.

Summary: This discovery breaks the mindset of continuous variables in traditional physics, predict-
ing that Number Theory will become the core mathematical tool for analyzing underlying photon
behavior. Exploring the prime factor composition of light beams in different frequency bands in
discrete networks may not only reveal why certain specific frequencies of light are more active in
nonlinear interactions, but is also expected to give birth to a brand new interdisciplinary field in the
future—Discrete Number-Theoretic Optics.

9 FROM STEADY-STATE TOPOLOGY TO NON-EQUILIBRIUM
DYNAMICS—FUTURE OUTLOOK ON GENESIS, EVOLUTION, AND
INTERACTIONS

In Chapters 5 to 8, we established a rigorous system mapping macroscopic physical quantities to
microscopic graph-theoretic features. However, it must be pointed out that the previous discussions
on various microscopic particles (such as the Möbius manifold of fermions, the Borromean rings
of hadrons, and the alternating graph pulses of photons) essentially focused on the Steady-state
and static topological structures in the KiCA network. We argued ”if such topological structures
exist, what physical invariants they would exhibit,” but have not yet answered a more dynamic core
question: How are these structures born and how do they interact in the causal network?

Limited by the author’s current mathematical and computational deductive capabilities, this study
has not yet provided complete analytical solutions for extremely complex non-equilibrium dynamic
processes. But obviously, exploring the true evolutionary mechanisms behind steady-state structures
is a necessary path for the KiCA theory to mature. This chapter will provide a preliminary theoretical
outlook on these several core dynamic issues urgently needing resolution.

9.1 TOPOLOGICAL GENESIS: FROM CHAOTIC INITIAL STATES TO THE INCUBATION OF
STEADY-STATE PARTICLES

In Chapter 2, we mentioned that the initial setting Kinit of the KiCA automaton is extremely free,
limited only by the conservation of the total number of global Kizuna edges. Then, how does a
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highly random ”chaotic network” full of topological defects and extreme potential energy gradi-
ents spontaneously evolve and ”incubate” highly symmetric particle subgraphs as the causal beats
advance?

This corresponds to the ”Baryogenesis” and ”Decoherence” processes in traditional cosmology. Un-
der the KiCA framework, this manifests as a purely graph-theoretic self-organization problem,
which shares profound similarities with the Kibble-Zurek mechanism (KZM) Kibble (1976);
Zurek (1985) used to describe the formation of topological defects during non-equilibrium phase
transitions in the early universe:

• The ”Annealing” Mechanism of Causal Flow: In a random network, extreme potential
energy gradients will frequently trigger Rule II (Causal Frustration and Rewiring). Does
this violent topological oscillation possess some ”dissipative” or ”annealing” characteristic,
making the network tend to lock chaotic causal flows into local Möbius twists or closed
loops, thereby spontaneously generating ”topological solitons” Manton & Sutcliffe (2004)
with rest mass?

• Chirality and Matter-Antimatter Asymmetry: In random rewiring, are the generation
probabilities of left-handed and right-handed topological twists strictly equal? How is the
slight asymmetry in the global number of vertices in the network (|VA|/|VB | = 1+ ϵ) am-
plified during dynamic evolution, ultimately leading to matter dominating the macroscopic
universe?

Revealing this topological genesis process from disorder to order may require a deep intersection of
non-equilibrium statistical mechanics and Random Graph Theory Albert & Barabási (2002).

9.2 MICROSCOPIC NETWORK MECHANISM OF PARTICLE REACTIONS AND SCATTERING

Previously, we defined the internal operator Ĉint and external operator Ĉext of a single particle. But
in the real physical world, particles do not exist in isolation. What happens when two steady-state
subgraphs (e.g., an electron and a photon, or two protons) ”approach” each other in a topological
sense in the network and produce a convergence of causal flows?

In traditional quantum field theory, particle interactions are described by Feynman diagrams and
perturbation theory defined on a continuous background spacetime. The KiCA theory completely
abandons this paradigm. There is no pre-existing background spacetime, nor are there continuous
fields. All complex interactions are strictly reduced to the deterministic execution of the underlying
graph-theoretic rules:

• Graph-Theoretic Equivalent of Scattering Cross-Section: When two subgraphs car-
rying highly concentrated causal flows meet, the injection of causal quantities on their
boundary edges (∂U ) inevitably leads to a violent reversal of local gradients, thereby trig-
gering large-scale topological rewiring. The probability of this rewiring causing the two
subgraphs to undergo elastic bouncing (momentum exchange) or inelastic fusion (particle
reaction) corresponds exactly to the scattering cross-section in macroscopic physics.

• Decay Dynamics: For certain high-order topological excited states (such as muons, taus,
or baryon resonance states), their internal topological tension is immense. Without strong
external interference, how do purely internal causal flow fluctuations trigger local rewiring
after a specific beat cycle, causing them to ”rupture” and decay into lower-mass steady-state
subgraphs (like electrons) and photon pulses?

9.3 TOWARD PURELY ALGORITHMIC DYNAMIC EXECUTION

The above dynamic processes involve the nonlinear coupling and high-frequency topological rewrit-
ing of massive numbers of nodes. Attempting to precisely track every step of evolution using tra-
ditional analytical mathematical formulas (like continuous differential equations) is fundamentally
incompatible with the discrete nature of the KiCA network.

However, this is exactly where the unique advantage of the KiCA framework lies. We completely
discard the traditional paradigm of relying on artificial approximations, perturbative expansions, or
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continuous mathematical structures to solve physical dynamics. In the KiCA framework, the under-
lying evolution rules (Rule I and Rule II) are absolutely deterministic, logically self-consistent,
and strictly local.

This means that the ultimate key to solving the aforementioned genesis, scattering, and decay dy-
namics problems lies not in finding more complex mathematical equations, but in direct algorithmic
execution. As we will explore in the next chapter (Chapter 10), by leveraging the large-scale parallel
evolution of modern computer clusters, we can directly ”run” these dynamic processes in the digital
world. By letting complex particle interactions naturally emerge from minimalist underlying rules,
we can extract their macroscopic dynamic laws through pure statistical observation of the graph’s
evolution.

10 THE COMPUTATIONAL PARADIGM OF KICA: MEMORYLESS EVOLUTION
AND TOPOLOGICAL COMPOSABILITY

Previously, we explored the KiCA automaton from physical and geometric perspectives. In this
chapter, we shift our perspective to computer science and information theory, deeply analyzing the
unique computational significance endowed by the underlying definitions of this automaton. KiCA’s
minimalist algebraic mapping rules not only ensure the self-consistency of physical evolution but
also make the evolution of the entire ”universe” a highly modular, computable, and shareable digital
engineering project.

10.1 ABSOLUTE MEMORYLESSNESS (MARKOVIAN EVOLUTION)

According to the definitions in Section 1.1 and Section 1.2, the transition of the system from the cur-
rent state K to the next causal state K′, K 7→ K′, depends solely on the current 4-tuple (V,E,Φ, τ).
This means the KiCA automaton possesses a strict Markov Property—the system is absolutely
memoryless. It carries no historical baggage and does not need to record how many frustrations or
rewirings it has experienced in the past. A complex topological structure that has evolved for billions
of years will exhibit exactly the same physical behavior in subsequent evolution as a structure that
has just been artificially set to the identical state.

This memorylessness has immense value in computation: Physical states are thoroughly
”datafied”. A slice of the universe at any given moment is essentially just a string of graph-theoretic
data in memory.

10.2 LARGE-SCALE PARALLEL EXPLORATION AND THE ”DIGITAL MULTIVERSE”

Because evolution does not depend on history, and Section 1.3 points out that the initial setting Kinit

is extremely free, this provides a theoretical foundation for utilizing modern computer clusters for
large-scale parallel exploration.
We can simultaneously launch KiCA instances on millions of compute nodes with completely dif-
ferent random initial topologies Einit and potential energy distributions Φinit. This is equivalent
to parallelly evolving millions of ”digital multiverses” in computers. Since Rule I and Rule II are
strictly local and synchronously updated, this computation can be perfectly mapped onto GPUs or
specialized Tensor Processing Units (TPUs), achieving extremely high-efficiency searches for the
emergence of physical laws.

10.3 SERIALIZATION, PRESERVATION, AND OPEN-SOURCE SHARING OF STATES

Under the KiCA framework, the essence of a physical entity is a specific closed sub-skeleton
G[U ] = (U,EU ) and the potential energy distribution ΦU upon it.
When we observe in a parallelly running automaton that a set of vertices, through continuous causal
frustration and rewiring, eventually evolves into a complex subgraph capable of stable maintenance
or periodic self-consistency (for example, we physically and equivalently identify it as a ”proton”),
this is not only a physical discovery but also a digital asset.

Thanks to memorylessness, we can ”pause” the running of this automaton at any time, Serialize
the complete parameters (vertex set U , internal Kizuna edges EU , potential function ΦU ) of this
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”proton” subgraph, and save them to a hard drive. This means that complex physical structures can
be packaged, copied, and open-source shared with other researchers globally via the internet, just
like computer code.

10.4 TOPOLOGICAL COMPOSABILITY AND GLOBAL CONSERVATION: PLUG-AND-PLAY
”CREATION ENGINEERING”

The most exciting computational significance of KiCA lies in its Topological Composability. It
allows us to ”synthesize” complex physical systems bottom-up, like splicing code modules together,
and all of this is built upon the automaton’s unique non-local rewiring mechanism.

Suppose:

1. Researcher A discovers and saves a stable ”proton” subgraph parameter Kproton in his
simulation.

2. Researcher B discovers and saves a stable ”neutron” subgraph parameter Kneutron in an-
other completely independent simulation.

In traditional continuous physics simulations, placing both into the same space requires extremely
careful setting of the initial distance, coordinates, and potential field boundaries between them. But
in the background-independent network of KiCA, the operation is extremely concise and counter-
intuitive:

Step 1: Parameter Import (Copy and Paste)
We simply initialize a new, sufficiently large automaton vertex pool V , and directly ”copy and paste”
the parameters (vertex states and internal Kizuna edges) of Kproton and Kneutron into two disjoint
vertex subsets of this new space. At this moment, there are no connecting lines between the proton
and the neutron, and their topological distance is infinity (∞).

Step 2: Global Edge Number Conservation (The Only Environmental Intervention)
According to the strict definition in Section 1.3, the total number of Kizuna edges in the entire
universe must be absolutely conserved: |Einit| = max(|VA|, |VB |). When we forcibly import the
dense internal edges inherent to the proton and neutron, in order to maintain the global conservation
law of the entire system, the only ”manual intervention” we need to do is to randomly delete a
corresponding number of redundant edges in other areas of the system (which can be viewed as the
”vacuum” background). Once the conservation condition is met, the start button can be pressed.

Step 3: Emergent Interaction from Infinity to 1
We absolutely do not need to manually add any initial boundary edges (∂U ) between the proton
and the neutron to force them to interact.
Thanks to the characteristics of Rule II (Causal Frustration and Local Rewiring), rewiring in
the topological graph transcends traditional spatial concepts. If, during evolution, a certain edge
inside the proton experiences causal frustration, and a certain edge inside the neutron also happens
to experience causal frustration, it is entirely possible for these two originally unrelated edges to
undergo cross-swapping under the action of the rewiring operator R̂.

In that very instant, old edges break, and new edges are generated. A Kizuna edge spanning the
”void” is instantly established between the proton and the neutron, and their topological distance
plummets directly from infinity (∞) to 1 within a single beat.

Summary:
This splicing method that requires no preset boundary connections profoundly reveals the essence
of the KiCA model—spatial distance is not a priori, but the emergent result of causal entan-
glement. We do not need to tell particles how close they are; as long as they run in the same
conserved causal network, the frustration and rewiring mechanism will naturally break the closed-
ness of isolated subgraphs, spontaneously calculating the ”meeting”, ”collision”, and even ”nuclear
force binding” between the proton and the neutron. This makes KiCA a truly plug-and-play, highly
free digital creation platform.
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11 LIMITATIONS AND FUTURE WORK

Although the KiCA (Kizuna Cellular Automaton) theory presents a radically new, background-
independent paradigm for unifying discrete spacetime and quantum mechanics, it is currently in its
nascent stage. Many analytical proofs and large-scale computational simulations remain incomplete.
We outline the primary limitations of the current work and highlight promising directions for future
research.

11.1 TOPOLOGICAL UNCERTAINTY, KNOT THEORY, AND FERMION GENERATIONS

Limitation: In our current framework, the exact topological configurations of small-vertex sub-
graphs representing fundamental particles remain somewhat heuristic. Furthermore, while we hy-
pothesized that the three generations of fermions correspond to increasingly complex topological
knots (e.g., the unknot for the first generation, the trefoil knot for the second, and the pentafoil
knot for the third), we currently lack a rigorous mathematical derivation to explain why this specific
sequence of knots leads to the exponential mass growth observed in the fermion generations.

Future Work: To resolve the uncertainty of these minimal subgraphs, future research must deeply
integrate Knot Theory into the KiCA framework. Historically, Lord Kelvin famously proposed the
”vortex atom” theory, attempting to model atoms as knots in the aether. While that failed, modern
physics has successfully resurrected knot theory in quantum field theory and string theory. For
instance, Faddeev and Niemi demonstrated the existence of stable knot-like structures (topological
solitons) in classical field theories Faddeev & Niemi (1997). More profoundly, Witten’s seminal
work established a deep connection between the Jones polynomial in knot theory and topological
quantum field theories (Chern-Simons theory) Witten (1989).

In the future, we aim to map the causal flow invariants of KiCA subgraphs to knot invariants (such as
the Jones or HOMFLY polynomials). By calculating the topological tension and crossing numbers
of the trefoil (31 knot) and pentafoil (51 knot) within the discrete network, we hope to analytically
derive the mass ratios of the muon and tau particles, thereby providing a purely topological origin
for the generation structure of fermions.

11.2 GRAPH LAPLACIAN AND THE ORIGIN OF PARITY VIOLATION

Limitation: Currently, we describe the causal flow and potential energy gradients using discrete
boundary operators (∂U ). However, we have not yet formally derived the phenomenon of Parity
Non-conservation (Parity Violation), which is a hallmark of weak interactions Lee & Yang (1956).

Future Work: We hypothesize that introducing the Graph Laplacian (L = D − A, where D
is the degree matrix and A is the adjacency matrix) Chung (1997) and tools from Discrete Exterior
Calculus will significantly simplify the mathematical description of our theory. The Graph Laplacian
is the discrete analog of the Laplace-Beltrami operator and is exceptionally powerful in describing
diffusion, wave propagation, and energy dissipation on networks.

More importantly, because the KiCA network is fundamentally a directed graph (representing the
irreversible arrow of causality), its asymmetric Graph Laplacian possesses a complex, non-hermitian
eigenspectrum. We strongly suspect that Parity Violation in weak interactions is not an arbitrary rule,
but a natural macroscopic manifestation of the inherent chirality and directed spectral asymmetry of
the underlying Graph Laplacian during specific topological rewirings.

11.3 EXTENSION OF THE PARTICLE SPECTRUM BEYOND LEPTONS

Limitation: In this paper, our quantitative derivations heavily focused on the lepton family, suc-
cessfully utilizing the Koide formula to map the mass relationships of the electron, muon, and tau.
However, the exact graph-theoretic configurations for quarks (which involve fractional charges and
color confinement) and other gauge bosons (like the W and Z bosons or gluons) have not been fully
constructed.

Future Work: Future work must extend the topological mapping to the entire Standard Model. For
hadrons, the Borromean rings model proposed earlier needs to be rigorously tested against the con-
finement rules of Rule I and Rule II. The fractional charges of quarks might be elegantly explained
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by the fractional distribution of boundary causal edges (∂U ) when a larger topological structure is
artificially ”cut” into incomplete subgraphs.

11.4 MACROSCOPIC COSMOLOGY: DARK MATTER AND DARK ENERGY

Limitation: The current derivations are confined to the microscopic scale (quantum mechanics and
particle physics). We have not yet deduced the macroscopic cosmological implications of the KiCA
network, nor have we simulated large-scale celestial mechanics.

Future Work: The KiCA framework holds immense potential for providing completely new inter-
pretations for the greatest mysteries in modern cosmology: Dark Matter and Dark Energy.

Bridging the gap between these microscopic graph dynamics and the macroscopic Einstein Field
Equations will be the ultimate test for the KiCA theory.

12 CONCLUSION

In this paper, we have introduced the Kizuna Cellular Automaton (KiCA), a radically new,
background-independent theoretical framework aimed at reconstructing the fundamental fabric of
reality. By discarding the traditional assumption of a continuous spacetime manifold, we have mod-
eled the universe as a purely discrete, dynamic, and directed causal network.

This work establishes a new paradigm for Cellular Automata. Unlike traditional cellular automata
(such as Conway’s Game of Life) that operate on a rigid, pre-existing spatial grid, the KiCA frame-
work features a self-evolving topological skeleton governed by local rewiring rules (Rule I and Rule
II). In this paradigm, space and time are no longer a static stage upon which physical events occur;
rather, the dynamic evolution of the network’s topology is space, time, and matter itself.

Furthermore, this framework offers a highly promising pathway toward the Grand Unification of
Physics. We have demonstrated that macroscopic physical quantities—such as mass, electric charge,
and spin—need not be treated as intrinsic, axiomatic properties of point particles. Instead, they
naturally emerge as topological invariants (e.g., knots and boundary causal flows) of local subgraphs.
By mapping fermion generations to increasingly complex topological knots and utilizing the Koide
formula, we have shown that quantum mechanics and particle physics can be elegantly translated
into the language of graph theory and discrete topology.

While much work remains to extend this model to the entire Standard Model and macroscopic cos-
mology (such as gravity, dark matter, and dark energy), the KiCA theory proves that the deep divide
between the discrete nature of quantum mechanics and the geometric nature of general relativity can
be bridged. Ultimately, the universe may not be a continuous void filled with fundamental particles,
but a vast, self-computing causal network, where every physical law is simply a manifestation of its
underlying topological harmony.

A APPENDIX A: GRAPH-THEORETIC DERIVATION OF THE HIGGS BOSON
TOPOLOGY

In this theoretical framework, mass is not an intrinsic property of matter, but a topological drag
effect generated when particles move through the background network. The following is the graph-
theoretic geometric derivation of the Higgs Boson as the ”source of mass”.

A.1 THE UNIQUE ANALYTICAL SOLUTION FOR THE HIGGS BOSON (SPIN 0)

The Higgs Boson is a perfectly symmetric spherical topological defect with no boundary cycles.
Through Euler’s formula and strict bipartite graph constraints, mathematics automatically yields a
unique analytical solution for the entire universe: a cube with 8 nodes, 12 edges, and 6 faces.

The derivation process is as follows:
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1. Bipartite Graph Constraint: Since the causal network is fundamentally a bipartite graph,
there are no odd cycles. Therefore, the number of edges n of any face must satisfy:

n ≥ 4

2. Spherical Topology Constraint: A spin of 0 means the manifold is equivalent to a sphere
(no boundaries, no holes), which must satisfy Euler’s formula:

V − E + F = 2

3. Scalar Symmetry Constraint: A spin of 0 implies no directionality, corresponding to the
highest geometric symmetry. In graph theory, this means the graph must be regular (all
nodes have the same degree k), and all faces have the same number of edges n. According
to fundamental graph theory relations, the number of edges E relates to nodes V and faces
F as:

k · V = 2E and n · F = 2E

Substituting these into Euler’s formula V −E+F = 2, we obtain the symmetric topological
equation:

2E

k
− E +

2E

n
= 2

Dividing both sides by 2E simplifies to:

1

k
+

1

n
=

1

2
+

1

E

Since the number of edges E > 0, it must hold that:

1

k
+

1

n
>

1

2

4. Collapse to a Unique Solution: To form a three-dimensional structure, each node must
connect to at least 3 edges, i.e., k ≥ 3. Combined with the bipartite constraint n ≥ 4:

• If k = 3, then 1
3 +

1
n >

1
2 =⇒ 1

n >
1
6 =⇒ n < 6. Since n must be an even number

greater than or equal to 4, n can only be 4.
• If k ≥ 4, then 1

k ≤ 1
4 . In this case, 1

k + 1
n ≤ 1

4 + 1
4 = 1

2 , which contradicts the
inequality. Thus, there is no solution.

Therefore, under the constraints k ≥ 3 and n ≥ 4, the equation collapses to a unique
analytical solution:

n = 4, k = 3

Substituting this back into the original equation yields E = 12, which subsequently gives
V = 8 and F = 6.
Conclusion: The unique topological structure that satisfies the scalar boson (spin 0) sym-
metry and bipartite graph constraints is strictly equivalent to a cube with 8 nodes, 12 edges,
and 6 faces.

A.2 THE GEOMETRIC PROCESS OF MASS GENERATION

When a fermion moves through the network, its boundary ports must continuously undergo topolog-
ical rewiring with the ”Higgs islands” (cubic defects) in the background. The larger the topological
charge w of the particle and the more complex its internal knots, the higher the frequency of trig-
gering rewirings. This consumes more topological time t0, causing the macroscopic propagation
speed of its causal flow to fall below the speed of light c. This macroscopic drag effect caused by
the background network rewiring frequency is precisely the pure geometric origin of rest mass.

B APPENDIX B: THE SOURCE OF SPACETIME CURVATURE: DYNAMIC
GRAPH-THEORETIC DERIVATION OF THE GRAVITON

In this theoretical framework, the essence of gravity (spacetime curvature) is not a physical ”pulling
force” in the background network, but the information flow density gradient (entanglement entropy
gradient) generated when the underlying bipartite graph network undergoes Local Rewiring.
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As the medium transmitting gravity, the graviton (spin 2) is not a static subgraph, but a purely
dynamic Minimal Symmetric Rewiring Operator. Mathematically, it is uniquely and precisely
defined as: an alternating graph with 4 nodes and a total potential across 4 edges. In each half-
cycle evolution, it involves the annihilation of 2 edges and the creation of 2 edges, manifesting
as a perfect matching oscillation of K2,2.

B.1 DYNAMIC OPERATOR AND TOPOLOGICAL ISOMORPHISM CONSTRAINT OF SPIN 2

1. Dynamic Rewiring Operator: The graviton represents the fundamental action of network
evolution. Suppose this local alternating graph contains V nodes, divided into left and right
partitions. The rewiring action is defined as a state transitionGα → Gβ , where k old edges
break and k new edges are generated.

2. Spin 2 Constraint: In continuous spacetime, a spin of 2 means the system returns to its
original state after rotating a half-circle (phase π). Mapped to a discrete dynamic graph,
this means that after the system evolves for a half-cycle (i.e., undergoing a unidirectional
rewiring Gα → Gβ), the newly generated graph state must be completely isomorphic to
the original state. Furthermore, as an alternating graph, it cannot use any old edges:

Gα
∼= Gβ and E(Gα) ∩ E(Gβ) = ∅

To complete a full physical internal cycle (returning to the exact same absolute edges, phase
2π), it must traverse a full loop, i.e., Gα → Gβ → Gα.

B.2 THE UNIQUE ANALYTICAL SOLUTION FOR THE MINIMAL EXCITED STATE

As the most fundamental quantum excitation, this structure must have the minimum number of
nodes V and the minimum number of rewired edges k. To satisfy the bipartite graph property and
allow for completely disjoint perfect matching alternations, the subgraph must be an even cycle. The
smallest even cycle is the 4-cycle C4, which is the complete bipartite graph K2,2.

Testing K2,2:

• Number of nodes: V = 2 + 2 = 4

• State α (half-beat ↑): Activates a set of parallel perfect matching edges, k = 2.
• State β (half-beat ↓): Activates another set of crossed perfect matching edges, k = 2.

Since state α (two parallel lines) and state β (two crossed lines) are 100% graph-theoretically
isomorphic and satisfy the minimization condition, the unique analytical solution collapses to:
V = 4, k = 2.

B.3 GEOMETRIC MAPPING OF GRAVITATIONAL RADIATION TO MACROSCOPIC PHYSICS

This purely graph-theoretic derivation exhibits an astonishingly precise mapping to the macroscopic
predictions of General Relativity:

1. Microscopic Origin of Quadrupole Radiation: Electromagnetic waves (spin 1) are gen-
erated by dipole (2 nodes) oscillations; whereas gravitational waves (spin 2) in General
Relativity must be generated by Quadrupole deformations. Our derivation shows that the
minimal spin 2 rewiring operator requires exactly V = 4 nodes, perfectly providing the
microscopic topological origin of the quantum gravity quadrupole.

2. Graph-Theoretic Correspondence of Dual Polarization Modes: General Relativity pre-
dicts that gravitational waves only have + and × polarization modes. In the K2,2 dynamic
oscillation, the two parallel edges of state α precisely correspond to the + polarization,
while the two crossed edges of state β precisely correspond to the × polarization.

3. Universality of Gravity (Equivalence Principle): Any particle (like a fermion) moving
in the network is essentially continuously triggering local rewirings of the background net-
work. As long as topological rewiring occurs, it inevitably excites the underlying K2,2

oscillation (i.e., emitting or absorbing gravitons). Therefore, any particle with topolog-
ical charge (mass/energy) must participate in gravitational interactions, providing an
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intuitive explanation for Einstein’s Equivalence Principle from the graph-theoretic founda-
tion.

C APPENDIX C: DERIVATION OF THE NEUTRINO

The correct perfect matching alternation (forming a standard C6) should be:

• State ↑: {(A1 −B2), (A2 −B3), (A3 −B1)}
• State ↓: {(A3 −B2), (A1 −B3), (A2 −B1)}

If these two states are superimposed, they perfectly form a closed six-membered ring:

A1
↑−→ B2

↓−→ A3
↑−→ B1

↓−→ A2
↑−→ B3

↓−→ A1

Now, we introduce Flux and Circulation to ”verify” why this is a neutrino:

C.1 FLUX ANALYSIS: WHY IS IT A ”GHOST PARTICLE” (EXTREMELY SMALL MASS)?

• Definition of Flux: In a bipartite graph L → R, flux represents the total number of in-
formation/energy flows crossing the bipartite cut per unit time. Macroscopically, it corre-
sponds to rest mass (coupling strength with the Higgs background).

• Flux Characteristics of C6: Whether in state ↑ or ↓, there are always only 3 edges present
simultaneously. Compared to the fully connected fermion K3,3 (9 edges, possessing mas-
sive flux density), the network cross-sectional area of C6 is compressed to the absolute
limit.

• Physical Mapping: Because its absolute flux is extremely small (only 3), and during the
↑↔↓ oscillation, the net flux change ∆Φ = 0 (always maintained by 3 edges), it barely
causes any gradient perturbations in the background information flow when traversing the
spacetime network. This is the graph-theoretic root of why neutrinos have minuscule mass,
are electrically neutral, and hardly participate in conventional interactions (only weak in-
teractions).

C.2 CIRCULATION AND THE MÖBIUS KNOT: WHY IS IT SPIN 1/2?

C.2.1 ASSIGNING ”INTERNAL FLUX DIRECTION” TO EDGES (DEFINING PHASE)

In a bipartite graph L → R (i.e., your sets A and B), edges are not just connecting lines; they
represent the flow of information or energy. We must define an internal flux direction for the
perfect matching edges (which physically corresponds to a gauge field or internal quantum number).

• Assume initially, set A is the ”source” and set B is the ”sink”.

• In state ↑, the internal flux directions of the 3 edges are: A1 → B2, A2 → B3, A3 → B1.

• We define this overall state of pointing ”from A to B” as the positive phase (+ ↑).

C.2.2 DEFINING ”ROTATION BY 2π” IN GRAPH THEORY (CYCLIC SHIFT)

In the discrete C6 ring, ”rotation” in physical space corresponds to a Cyclic Shift in graph theory.

• The alternating oscillation ↑→↓→↑ is essentially the edges ”relaying” along the C6 ring.

• C6 has 6 nodes and 6 edges. When the perfect matching (3 edges) moves forward 1 step
on the ring, it transitions from ↑ to ↓.

• What constitutes a full 2π rotation? It means these 3 edges have relayed exactly one
full circle (moved 6 steps) along the ring, returning entirely to their initial geometric
positions.

29



Preprint.

C.2.3 THE FATAL IMPACT OF MÖBIUS EMBEDDING: GLOBAL REVERSAL OF
BIPARTITENESS

This is the most crucial step. If C6 is embedded on a trivial cylindrical surface (a standard ring),
then after completing one circle (6 steps), the A nodes remain A nodes, and the B nodes remain B
nodes. The state perfectly recovers to + ↑.

However, if C6 is embedded on a Möbius strip, the situation changes:

• A Möbius strip is a Non-orientable manifold.

• Locally, we can clearly distinguish the ”left side A” and ”right side B” of the bipartite
graph (just like the local ”front” and ”back” of a Möbius strip).

• When the perfect matching edges relay (oscillate) along the C6 ring and complete a full cir-
cle (a geometric 2π rotation), due to the topological twist of the Möbius strip, the original
”left side” and ”right side” are globally swapped.

• This means that after one cyclic shift of 2π, even though the 3 edges have returned to their
initial geometric positions (still connecting the pairs 1-2, 2-3, 3-1), the underlying node
attributes A and B have been interchanged!

C.2.4 CONCLUSION: WHY DOES ALTERNATING CONNECTION PRODUCE A −1 PHASE?

Let’s examine what happens to state ↑ after one 2π rotation (completing one circle):

1. Geometric Position: The edges return to their initial positions.

2. Node Attributes: Due to the Möbius twist, node A becomes B, and node B becomes A.

3. Flux Direction (Phase): The original flux was A → B. Because the node attributes
swapped, the flux is forced to become B → A.

In graph-theoretic algebra, reversing the flux direction is equivalent to multiplying by −1. Therefore,
after one complete 2π geometric cycle, the state does not return to + ↑; instead, it becomes − ↑
with reversed internal flux.

For the system to truly return to the absolute initial state + ↑ (where not only the geometric
positions are identical, but the flux direction also recovers to A → B), these 3 edges must run
another circle on the Möbius strip (rotate another 2π), flipping B back to A.

This is why in an alternatingly connected C6 graph, as long as it possesses a Möbius embedding
topology, its state transition strictly follows a 4π period. This rigorously proves its spin 1/2 fermion
attribute at the discrete graph-theoretic level.
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